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Abstract

Graphene, a single atomic layer thin two-dimensional (2D) carbon nanomaterial,
has received considerable attention from the scientific community due to its extraordinary
physical, chemical and electrical properties. One area of particular interest is
electrochemistry, where graphene has been widely used as an electrode material in
sensing and energy related devices.

In this thesis, the fundamentals of electron capture and transfer through electrodes
modified with graphene-based nanomaterials (GNMs) were investigated. In this regard,
two simple and well-known forms of 2D graphene (graphene oxide (GO) and reduced
graphene oxide (rGO)) plus two conjugated with nanoparticles (NPs) (rGO-iron oxide
(Fes04) NPs and rGO-Nickel (Ni) NPs) were chosen to modify a glassy carbon electrode
(GCE). The optimal degree of coverage, nanosheet packing density, structural phase,
and/or range of film thicknesses, that lead to faster electron transfer processes through
different GNMs, were evaluated. For these purposes, a broad range of characterization
methods were used, including electrochemical techniques (cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS)), atomic force microscopy (AFM),
scanning electron microscopy (SEM), attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and energy-
dispersive X-ray (EDX) spectroscopy.

Afterwards, the optimal conditions of each of the hybrid reduced graphene oxide-
nanoparticles’ conjugates (rGO-FesO4 NPs and rGO-Ni NPs) was used to independently
deposit such films onto a glassy carbon electrode further functionalized with a chitosan
biopolymer and enzyme (laccase and glucose oxidase, respectively) layers, thus leading
to the envisioned biosensors. Subsequently, the two assembled films were characterized
by SEM, ATR-FTIR, XPS and electrochemical techniques, namely CV and EIS, both
denoting an excellent electroanalytical performance with a wide linear range, high
sensitivity, and very low detection limits, thus holding great potential to be used as

biosensors.

Keywords: Graphene-based nanomaterials, conducting films, modified electrodes,
supramolecular assembly, electrochemical sensors & biosensors, charge transfer studies,

electrochemical impedance spectroscopy, Cyclic voltammetry.
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Resumo

Grafeno, o primeiro material ordenado, estritamente bidimensional, com a
espessura de um unico atomo, isolado e medido, tem recebido interesse por parte da
comunidade cientifica devido as suas excelentes propriedades fisicas, quimicas e
elétricas. Uma area que manifesta particular interesse pelo uso deste extraordinario
material é a eletroquimica, em que o grafeno tem sido bastante utilizado como material
de elétrodo para a construcdo de sensores, entre muitas outras aplicacoes.

Nesta tese investigou-se os fundamentos da captura e transferéncia eletrénica
através de elétrodos modificados com nanomateriais a base de grafeno. Com este intuito,
duas formas simples e bem conhecidas de grafeno 2D (oxido de grafeno (GO) e oxido de
grafeno reduzido (rGO)) mais duas formas conjugadas com nanoparticulas (NPs) (rGO-
Fes04 NPs e rGO-Ni NPs) foram escolhidos para modificar elétrodos de carbono vitreo.
De forma a perceber quais as condicfes ideais que favorecem o0s processos de
transferéncias eletronica através destes filmes, propriedades como o grau de cobertura
do elétrodo, densidade de empacotamento das nanoparticulas, orientacdo e espessuras
dos filmes foram estudadas. O processo de transferéncia eletrénica foi estudado na
presenca de hexacianoferrato (sonda eletroquimica) por técnicas eletroquimicas, tais
como a Voltametria Ciclica (CV) e a Espectroscopia de Impedéancia Eletroquimica (EIS).
A Microscopia de Forca Atémica (AFM), a Microscopia Eletronica de Varrimento (SEM), a
espectroscopia no Infravermelho com Transformada de Fourier e Refletdncia Total
Atenuada (ATR-FTIR), Espectroscopia de Fotoeletrdes de Raios X (XPS) e a analise de
Raios X dispersiva em Energia (EDX) complementaram o estudo com informacgéo
estrutural.

Posteriormente, cada um dos conjugados de 6xido de grafeno reduzido com
nanoparticulas (rGO-FesOs NPs e rGO-Ni NPs) foram usados como base para a
construcdo de um biossensor. Cada elétrodo modificado com rGO-Fez04 NPs e rGO-Ni
NPs foi funcionalizado com uma camada de biopolimero de quitosana e enzima (lacasse
e glicose oxidase, respetivamente), levando aos biossensores previstos. De seguida, 0s
dois filmes montados foram caracterizados por SEM, ATR-FTIR, XPS e por técnicas
eletroquimicas, nomeadamente CV e EIS, A sua aplicacdo como biossensor foi explorada,
mostraram ambos um excelente desempenho eletroanalitico com uma ampla gama linear,

elevada sensibilidade e apresentam limites de detegdo muito baixos.
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Chapter 4 - Assembly of Thin Graphene Films on Electrode Surfaces:
Conformation, Impedance, and Electron Transfer Studies
Fig. 4. 1. ATR-FITR spectra recorded for GO (black line) and rGO powder samples (red

Fig. 4. 2: Amplitude 50 ym x 50 um AFM images registered in tapping mode for the
surfaces of the different GCE/GO electrodes prepared from dispersions of the following
concentrations: (B) 0.500, (C) 1.00, (D) 5.00, (E) 10.0, (F) 25.0, (G) 50.0, (H) 100, (I) 250,
and (J) 500 pug-mL* GO. White arrows indicate the paths of surface scratches. Height
profiles were extracted along the blue lines. The scale bar is 10 um. The image obtained
for the bare GCE (A) is also included for better comparison..............ccceeeeieeeerveeivennnnnn. 104
Fig. 4. 3: Top-view FESEM images taken for the surfaces of the GCE/GO (A) and
GCE/rGO electrodes (C) in secondary electrons (SE) mode. The magnification factor, MF,
was 1,000 X. Panels B and D showcase a couple of regions investigated in higher detail
with MF 10,000 X and 100,000 X, respectively. The EDX spectra taken at those regions
are shown in panels E and F. ..o e e aaaens 106
Fig. 4. 4: Amplitude 50 ym x 50 ym AFM images registered in tapping mode for the
surfaces of the different GCE/rGO electrodes prepared from dispersions of the following
concentrations: (B) 0.500, (C) 1.00, (D) 5.00, (E) 10.0, (F) 25.0, (G) 50.0, (H) 100, (1) 250,
(J) 500 pug-mL™* rGO. The scale bar is 10 pm. The image obtained for the bare GCE (A) is
also included for better COMPATISON. .......coooieiiee e 107
Fig. 4. 5: CVs (A, C) and Nyquist plots (B, D) registered in PBS 0.05 M (A & B) and PBS
0.05 M + 2 mM [Fe(CN)g]*”* (C & D) for some of the GCE/GO electrodes investigated in
Section 4.2.2.1; namely, those prepared with [GO]= 0.5 (red solid line), 5.0 (orange), 10.0
(magenta), 50.0 (purple), 250.0 (blue), 500.0 pg/mL (dark cyan). The curves recorded for
the bare GCE (black dashed line) have been included for comparison purposes. The inset
in (D) features an enlargement of the impedance spectra in the high-medium frequency
range. For (A) & (C), the scan rate was 0.05 V-s? in all cases. The spectra in (B) & (D)
were taken at +0.15 V with an oscillation amplitude (OA) of 10 MV.....cccooeeeiiiiiiininnnnnn. 110
Fig. 4. 6: CVs consecutively registered for some of the electrodes described in Table 4.2,
namely GO#2 (A), GO#6 (B), and GO#10 (C); upon variation of the scan rate (v) in the
range 1-200 mV-s. The insets show the evolution of the anodic (full blue circles) and
cathodic (red) peak current densities (jp) vs. o2 The fitting lines obtained by linear
regression of these data have been. The electrolyte was PBS 0.05 M (pH 7.4) + 2 mM
[FE(CN)G]* N @ll CASES. .....cveiieiieieie ettt ettt ae e 113
Fig. 4. 7: CVs (A, C) and Nyquist plots (B, D) registered in PBS 0.05 M (A & B) and PBS
0.05 M + 2 mM [Fe(CN)g]*”* (C & D) for some of the GCE/rGO electrodes investigated in
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Section 4.2.2.1; namely, those prepared with [rGO]= 0.5 (red solid line), 5.0 (orange), 10.0
(magenta), 50.0 (purple), 250.0 (blue), 500.0 pg-mL* (dark cyan). The curves recorded for
the bare GCE (black dashed line) are included for comparison purposes. The inset in (B)
presents the equivalent Bode plots (log |Z7| vs. log w). The inset in (D) features an
enlargement of the Nyquist plots in the region of high-medium w. For (A) & (C), the scan
rate was 0.05 V-s™. The spectra in (B) & (D) were taken at +0.15 V with an OA of 10 mV.

Fig. 4. 8: (A) Bode (left) and Bode Phase plot (right) acquired for RGO#0 (solid line),
RGO#2 (dashed line), and RGO#11 (dotted line). (B) Art model correlating the shape of
some of the impedance spectra in Fig 4.7D (from left to right RGO#0, #2, #8, and #11,
empty circles), the equivalent circuit used to fit the data, and the morphological aspect of
the electrode surface in each case (as reconstructed from the microscopic evidence in
Figs 4.3 and 4.4). The black solid lines represent the fitted spectra.................ccevvuneen. 118
Fig. 4. 9: CVs consecutively registered for some of the electrodes described in Table 4.4,
namely RGO#2 (A), RGO#6 (B), and RGO#11 (C); upon variation of the scan rate (v) in
the range 1-200 mV-s™. The insets show the evolution of the anodic (full blue circles) and
cathodic (red) peak current densities (jp) vs. Y2 The fitting lines obtained by linear
regression of these data have been included together with the corresponding correlation
coefficients (R?). The electrolyte was PBS 0.05 M (pH 7.4) + 2 mM [Fe(CN)g]*” in all

Fig. 4. 10: Amplitude 50 ym x 50 ym AFM images registered in tapping mode for the
surfaces of the different GCE/rGO electrodes prepared from dispersions of the following
concentrations: (A) 600 and (B) 800 pg-mL* rGO. CVs (C) and Nyquist plots (D) registered
in PBS 0.05 M + 2 mM [Fe(CN)g]*"* for GCE/rGO electrodes prepared with [rGO]= 400
(red solid line), 500 (magenta), 600 (purple), and 800.0 pg/mL (wine). The curves recorded
for the bare GCE (black dashed line) are included for comparison purposes............... 121
Fig. 4. 11: AFM images (topography) taken in tapping mode for the GCE surface after
casting with 10 pL of 0.2 (A), 0.5 (B), 1.0 (C), 5.0 (D), 10.0 (E) and 20.0 mg mL? (F)
dispersions of rGO-Fe;04 NPs in ethanol. Scan size: 50 M. ....ccovvieiiiiiiiiiiieiie e, 122
Fig. 4. 12: FESEM images taken in SE mode (HV: 15 kV) for the GCE surfaces modified
with 0.5 (A), 1.0 (D), 5.0 (E), and 10.0 mg mL? (F) dispersions of the rGO-Fe;Os NP
conjugate in ethanol (magnification factor, MF: 1,000 X). The red square in panel A shows
a region investigated in higher detail (MF: 100,000 X; panel B). (C) EDS spectrum acquired
over the isolated island-type feature isolated in the panel B. ..........cccooooiiiiiiiinnnee. 123
Fig. 4. 13: CVs (A) and Nyquist plots (B) registered in 0.05 M PBS pH 7.4 for the GCE
modified with: 0.2 (red solid line), 0.5 (green), 1.0 (blue), 5.0 (dark cyan), 10.0 (wine), and

20 mg-mL* (orange) dispersions of rGO-Fe;O4 NPs in ethanol. The data recorded for the
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unmodified GCE is also included (black). The scan rate and oscillation amplitude were 50
mV-stand 10 mV, respectively. The double layer charge density (so.; panel A) and double
layer capacitance (Cp.; panel B) are plotted vs the conjugate concentration in the blue
insets. The data were fitted to two straight lines (blue) and the corresponding coefficients
of correlation have been also included. ... 124
Fig. 4. 14: CVs (A) and Nyquist plots (B) registered in 0.05 M PBS pH 7.4 + 2 mM
[Fe(CN)g]*™* for the GCE modified with: 0.2 (red solid line), 0.5 (green), 1.0 (blue), 5.0
(dark cyan), 10.0 (wine), and 20 mg-mL™* (orange) dispersions of rGO-Fe;O, NPs in
ethanol. The curves obtained for the bare GCE are also included (black). The scan rate
and oscillation amplitude were 50 mV-s?* and 10 mV, respectively. Impedance spectra
were taken at +0.15 V. The peak-to-peak potential difference (AEp; panel A) and charge
transfer resistance (R1; panel B) are plotted vs the conjugate concentration in the blue
ST £ 126

Chapter 5 - A Layered Nanocomposite of Laccase, Chitosan, and Fe304
Nanoparticles-Reduced Graphene Oxide for the Nanomolar Electrochemical

Detection of Bisphenol A

Fig. 5. 1: ATR-FTIR spectra obtained for the rGO-FezO4 NPs conjugate. The black curve
corresponds to a commercial rGO powder sample included for comparison. .............. 133
Fig. 5. 2: (A) wide XPS spectra obtained for the rGO-Fez04 NPs conjugate. (B) C 1s core
XPS spectra (black) of the rGO-Fe;O. NPs conjugate and their corresponding de-
convolution curves (coloured). (C) O 1s core XPS spectra (black) of the rGO-Fe;04 NPs
conjugate and their corresponding de-convolution curves (coloured). (D) Fe 2p XPS
spectrum obtained for the rGO-Fez04 NPS conjugate. .........ccoooeeeiiiiiieiiieeeeeeeeeeeeeeee 134
Fig. 5. 3: (A) top-view of a glassy carbon electrode (GCE) decorated with the rGO-Fe;04
NPs conjugate by adsorption from a diluted suspension in ethanol (0.5 mg mL?). The
magnification factor is 1,000 X. (B) EDX spectrum taken at the individual particle isolated
in FESEM image of Fig (D). FESEM top views of the GCE/rGO-Fe;04 NPs (C) and the
GCE/rGO-Fe3z04NPs/Chit95/TvL (D) modified electrodes (magnification factors: 100,000
X, @nd 5,000 X, r€SPECHVEIY). ...uiieieiieeieiiee et e e et e e e e e e e ea e e e aaeeeaanes 135
Fig. 5. 4: CVs obtained in PBS 0.05 M (pH 7.4) for the bare GCE (solid line), GCE/rGO-
Fes04 (dashed), GCE/rGO-Fez04/Chit95 (dash dotted), and GCE/rGO-Fes;04/Chit95/TvL
(dotted). The scan rate was 0.05 V-stin all Cases. ........ccovvveeiiieciiiie i 137
Fig. 5. 5: (A) CVs recorded at 0.05 V-s*in PBS 0.05 M (pH 7.4) + 2 mM Fe(CN)g"* for:
bare GCE (black solid line), GCE/rGO-Fes04 NPs (blue), GCE/rGO-Fe;0.NPs/Chit95
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(green), and GCE/rGO-Fes04NPs/Chit95/TvL (red). (B) Nyquist plots acquired in same
conditions at +0.15 V (oscillation amplitude: 10 MV). ...cccoiiiiiiiiiiiiiien e, 138
Fig. 5. 6: Schematic representation of the RsQR:W equivalent circuit used to fit the EIS
data recorded in this work (a variation of the popular Randles circuit in which the capacitor
is replaced by a Constant Phase Element, CPE, to account for the electrode surface
FOUGNNESS). .ottt 139
Fig. 5. 7: (A) CV and (B) EIS curves acquired for the bare GCE (solid black line),
GCE/Chit95 (green), and GCE/TvL (red) electrodes in PBS 0.05 M (pH 7.4) + 2 mM
[Fe(CN)e]*"*. The scan rate and oscillation amplitude were 50 mV-s* and 10 mV,
FESPECTIVEIY. .o 141
Fig. 5. 8 CV (A), EIS (B), and SWV (C) interrogation of the GCE/fGO-
Fe304NPs/Chit95/TvL biosensor in AB 0.1 M (pH 4.5) + 2 mM Fe(CN)s*™* + BPA in the
following concentrations: 0.025 (black solid curves), 0.050 (blue), 0.100 (olive), 0.250
(green), 0.500 (orange), 1 (red), 5 (wine), 10 (magenta), 15 (purple), and 20 uM (grey).
The means jrc, R1, and djrc, with their corresponding error (given as the standard error of
the mean; MSE) bars and linear regression curves, are displayed in the blue insets. (D)
Chronoamperometric measurements in the same medium at +0.15 V ([BPA]=0.025-25
nM). Scan rate: 0.050 (A) and 0.015 mV -s* (C). Amplitude: 10 (B) and 15 mV (C). ... 143
Fig. 5. 9: (A) Amperometric curve registered at 0.17 V for a freshly prepared GCE/rGO-
Fes;04/Chit95/TvL biosensor after the consecutive injection of: 0.25 (13 min), 0.5 (17 min),
1 (22 min), 10 (25 min), and 25 nM BPA (28 min). The value of N was taken as the peak-
to-peak difference in the background noise (black dashed lines). The signal for each peak,
Si, was measured from the half-height of the baseline (red solid line) to the peak maximum
(green lines). (B) S/N ratio vs [BPA] plot derived from the data in panel A. The data was
fitted to a straight line (fitting curve and parameters provided in red). The [BPA] value for
a S/N of 3 was interpolated from the fitting curve and taken as the corresponding LOD
(blue dotted lINE AN INSEL). ....uuuueiiiiiiiiiiiiiiiieeiiie bbb eb b bbbeeebeeeeesnennennes 146
Fig. 5. 10: (A) Anodic peak current densities (jea) measured every 10 CV-cycles for a
freshly prepared GCE/rGO-Fe;04/Chit95/GOx electrode (total n° cycles: 112). (B) jpa
derived from the CVs weekly recorded during one month for an analogous electrode stored
in AB 0.1 M (pH 4.5). All CVs were registered at 50 mV-st in AB 0.1 M (pH 4.5) +
2 MM FE(CN) G e ettt ae e enae e 148
Fig. 5. 11: CVs (A, C, E, G, |, K, and M) and Nyquist plots (B, D, F, H, J, L, and N)
recorded for freshly prepared GCE/rGO-Fez04/Chit95/TvL electrodes in AB 0.1 M (pH 4.5)
+ 2 mM Fe(CN)s*"* + 10 uM BPA after the injection of chatechol (A, B), ascorbic acid (C,
D), uric acid (E, F), glucose (G, H), 1-naphtol (I, J), 4-nitrophenol (K, L), and benzene (M,
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N) in increasing concentrations: 0.01 (curve a), 0.10 (b), 1.00 (c), 5.00 (d) and 10.0 puM

(e). The scan rate was 50 mV-s* and the oscillation amplitude 10 mV........................ 150

Chapter 6 - Reduced Graphene Oxide-Nickel Nanoparticles/Biopolymer

Composite Films for Sub-Millimolar Detection of Glucose
Fig. 6. 1: XRD patterns obtained for GO (green curves) and rGO-Ni NPs (blue) powder

SBIMIPIES. 157
Fig. 6. 2: ATR-FTIR spectra obtained for GO (green curves) and rGO-Ni NPs (blue)
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Fig. 6. 3: The C 1s XPS spectrum measured for rGO-Ni NPs (black) and its corresponding
de-convolution curves (CoIoUred). ........uuuiiii i e e e e e aaaens 159
Fig. 6. 4. (a) SEM and (b) HRTEM images taken for the rGO-Ni NPs powder. .......... 160
Fig. 6. 5: (A) CVs obtained for bare GCE (black solid line), GCE/GOx (red), GCE/Chit95
(green), GCE/Chit95/GOx (green dashed line), and GCE/fGO-Ni NPs (blue) in PBS 0.05
M (pH 7.3). (B) Evolution of the CV for GCE/rGO-Ni NPs (black curve) after its sequential
modification to GCE/rGO-Ni/Chit95 (red) and GCE/rGO-Ni/Chit95/GOx (blue). The scan
rate Was 50 MV-S N @ll CASES.......cccveveieeireeeee et ee ettt eae e anee e 161
Fig. 6. 6: (A, B) FESEM images taken at two different locations over the GCE/rGO-
Ni/Chit95/GOx surface. The red insets display areas re-scanned with higher magnification
(the width of the red bar is 2 um in both cases). (C) EDS spectrum acquired over the
isolated island-type feature isolated in the inset of Fig 6.6B. .........cccccooeevviiviiiiiinneennn. 163
Fig. 6. 7: Redox response registered for bare GCE (black), GCE/GOx (red),
GCE/Chit95/GOx (green) and GCE/rGO-Ni/Chit95/GOx electrodes (blue) in PBS 0.05 M
(pH 7.3) + 2 mM [Fe(CN)e] *** + 1 mM D-glucose (dashed lines). The curves in the absence
of glucose are also included for comparison (solid lines). (A) CVs recorded at 50 mV-s™.
(B) Nyquist plots collected at 0.15 V (oscillation amplitude: 10 mV). The black inset
features an enlargement of the impedance spectra in the high-medium frequency range.
The blue insets display the evolution of 4AEp and Ri.........c.oiieeiiiiiiiiiiici e, 164
Fig. 6. 8: Typical Randles circuit, it includes a Constant Phase Element (CPE or Q) which
accounts for the topological imperfections of the electrode surface. Rs is the solution
resistance, R: is the charge transfer resistance, and W is the Warburg diffusion
impedance. When the charge transfer is the rate determining step (for instance, for the
GCE/GOx electrode), the Warburg element can be neglected and the system is electrically
equivalent t0 8 RsQR1 CIFCUIL........ooi i e e e e e e eeeees 165
Fig. 6. 9: A) CVs for bare GCE in PBS 0.05 M (150 mM NacCl; pH 7.3) + 2 mM [Fe(CN)s]

%4 in the absence (black dashed line) and presence (coloured solid lines) of increasing



FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

concentrations of D-glucose ([G]): 0.05 (red solid line), 0.25 (green), 0.50 (blue), 1.00
(cyan), 5.00 (magenta), 9.00 (violet), and 13.00 mM (wine). The changes in anodic peak
currents (jea; blue y-axis) and the surface coverage (estimated as oc= 1- [jpa/jrag], With jeao
being registered in absence of glucose; red y-axis) are plotted versus [G] in the inset. The
scan rate was 50 mV- s. B) Nyquist plots measured at the half wave potential (E1,=+0.15
V) in the range 10%- 10! Hz (oscillation amplitude: 10 mV). The R; values derived from the
fittings to the RsQR1W circuit are plotted versus [G] in the inset (calibration curves and
correlation factors are also INCIUAEM). .........uuuuiiiiiiiiiiiiiiiiii e 166
Fig. 6. 10: Electrochemical interrogation of the biosensor in the presence of increasing
concentrations of glucose [G]: 0.025 (red), 0.050 (green), 0.100 (blue), 0.250 (cyan), 0.500
(magenta), 1 (purple), 3 (orange), 5 (wine), 7(olive), 9 (dark cyan), and 12 mM (grey). (A)
CVs recorded at 50 mV-s™. The changes in the anodic peak are shown with higher detail
in the red inset. (B) Nyquist plots collected at +0.15 V and oscillation amplitude of 10 mV.
The average changes in jpa and R for three GCE/rGO-Ni/Chit95/GOx electrodes are
shown in the blue insets with the corresponding calibration curves. The error bars
represent the standard deviations. The electrolyte was PBS 0.05 M (pH 7.3) + 2 mM
=Y (@) TR 168
Fig. 6. 11: Amperometric interrogation of a GCE/RGO-Ni/Chit95/GOx electrode at the
anodic peak potential (+0.20 V vs Ag wire) in PBS 0.05 M (150 mM NacCl; pH 7.3) + 2 mM
[Fe(CN)¢] . Aliquots of D-glucose were consecutively injected to cover a range of
concentration between 25 NM and 12 MM. .......uuuiiiiieiiiiiiiiiiiiieeeeeeeeeeeee.. 169
Fig. 6. 12: CVs (a) and Nyquist plots (b) recorded for a GCE/rGO-Ni/Chit95/GOx in PBS
0.05 M (150 mM NaCl; pH 7.3) + 2 mM [Fe(CN)¢]** + 1 mM D-glucose. The first five
CVs/Nyquist plots consecutively registered for this electrode, are presented as black
curves: 1% (solid), 2" (dashed), 3™ (dash dotted), 4" (dash dot dotted), and 5" (dotted).
From the additional 95 voltammograms and impedance spectra registered, only the curves
for the 100™ are shown (solid red). The CVs for other freshly prepared electrodes stored
for three weeks at 4°C under either dry (blue solid curves) or wet conditions (blue dashed
curves) are also included. The scan rate was 50 mV- s and the impedance spectra were
taken at +0.15 V (oscillation amplitude: 10 MV).....oooooeiiiiiiiieen 172
Fig. 6. 13: CVs Interference tests in presence of ascorbic acid (AA) and uric acid (UA)
(blue lines). (a) CVs registered for the GCE/rGO-Ni/Chit95/GOx biosensor in PBS 0.05 M
(pH 7.3) + 2 mM Fe(CN)e>’* + 1 mM D-glucose (red line) after addition of AA to final
concentrations of 50 (solid), 75 (dashed), and 100 yM (dotted). The voltammetric profile
obtained in absence of glucose is also included for comparison (black line). The

impedance spectra obtained under identical conditions are included in the blue inset. (b)
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Analogous experiments were carried out by addition of UA (same line styles and color

keys apply). The scan rate was 50 mV-s™tin all Cases. .......ccccccuveeeeieeeicieecie e, 173
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Preface

This thesis is organized in four parts containing seven chapters:

Part A (Introduction): It is composed of one chapter (Chapter 1) in which a general

overview of the scope, concepts, and motivations underlying the work presented in this
thesis is given.

In Chapter 1, a brief introduction to the field of graphene and graphene derivatives is
addressed. The general concepts, methods of synthesis, properties, and the main areas

and applications of this promising field are presented.

Part B (Experimental Section): It is composed of two chapters (Chapters 2 and 3). This

part presents a detailed description of the experimental techniques, setups, reagents and
solutions used in this work.

In Chapter 2, an overview of the experimental techniques used in this work is provided.
Techniques such as Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy
(EIS), Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) are
described together with their experimental setups and instrumentation.

Chapter 3 presents a detailed description of the reagents and solutions used in the course
of this work. Additionally, the preparation of the samples and surfaces, and its further

maodification for the characterization studies is also addressed in this chapter.

Part C (Results & Discussion): It is composed of three chapters (Chapters 4-6) in which

the results obtained through the electrochemical techniques and microscopic technigues
are presented and discussed. In the end of each chapter the main conclusions are also
provided.

Chapter 4 describes the modification of glassy carbon electrode (GCE) surface with
graphene oxide (GO), reduced graphene oxide (rGO) and reduced graphene oxide-based
nanoparticles (rGO-NPs) is widely studied in order to try and improve electron transfer
kinetics and surface interactions. After its characterization by ATR-FTIR, FESEM, EDX,
the different concentrations of graphene related materials has been deposited on glassy
carbon electrode and electrochemically characterized wusing a potassium
hexacyanoferrate(l)/(1ll) as electrochemical redox probe. The electrochemical response

of the graphene oxide is compared with the glassy carbon electrode bare, where the GO

XXXV



XXXVI

FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

shows a blocking of the capacitive current with increasing concentration. The opposite
behaviour is found for modifications with the reduced graphene oxide.

Chapter 5 describes the preparation, characterization and application (that the enzymatic
biosensor) of a hybrid conjugate of reduced graphene oxide/ferrous-ferric oxide
nanoparticles (rGO-FesO4 NPs). This hybrid conjugate was characterized and immobilized
on a glassy carbon electrode (GCE) with a chitosan biopolymer (containing the enzyme
laccase). Subsequently its characterized by SEM, ATR-FTIR, XPS, and several
electrochemical techniques. Then, the modified electrode was interrogated in the presence
of aqueous bisphenol A in proof-of-concept electrochemical studies. The biosensor
showed an excellent electroanalytical performance with a wide linear range, high
sensitivity, and very low detection limits.

Chapter 6 describes the synthesis and physical characterization of a hybrid conjugate of
reduced graphene oxide and nickel nanoparticles (rGO-Ni NPs). The conjugate was
further deposited onto a glassy carbon electrode as a hanocomposite film of chitosan and
glucose oxidase. The electrochemical response and morphology of the films were
investigated by SEM, CV, and EIS, and their applications as a glucose biosensor were

explored for the first time in proof-of-concept tests.

Part D (Concluding Remarks & Future Perspectives): Consists of one chapter (Chapter

7) in which the main conclusions and remarks regarding the whole work carried out during

this PhD thesis are presented. Besides, suggestions for future work are also provided



Part A - Introduction







Chapter 1 - Graphene: Structure, Synthesis,

Properties and Applications

Graphene is the first two-dimensional (2D) crystalline material which is truly stable under
room conditions. This chapter describes the progress made in the preparation of 2D
graphene and its derivatives since being first isolated by Geim and Novoselov in 2004. Its
outstanding properties and the prospects of technological applications in different fields
are reviewed with the focus being primarily set on the development of electrochemical

sensor
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1.1. From Bulk Graphite to Single/Few-Layer Graphene

During the last decade, new applications for the most diverse nanostructures in the
fields of renewable energy, photochemistry, biotechnology, portable and flexible
electronics, nanobiomedicine, theranostics, and many others, have continuously poured
headlines in the scientific literature. Among other 2D nanomaterials, graphene and its
derivatives constitute one of the most important additions to the box of nanotools for the
development of potentially disruptive nanotechnologies®. By definition, graphene
consists of a flat 2D mesh of pure carbon with a single-atom thickness that can be
isolated from the corresponding stack of sheets that make up natural graphite (GR) as
shown in Fig. 1.12. C atoms in graphene occupy the vertices of a hexagon in what is often
referred to as the hexagonal honeycomb lattice (Fig. 1.1.b).

Hybridization of their 2px, 2py, and 2s orbitals yields 3 sp? orbitals of the same
energy with trigonal planar symmetry. In-plane sp? orbitals of two adjacent atoms may
overlap face-to-face to form a covalent o bond. Thereby, each C in the hexagonal lattice
forms 3 o bonds with their neighbors. The o-bonding determines the C-C distance in
graphene to be about 0.142 nm (Fig 1.1.b). Interestingly, every C atom retains one
unhybridized 2pz orbital perpendicular to the o plane. Side-to-side overlapping of parallel
2pz orbitals (above and below the nodal plane of the nuclei) results in the formation of
covalent 1 bonds. The lower degree of orbital overlapping in this configuration (plus its
strong sensitivity to rotation around ¢ bonds), determine the weaker strength of m bonds
(=256 vs the 347 kJ mol! of o bonds)* 4. Moreover, T-bonding electrons are highly
delocalized around the ring and that plays a key role in determining the electronic
properties of graphene® ©.

In three-dimensional (3D) GR, the individual sheets of graphene stack upon each
other by the action of non-covalent Van der Waals dispersion forces (particularly aromatic
1-11 interactions). Due to the weak nature of these interactions, the interlayer distance
(aka the d-spacing) in GR is more than twice the C-C bond length in the individual sheets
(about 0.335 nm, Fig.1.1) 2. The structure of 2D graphene can be regarded to result from
the extrapolation of extremely planar polycyclic aromatic molecules to an infinite size.
Thus, graphene can be considered the basic structural unit for other carbon allotropes

such as GR, carbon nanotubes (CNTSs), and fullerenes ©.
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Fig. 1. 1: Schematic diagram of (a) Graphite and (b) Four layers of graphene from graphite (adapted from reference 2).

2D sheets of graphene can be rolled-up into nanometer-sized one-dimensional
(1D) CNT cylinders. Fullerenes are zero-dimensional (0D) structures that derive,
structurally speaking, from graphene by introducing pentagons into its hexagonal lattice
(Fig1.2) “.

¢) Carbon

Nanotube

Fig. 1. 2: a) Graphene: the mother building block of other carbon allotropes, b) graphite (3D), c) Carbone nanotube (1D)
and d) fullerene (0D) (adapted from reference 7).

Graphene was theoretically discussed for the first time by Philip Russell Wallace
in 1947 8 Wallace was a theoretical physicist at McGill University in Montreal (Canada)
interested in studying the electronic structure of GR. In his research, Wallace developed a
2D analogue (graphene) from which he extrapolated the properties of 3D GR. For several
decades, the study of graphene remained only at the level of theory because many


https://www.sciencedirect.com/topics/materials-science/graphene
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scientists believed that 2D materials could not exist as free-standing materials due to its
very unstable nature °12,

The term graphene was first used by Boehm and co-authors to describe carbon
flakes which were single or multilayer 2. According to Boehm: “a single carbon layer of the
graphitic structure can be considered as the final member of this series and the term
graphene should therefore be used to designate the individual carbon layers in graphite
intercalation compounds” 2.

In 2004, Andre Geim and Konstantin Novoselov (Manchester University, UK)
developed a mechanical method that allowed for the isolation and physical
characterization, using the atomic force microscope (AFM), of one-atom-thick single-layer
graphene (SLG) (Fig 1.3) *. The method consisted of the mechanical exfoliation of small
mesas of highly oriented pyrolytic graphite (HOPG) by repeated peeling to obtain thin
layers of GR. The peeling was done with Scotch tape and the layers were transferred to a
silicon substrate (SiO,) for inspection. For this pioneering work, they received the Nobel
Prize in Physics in 2010 *°. Although the method is very clever, cheap, and simple; its yield

is very low and that turned very hard to achieve high-quality industrial production levels.

I um

Fig. 1. 3: Atomic force microscopy image of single-layer graphene on SiO, surface (dark-brown) (adapted from reference ).

1.2 Methods of Synthesis

To continue studying the properties of graphene and its integration in different
nanotechnologies, it was first necessary to develop alternative methods for its synthesis
and processing. Then, following the work of Geim and Novoselov, research activities on
graphene expanded quickly. While most of the efforts were devoted to obtaining high-
quality graphene in high yield, other important goals as gaining control over the physical
properties or reducing the production costs, have also been pursued % 7, As a
conseqguence, the number of graphene-related publications has followed an exponential
increase since 2004 (reaching more than 40 publications per day in 2013) * 8 For the

preparation of graphene nanomaterials in the laboratory, researchers have explored two
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general pathways consisting of top-down and bottom-up synthetic strategies (see
Fig 1.4)%°,

Fig. 1. 4: Schematic illustration of bottom-up and top-down graphene synthesis methods (adapted from reference 2°).

Fig 1.5 summarizes the most common methods reported so far, based on both
types of approaches.

Top-down o
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Fig. 1. 5: Schematic illustration of the different types of methods to prepare Graphene (adapted from reference 22).
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1.2.1. Bottom-Up Approach

In materials science, bottom-up synthetic strategies involve the building of
materials through the assembly (or self-assembly) of the basic structures that form it
(which can be atoms, molecules, or nanostructures). When the building blocks are atoms,
the process is also known as atom-by-atom fabrication or atomically precise
manufacturing. The methods of assembly can be either physical or chemical. The main
advantage of this group of techniques is the high structural integrity and crystallinity of the
synthesized materials (which are usually characterized by a very low density of defects,
missing atoms, impurities, etc). As it is detailed in the following sections, bottom-up
approaches to graphene rely on the individual deposition of C atoms from different

sources %°,

1.2.1.1. Chemical Vapour Deposition

Chemical vapor deposition (CVD) is a vacuum-based method used in the
preparation of planar ultrathin films which are typically characterized by a superior
structural quality and high thickness uniformity. For these reasons, CVD is a well-
recognized tool in atomic layer deposition 2. For these purposes, the supporting substrate
is typically exposed to volatile precursors at low pressure (LPCVD) or ultrahigh vacuum
(UHVCVD). Precursors react, and/or decompose, on the substrate surface to form
deposits ranging from one- to few-atoms in thickness. It has been used to deposit materials
such as silicon (dioxide, carbide, nitride, etc), carbon, fluorocarbons, metal
dichalcogenides, tungsten, amongst others, in a wide variety of forms (monocrystalline,
polycrystalline, amorphous, epitaxial) 2.

For the thermal CVD preparation of graphene (hereinafter CVDG), metal catalysts
such as Cu or Ni are used as substrates. Hydrocarbons such as methane (CH,), ethylene
(C2H.), or acetylene (CzH,) are some of the typical sources of C. Two main types of
mechanisms have been described in the literature: (a) Dissolution-precipitation (DP), and
(b) Direct surface deposition (DSD) 2*. The hydrocarbons are typically decomposed at the
catalyst surface at high temperatures (850-1150 °C) (Fig 1.6) %', The diffusion of carbon
to the bulk occurs in metals with high carbon solubility at these temperatures (e.g. Ni).
When the metal is cooled-down, the stored carbon diffuses to the surface initiating the
growth of SLG/FLG (DP mechanism). In some cases, this mechanism has been found to

promote epitaxial growth (e.g. in Ru single-crystal substrates under UHV) #’.
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Fig. 1. 6: Schematic illustration of graphene growth using chemical vapour deposition and the transferred graphene to

poly(methyl methacrylate)( adapted from reference®).

DSD growth of graphene on metal catalysts can be also accomplished by lowering
the operating temperatures to 500-700 °C (e.g. in both Ni and Ru)?® % or using metals with
negligible carbon solubility at high temperatures (such as Cu) 3. Metallic thin films can be
used to fabricate graphene films in ambient pressure CVD (APCVD) through the DP
mechanism *2. The advent of plasma-enhanced CVD (PECVD) has enabled the growth of
graphene on those metals, or even on dielectric surfaces (Si/SiO,, quartz glass, etc)32 33,
at low temperatures. This is very important when devising routes towards industrial-scale
production of graphene, as it may lead to reduced environmental footprints (less energy is
consumed in the synthesis) and more affordable products.

Hydrogen gas (H.) is usually required to promote carbon deposition on the
substrate. If the hydrocarbon/H, gas flow rate ratio is not appropriate, undesirable results
will be obtained **. By corroding the amorphous C-based structures H. improves the quality
of CVD graphene. Nonetheless, an excess of H atoms will also corrode graphene sheets.

In 2006, Somani et al. reported on the first forms of graphene (thin layer films)
grown by the CVD method . In this work, graphene was synthesized on Ni substrates
from a natural, eco-friendly, and low-cost precursor such as camphor. After that publication
the CVD method became the most popular and effective way to produce graphene films
3%6-38 CVDGs are characterized by their large areas and high structural quality (i.e. by a
very low density of defects) 2.

However, due to their low thickness (SLG) and the need to transfer the sheets to
other substrates, conserving the large areas of CVDGs in the transferred films is quite
challenging 37 3% %%, The high production costs, low throughput, and the need of further
purification to remove residue catalyst, are other disadvantages of the method *. In any
case, the impact of some of these issues can be minimized by growing graphene on

dielectric substrates using the PECVD method.
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1.2.1.2. Epitaxial Growth

When the organization of a film grown onto a substrate matches the crystalline
order of the latter, the process is referred to as epitaxial growth (EpG). EpG can proceed
from gas or liquid precursors, but the first case is the most common, and the vapors for
EpG are typically generated in a CVD chamber or by laser ablation. Applied to the
synthesis of graphene, the CVD-EpG method stands out of the rest because it allows direct
growth on silicon carbide (SiC). SiC is an indirect semiconductor that has gained great
prominence in the transistor industry due to the higher blocking voltage, lower on-state
resistance, and higher thermal conductivity (x) of their metal oxide field-effect transistors
(MOSFETS), compared to silicon (Si) 2. Besides, its band gap can be reduced (indirect-
to-direct transition) by chemical functionalization.

The CVD-EpG technique proceeds through the thermal decomposition of
hexagonal SiC substrates at 1200-1800 °C under ultra-high vacuum 4. At such
temperatures Si atoms sublimate from the surface, thus, leaving over the surface a
network of sp?hybridized C atoms that induce the subsequent epitaxial growth of
graphene by CVD (Fig 1.7) * 4%, Thus, thermally-induced CVD-EpG on SiC looks like a
promising way to prepare large-scale SLG/FLG with high crystalline quality for applications
in transistor devices. Unfortunately, yields are not that high and the technique relies on the
use of expensive SiC wafers and UHV facilities which consume vast amounts of energy.

On top of these issues, the CVDGs prepared in this way still lack enough
homogeneity. The orientation of the resulting layers is defined by the crystal lattice on the
substrate. Therefore, the CVDGs grown on Si- or C-terminated faces have different
characteristics. In the first case, SLG sheets of several microns in width are easily
obtained “¢. However, on the C-terminated face, forms of FLG (with sheets rotated 0 or 30
degrees from each other) are found. Following this method, Mitsuhashi et al. prepared
bilayer CVDG with excellent carrier mobility of up to 95,000 cm? V-1s1 47,

)
“

/‘-—_‘L
) ——Graphene layer

Fig. 1. 7: lllustration of epitaxial graphene growth on a silicon carbide (SiC) by sublimation of Si atoms (adapted from

reference *4).
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1.2.2. Top-Down Approaches

Top-down strategies are based on the physical separation of the stacked GR layers
to unleash single graphene sheets. For these purposes, the weak -1 stacking Van der
Waals forces must be overcome. The principal top-down routes include micromechanical
cleavage, liquid-phase exfoliation, and the intercalation of GR 21

Compared to the main bottom-up methods described in the previous sections,
larger amounts of graphene can be produced via physical/chemical exfoliation of bulk GR.
These constitute a simple and inexpensive way to prepare graphene, but they also present
important disadvantages like, for instance, the occurring of defects during the separation
of the layers or the possible agglomeration of the isolated sheets 2°. On top of that, these
are tedious procedures with typically low reaction yields. In this respect, GR intercalation

has proven to be effective in increasing the exfoliation yields.

1.2.2.1. Micromechanical Exfoliation

Micromechanical exfoliation, aka micromechanical cleavage, has been used for
decades by crystallographers. In 1999, Rodney S. Ruoff and his co-workers (Washington
University, USA) reported a method for the controlled exfoliation of HOPG to yield
micrometer-sized GR islands made up of several atomic layers “®. In this work, the authors
also speculated on the idea that mechanical rubbing of GR against flat surfaces could be
a valid route towards few-atom-thick, or even one-atom-thick, graphene sheets. The
validity of this concept would be confirmed a few years later by Geim and Novoselov using
the scotch tape method 4, the most popular procedure based on micromechanical
cleavage for the isolation of graphene thus far. Their technique consists of the repeated
peeling of GR until a single layer of graphene is obtained (Fig.1.8) 2.

Mechanical exfoliation can also be implemented through the use of scanning probe
imaging equipment. In this regard, the atomic force microscope (AFM) has been routinely
applied in the last decades for the investigation of tribological phenomena in the
nanoscale. The use of AFM tips for the micromechanical cleaving of GR plates was also
reported for the first time in Ruoff’s paper 8. AFM manipulation of GR can be performed
either on the original HOPG substrate or after transferring the plates to different substrates.

In general, micromechanical exfoliation produces high-quality graphene that can
be electrically isolated for fundamental studies. However, it is not a suitable approach for
large scale production thus far. Other issues include difficulties to keep individual single-

layers away from aggregation and to control the number of atomic layers.
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Fig. 1. 8: a) graphene sheet is left on top of a silicon oxide wafer exfoliated by scotch-tape technique, b) the real monolayer
and bilayer graphene (adapted from reference 2%).

1.2.2.2. Liquid-phase Exfoliation

Ligquid-phase exfoliation of GR is another possible route towards graphene. Under
such an approach, bulk GR is directly exfoliated into liquid media by physical means to
produce a range of products going from single-layer (SLG) to few-layers graphene (FLG).

For instance, graphene flakes can be obtained by sonicating bulk GR in appropriate
organic solvents. Exfoliation occurs through the strong interactions established between
the basal planes of GR and the solvent molecules. The ideal solvent would be one that
minimizes the interfacial tension between the liquid and the graphene flakes. In this
context, solvents with surface tension around 40 mN m, such as N-methyl-pyrrolidone
(NMP), N,N-dimethylformamide (DMF), or y-butyrolactone (GBL), are typically used in
absence and presence of surfactants (Fig.1.9) 4%,

Unfortunately, these solvents are highly volatile, toxic, and not very friendly to the
environment. To improve the sustainability, research efforts have focused on the
development of greener methods. J.-H. Ding et al. (Ningbo Institute of Materials
Technology and Engineering, China) recently reported a cost-effective procedure to
produce FLG in pure water without any chemicals or surfactants . The method consists
in the preparation of edge hydroxylated graphene by an easy liquid exfoliation approach
with the assistance of a vapor pretreatment. The resulting graphene was dispersed in
water to obtain an ultrathin conductive film. Another example of eco-friendly exfoliation is
provided by J. Chen et al. from the Wuhan University of Technology (China) °2. The authors
developed a method consisting of the ultrasonication of GR in presence of a degradable,
and water-soluble, polymer modified with chloramine. The method produced defect-free
FLG in high yield.

13



14

FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

Dispersed
graphene
flakes

“=———=" Ultrasound

Fig. 1. 9: Schematic illustration of graphene preparation by liquid-phase exfoliation (adapted from reference 53).

Indeed, the principal advantage of graphene produced by exfoliation in the liquid
phase is their high structural quality. This was evidenced, for instance, by the registration
an electron mobility as high as 95 cm? Vs for SLG sheets obtained through this
method %¢. As shown in sections 1.2.2.3 and 1.2.2.4, most of these methods have been
also applied to forms of GR previously expanded by physical or chemical means. In this
respect, the exfoliation of GR (EGR) intercalated with supercritical fluids is another route
explored in the literature. In this technique, the intercalated fluid is quickly expanded by
brief ultrasonication in proper solvent to push the graphene layers apart. The method is
very fast and yields pristine graphene (PG) sheets. When DMF, NMP, and ethanol, were
used; well-dispersed solutions mainly consisting of sheets of less than 10 layers (with
about a 10% being SLG) were obtained *°. The fraction of SLG was improved to 60% using

1-pyrene sulfonic acid sodium salt as a surfactant during the expansion °°.

1.2.2.3. Chemical Exfoliation

This is one of the most promising approaches to synthesize large-scale graphene.
The covered methods typically consist of two main stages. In the first step, GR is
chemically oxidized to graphite oxide (GRO). In such a process, the stacked layers are
readily intercalated with vast amounts of solvent molecules, ions, and oxygen-containing
functional groups. As a result, the d-spacing increases substantially, and 1-11 stacking
forces are weakened °’. These changes favour the physical exfoliation of the plates in the
second stage which is often carried out by ultrasonication in a suitable solvent or rapid
heating (more details in Section 1.2.2.4). The method produces sheets of graphene oxide
(GO) with thickness varying from single to few layers. Because of the massive presence
of functional groups (carbonyls, carboxyls, hydroxyls, etc) 8 °°, GO can get dispersed in
polar protic solvents such as water what greatly facilitates its processing.

The first synthesis of GRO was reported by Brodie in 1859. For these purposes,

GR was treated with a mixture of potassium chlorate (KCIO3) and nitric acid (HNOgz) . In
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1957 Hummers and Offeman developed a safer, quicker, and more efficient process using
sodium nitrate (NaNO3) and potassium permanganate (KMnQ,) as an alternative oxidizer
to KCIO3 (which evolves to the toxic gas ClO2) ®1. Under this strategy, HNO3 is formed in
situ in the reaction mixture instead of being used directly as a solvent. Today, the so-called
Hummer’s method and small variations of it are the most common procedures for the
oxidation of GR in the preparation of GO. The introduction of O-groups in GR involves
changes in the hybridization of C atoms from sp? to sp®. Hence, a mixture of both types of
Cis typically found in GRO and GO. Furthermore, the physical disaggregation of the layers
introduces a variety of defects (Stone-Wales, lattice vacancies, dislocations, etc.) 62. These
aspects have profound implications for the properties of graphene and explain, for
instance, the poor electrical properties of GO.

Interestingly, the modification of graphene properties can also lead to new
functionalities that broaden its range of applications. In this regard, the high density of
functional groups and defective sites in GO confer it with good (electro)catalytic properties
which are in sharp contrast with the weak catalytic activity found for PG 3. Although the
mechanical properties are also compromised to some extent, these are still good enough
that GO has been primarily explored as a mechanical reinforcer in membranes and
composite materials %% °,

Aiming to repair the honeycomb lattice and restore the aromaticity of PG, GO is
often reduced by chemical, electrochemical, or thermal means ¢ ¢, The most common
chemical routes reported in the literature involve the use of reducing agents such as
hydrazine (N2Hs) and its derivatives ® %, NaBH, ® ™!, sulfur-containing compounds "2,
metal powders " 7, vitamin C ", or hydroxylamine 8, in-situ generated hydrogen 7/,
amongst others. Although each process has advantages and disadvantages, it is
noteworthy that metal powders have produced reduced graphene oxide (henceforth
referred to as rGO) at low temperature with the highest C/O atomic ratio (up to 33.5) &7,
Most of the O-groups are removed in these treatments and the resulting rGO presents
improved electrical and thermal properties compared to GO (Fig 1.10) .

Unfortunately, the complete reduction of GO is hard to achieve, even under harsh
conditions 8, and a certain amount of functional groups and defects remains always in the
structure 8. As discussed in section 1.3, structural lattice defects degrade the properties
of graphene and deteriorate the performance of their corresponding devices. Hence,
unavoidably, the extraordinary properties found for graphene samples of high lattice
perfection cannot be achieved by rGO. Nonetheless, the unique combination of
electrical/electrocatalytic properties, arising from the partial recovery of the honeycomb

structure of PG and the retention of a small density of oxygen groups and defects from the
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starting GO, turns rGO into a better-balanced material for the modification of electrodes to

serve, for instance, in electrochemical applications.
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Fig. 1. 10: GO synthesis and reduction which involve (i) oxidation of graphite to graphene oxide layers where the flakes are
functionalized with epoxy, hydroxyl, carbonyl groups and (ii) conversion of GO to rGO through chemical and/or thermal

treatment. (adapted from reference®).

1.2.2.4. Thermal Exfoliation

Thermal methods are used to exfoliate GRO. Heat causes the functional groups to
decompose and produce gases that build up pressure between the adjacent graphitic
layers. Exfoliation occurs when this pressure exceeds the van der Waals stacking
forces 8. Hence, for the successful build-up of pressure, the starting forms of GR must be
significantly functionalized. In this sense, EGR and GR intercalation compounds (GICs)
are less functionalized than GRO (which exhibits a C/O atom ratio as low as 2) but their d-
spacing is yet enough expanded to undergo direct thermal exfoliation. It is worthy to note
that when applied to GRO, thermal methods usually result in a simultaneous exfoliation
and reduction of the layers to a certain extent.

Thermal treatments are capable of achieving near-complete exfoliation into single-
layer materials. Compared to mechanical exfoliation, it also brings certain advantages. In
the first place, these processes are much faster (often completed within seconds) &2.
Secondly, most of them operate in the absence of liquid which is advantageous for
applications that require dry graphene (e.g. the construction of electrodes for lithium-ion
batteries). Rapid heating is one of the most widely used thermal strategies in the exfoliation
of GRO, EGR, and GICs. Schniepp et al. reported for the first time on the exfoliation of
GRO to single-layer sheets 8. The starting material was loaded into a quartz tube and
inserted into a furnace preheated to 1050 °C. The product was characterized as wrinkled

sheets with a minimum thickness of 1.1 nm (with up to 80% of single-layer flakes) and
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surface area in the range 700-1500 m? g*. Following the same procedure, Wu et al.
determined that the smaller the lateral size and the lower the crystallinity of the starting
GR, the better the exfoliation 8*.

Li et al. investigated the exfoliation of EGR by rapid heating at 1000 °C in a gas
mixture (3% hydrogen in argon) &. Ribbon and sheet forms of SLG and FLG were found
after dispersion of the product. The very low yield obtained (~0.5%) was improved by
further intercalation of the thermally exfoliated products (step 1) with oleum (fuming sulfuric
acid) and subsequent exfoliation by ultrasonication in DMF (step 2) . The resulting
suspension contained up to 90% of SLG sheets of high structural quality. A similar two-
steps strategy, based on rapid heating at 900 °C followed by ultrasonication of the re-
intercalated products in liquid phase, was applied to exfoliate GICs intercalated with
concentrated sulfuric acid and hydrogen peroxide into (up to 50% of obtained sheets) &’.
Other rapid heating methods include microwave (MW) irradiation, arc discharge,
solvothermal methods, and the detonation of explosives 892,

GRO pre-activated in KOH was exfoliated in about 1 min under MW heating to yield
graphene with surface areas of 3100 m? g 8, The technique was also used by Janowska
et al. to exfoliate EGR in agueous ammonia at temperatures of 120-200 °C . The
treatment produced FLG flakes of less than 10 layers. The hydrogen arc discharge method
has also been efficiently applied to the exfoliation of expanded GRs. The electrical
discharge instantly raises the temperature to more than 2000 °C. By doing so, the pressure
between the layers quickly exceeds the stacking forces. Wu et al. used this method to
exfoliate GRO yielding, after proper dispersion and centrifugation of the products, up to
80% of SLG sheets with thickness around 0.9-1.1 nm . Qian et al. reported on the
synthesis of single- and bi-layer graphene sheets by solvothermal exfoliation of EGR in
acetonitrile ®1. EGR was also successfully exfoliated via another solvothermal method
based on oleylamine as a solvent and intercalating agent .

Up to 60% of the obtained sheets were identified as SLG with individual surface
areas as large as 300 um2. For GRO, thermal exfoliation in the air at much lower
temperatures, 200-550 °C, has also shown to be efficient. Sheets exfoliated by this method
exhibited specific surface areas in the range of 328-418 m?g™ (the higher the temperature,
the greater the surface) °. Exfoliation of GRO was further reported in argon (at
275-295 °C) °* and hydrogen (200 °C) %. The latter yielded a specific surface area of
442 m?gt, which is close to the values obtained in the air. In an attempt to enhance the
exfoliation yields at 200 °C, exfoliation was conducted in a vacuum oven (<1 Pa) %. This
strategy was expected to increase the d-spacing to facilitate the exfoliation. Statistical
analysis showed that over 60% of the sheets were SLG. Following this method, graphene

with an even higher surface area (759 m?g?) was obtained at 135 °C %’.
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1.2.2.5. Others Methods

Besides the well-studied mechanical and thermal exfoliation methods, other
approaches (based on alternative ways of peeling GR materials or on totally new concepts
which start from different carbon sources) have been developed. For instance, GR has
also been exfoliated by electrochemical means. For these purposes, a certain bias is
applied between two graphite electrode rods immersed in a conductive electrolyte. The
anode corrodes yielding graphene flakes which are functionalized by the solvent. This
constitutes a versatile approach for the simultaneous exfoliation and functionalization of
graphene which is implemented quickly (within 1 hour in most cases) and introduces lower
amounts of lattice defects compared to thermal or ultrasonication methods.

N. Liu et al. conducted the electrochemical exfoliation of GR in the room
temperature ionic liquid (RTIL) methyl imidazolium hexafluorophosphate %. The method
produced imidazolium-functionalized SLG sheets dispersible in organic solvents, with an
average thickness of 1.1 nm, and with better electrical properties than GO and low reduced
GO. The method has also been applied in RTIL-water electrolytes °° or liquids like sulfuric
acid %, In the first case it was found that the higher the water content, the larger the
amount of oxygen-containing functional groups and the wider the variety of graphene
materials obtained. In the second case, graphene nanosheets with large lateral size in the
pm scale and thinner than 3 nm (more than 60% of the sheets were bi-layer) were
obtained. Although partially oxidized, the electron mobility still exceeded that measured in
most rGOs.

Janowska et al. developed a completely different approach to produce graphene
based on the oxidative opening of CNTs. The method consisted of the coating of single-
wall and multi-wall CNTs (SW- and MWCNTS, respectively) with Pd nanoparticles (NPs)
to induce their catalytic unzipping in oxygen-containing aqueous media . Under MW
irradiation, Pd NPs generate reactive oxygen species which act as a pair of scissors to cut
the CNTs lengthways. The method produced FLG sheets with yields of up to 8 wt% and
oxygen-containing functional groups (i.e. —CO, —COR, —COOH) on its surface as
confirmed through XPS analysis.

All the synthetic methods described above (both bottom-up and top-down) have
their advantages and disadvantages. These characteristics are properly summarized and
compared in Table 1.1. All forms of graphene investigated in this thesis (both prepared in
the laboratory and purchased from commercial suppliers) were synthesized through top-
down approaches. These are not the best in terms of structural quality and physical

properties but their good process ability in liquid solvents (for the preparation of modified
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electrodes), and their lower cost than those coming from CVD methods, were the main

points pushing the balance towards such a choice of materials.

Table 1. 1 A Comparison of Approaches for Synthesis of Graphene

Synthesis )
Precursor Advantages Disadvantages
method
) ) - Low cost .
Micromechanical ) ) - Low yield
o graphite - Impurity free . )
exfoliation } - Time consuming
- Simple
Liquid-phase . ] ) - Existence of defects
o graphite - High quality )
exfoliation - Low quality
- High yield
Chemical oy ) . i
o ) - Scalable to industrial - Existence of defects
oxidation + graphite )
o level - Low quality
exfoliation o
- Efficient
) ) - High temperatures
. - High quality o ) .
Chemical vapour Hydrocarbon ) -Difficulty in  controlling
o - High growth rates
deposition gases o number of layers
- Good reproducibility _
- high Cost
- simple - High temperature
Epitaxial growth  SiC wafer -High quality - High vacuum

and controllable

- Existence of defects

1.3.

Properties of Graphene

Since its first isolation, SLG has exhibited unigue properties such as superb electrical

conductivity (carrier mobility at room temperature higher than 200000 cm?V-1s1)102  high

Young’s modulus (about 1 TPa) and great stretch abilities up to 25%%, very large specific

surface area (~2630 m2g™1)194, excellent transparency (only a 2.3% of the incident visible

light is absorbed'®, and excellent thermal conductivity (2000-5000 WmK1)3 1% amongst

others. Under the light of these characteristics, graphene has been described as the

thinnest, strongest, and most flexible material ever made.” Fig.1.11 illustrate some of its

exceptional properties that have been established to date. As a consequence, it has been

extensively investigated as a filler and mechanical reinforcement in (nano)composites,*°”:

108 hut also in electronic devices such as photovoltaic solar cells!?®, organic light-emitting

diodes?,

field-effect

transistors*',

photodetectors!!?

and touch screens's.


https://www.sciencedirect.com/topics/materials-science/field-effect-transistors
https://www.sciencedirect.com/topics/materials-science/photosensor
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Supercapacitorst4, lithium-ion batteries!'® and sensors'!® are other applications of

graphene as an excellent electrode material.

High theoretical specific
surface area

Superior carrier mobility

High transparency s bh
" o Y (~200 000 cm2V-'s)

\ -’High electrical conductivity
(~2.02x 102S/cm)

Fig. 1. 11: Schematic illustration summarizing the most important properties found for SLG (adapted from reference'’).

1.3.1. Mechanical

The exceptional mechanical properties of graphene and its composites are, to a
large extent, related to the great stability of the sp? bonds in the hexagonal honeycomb
crystal lattice'*®. Hone and his co-authors published the first study on the mechanical
properties of free-standing and defect-free SLG%. Using AFM-based nanoindentation
methods, intrinsic strength of 42 Nm™ and Young’s modulus of 1.0 TPa were
measured. 103 119. 103 These values portray graphene as the strongest material ever made
to date. Regarding the stiffness, slight discrepancies have been found in the literature and
attributed to deviations in the free-standing structure of SLG. Under real experimental
conditions, free-standing graphene is never flat but inevitably goes rippled, crumpled,
and/or wrinkled!” 18, These deformations can influence the mechanical behaviour of
graphene.

For instance, Nicholl et al. observed that graphene is significantly softened by out-
of-plane crumpling?. In these respect, the values of in-plane stiffness measured at room
temperature fell within the range 20-100 Nm-%, thus, being much smaller than the expected
for flat graphene (340 Nm). The effect of wrinkle deformation in CVDG was also studied
by Raman spectroscopy!?!. The authors found that, during deformation, the broadening
and shift in wavenumbers per strain unit followed by the 2D band were <25% and ~75%,
respectively, of those found for flat graphene. In line with these findings, Young's modulus

declined from 1.0 TPa to only 250 GPa. Because of its potential impact on applications,


https://www.sciencedirect.com/topics/materials-science/supercapacitors
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the deformation of graphene from its flat structure is an important aspect that has captured
the attention of researchers!?212°,

Another important property of graphene is its fracture toughness. This parameter
describes the ability of a crack-containing material to resist fracture. To predict the
mechanical behaviour of real materials for engineering applications, fracture toughness is
more relevant than the intrinsic strength in perfect graphene sheets. P. Zhang et al.
developed the first tensile test for SLG using nanoindentation measurements in an AFM%,
A crack was induced through the focused ion beam technique (FIB). The fracture
toughness was, then, measured as 4.0+0.6 MPa m¥2, This result is in good agreement
with those found in other literature studies *** 132 and allows concluding that the possible
introduction or natural occurrence of weak links, from which failure might initiate, has a

heavy influence on the fracture toughness of graphene.

1.3.2. Electrical

With an electron mobility slightly over 2x10° cm?V1s? at carrier densities of
~2x10% cm? (nearly 140 times the mobility of silicon and twice that of carbon
nanotubes)'®?, current densities up to 1x10° A cm (108 times higher than copper), and a
sheet resistance of only 31 Sm; freestanding SLG sheets are the best electrical conductor
at room temperature®. As mentioned earlier in Section 1.1, the hexagonal honeycomb
structure of graphene consists of sp?-hybridized C atoms. Every atom in the lattice is
bonded through three in-plane o bonds. However, each C atom retains one unhybridized
2pz orbital (perpendicular to the sp? plane) which overlaps with their neighbours side by
side (1T bonds) to form a delocalized network with the electron density mainly concentrated
above and below the plane of the nuclei. The strong C-C sp? bonding and the delocalized
nature of m-electrons are ultimately responsible for the outstanding properties referred to
above®*,

Besides, graphene is a 2D zero-gap semiconductor in which the conduction and
valance bands (CB and VB) are symmetric and exhibit conical shape. These bands
intercept in the so-called Dirac points. These correspond to six locations in momentum
space (on the edge of the Brillouin zone) which can be divided into two sets of three non-
equivalent points typically referred to as K and K” (Fig.1.12)***. The Fermi level (Eg) is set
at the intersections of the CB and VB cones as long as there is no doping. Thus, the
populations at both bands follow the Fermi-Dirac statistics (same density of electrons and

holes) and electrons at the highest occupied molecular orbital (HOMO) of the VB may flow

21
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towards the lowest unoccupied molecular orbital (LUMO) of the CB as massless relativistic
Dirac fermions?®.

Mass-less behaviour results in unusual outstanding properties including ballistic
charge transport (collision-free) and anomalous quantum Hall effect at room
temperature®®>137, A minimum conductivity in the order of the quantized unit of electrical
conductance (4e*h; where e is the elementary charge and h the Planck’s constant) has
been consistently measured. Conductivity never goes below this value even if the density
of carriers approaches zero near the Dirac points!8. The origin of this residual conductivity
remains unclear. Some authors have ascribed it to the presence of impurities, others to
thermally-induced carriers, substrate-related effects and/or impurities, etc. Unfortunately,
these outstanding electrical properties are readily affected by factors such as the number
of graphene layers, size restrictions in one dimension (e.g. graphene nanoribbons, GNRS),
or the nature of the supporting substrate.

Energy

Conduction band

8\ Valence band

kx Ky

Fig. 1. 12: The band structure of graphene. Conductance band touches valence band at K and K’ points (adapted from

reference 134).

Calculations reported by X-Y. Fang et al. demonstrated that the resistivity of FLG
sheets increases from 1.4 to 8.2 uyQ cm™ when the number of layers is raised from 1 to
9%, On the other hand, Y. Xu et al. observed changes in the electronic states of SLG
supported on Si(100) substrates!*®. However, those were completely suppressed after
passivation with hydrogen to yield Si (100)-H surfaces. The limiting effect of the substrate
can also be inferred from the behaviour reported for field-effect Transistors (FETs) of
graphene on SiO; substrates (SiO, GFETS). The best room temperature carrier mobility
measured for these devices fall in the range 1-4x10* cm?V1s?® 4! These values are

excellent compared to the 1400 cm?V-1s? reported for silicon!*?, but still 5-20 times lower
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than the record mobility measured for SLG suspended 150 nm over Si/SiO»'*. In these
devices, carrier mobility has shown to be almost independent of the temperature in the
range 10-100 K, hence, pointing to defect scattering as the governing transport
mechanism. Nonetheless, most SLGs prepared through bottom-up methods are nearly
perfect crystals with a negligible density of defects compared to other semiconductors#4,
Although the pseudo-spin conservation rule ensures that complete backscattering is
forbidden, this only contributes to rising the mobility by two-fold as large-angle scattering
is yet allowed. Hence, the high mobility found at room temperature must be explained by
a different type of phenomenology. In other conventional semiconductors (e.g. Si), optical
phonon scattering dominates at room temperature.

In SLG, optical phonons are too energetic to participate at room temperature.
Hence, the interactions between electrons and acoustic phonons (i.e. modes of vibration
in its lattice) must govern its electrical behaviour. Acoustic phonons are known to cause
the resistivity to increase linearly with the temperature at the rate of 0.1 Q K. Thereby,
pure electron-phonon scattering would intrinsically limit the room temperature mobility of
SLG to a value of 2x10° cm?V-!s (at the limit carrier density of 1 x 10'2cm?)'45. However,
the exceptionally higher mobility found in suspended SLG*3, suggested that carrier
scattering in supported graphene must also contain contributions from substrate features
such as charge traps, interfacial phonons, substrate stabilized ripples, or fabrication
reSidueSl4l’ 144, 146.

In this respect, the adsorption of water and oxygen molecules leads to non-
repetitive and large-hysteresis |-V curves for GFETs, thus, forcing electrical
measurements to be conducted in a vacuum. Surface passivation with silicon nitride,
hexagonal boron nitride, poly(methyl methacrylate), or aluminum oxide, is an efficient
strategy to limit the interactions with underlying substrate features and impurities*’.
Through the modulation of electron-phonon interactions, different regimes of
superconductivity can also be accessed by graphene. Theoretical studies by M. Calandra
et al. showed that surface doping with alkaline metal ad-atoms may lead to the observation
of superconductivity!*®. Another valid route towards superconductivity consists in the

deposition of SLG onto electron-doped d-wave superconductors, such as Pro-xCexCuO°,

1.3.3. Optical

Graphene can absorb radiation from different regions in the electromagnetic
spectrum through unique optical transitions. This ability comes from its particular electronic

structure which includes the lack of bandgap and the interaction between radiation and
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Dirac fermions in the sheets. Indeed, it is the absence of discrete energy band levels (like
in most semiconductors) that ensures radiation being absorbed independently of its
frequency. While radiation in the visible (Vis) to near-infrared (NIR) region is known to
induce intra-band transitions, absorption in the far-infrared (FIR) occurs through either
intra-band transitions or free carrier absorption mechanisms. Atomically thin graphene is
known to be highly transparent in the Vis. Nair et al. illuminated individual sheets of
suspended SLG under a white beam and found that up to 97.7% of the incident light was
transmitted through them?°®,

Although it may seem poor, this is a still remarkable absorption considering that
SLG sheets are only 0.335 nm thick. Furthermore, the authors demonstrated that
absorption is merely determined by the fine structure constant (a=e?/hc, with ¢ being the
speed of light); a fundamental parameter in quantum electrodynamics that accounts for
the coupling between light and relativistic electrons. As might be predicted, the optical
transparency of graphene is highly sensitive to the number of layers in the sheets/flakes.
As shown in Fig 1.13, opacity increases linearly as the number of layers is raised. Nair and
his co-authors also found that each atomic layer in FLG contributes to an additional 2.3%
increase in absorbance!®®, This finding has inspired the development of microscopy/optical

spectroscopy methods for the counting of graphene layers on transparent substrates®.
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Fig. 1. 13: Transparency of graphene (adapted from reference!®).

Optical transitions in graphene may also be induced by electric fields (aka gate-
dependent optical transitions often used in electronics to modulate the current)!t, Under
an applied field, the low density of states near the Dirac point causes the Fermi level to
shift. This change dictates how much radiation is absorbed in the IR by graphene. This
mechanism allows for the tuning of the optical transmission of an electromagnetic radiation
source and is more relevant to SLG (as discussed above, the presence of more than one

atomic layer significantly alters the absorption properties and the ability to tune the
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absorbance). PG can also undergo photoluminescence upon illumination with NIR lasers.
This was an exciting finding as common photoluminescence mechanisms involve the
excitation of electrons to a higher energy band (during the absorption of radiation) and
their return to the ground state through the release of photons.

However, in zero-gap graphene, the broad emission of light emerges as a direct
consequence of femtosecond laser excitation. The high temperatures induce a transient
regime in which the electron distribution is driven strongly out of equilibrium, thus, creating
thermalized carriers. Hot electrons interact with strongly coupled optical phonons (through
phonon absorption and/or emission mechanisms) and, then, decay to the ground state
emitting radiation®2. For non-pristine graphene, only conventional photoluminescence can
be observed whether a bandgap is opened through chemical functionalization or cutting it
to smaller sheets exhibiting quantum confinement (usually referred to as graphene
quantum dots, GQDs)'3. Because of the great combination of high transparency and
excellent conductivity, SLG and FLGs have become a valid alternative to conventional
transparent electrodes such as indium- or fluorine-doped tin oxide (ITO and FTO,
respectively) to serve in optoelectronic devices like light-emitting diodes (LEDS),
photovoltaic cells (PVCs), etc. On the other hand, their unique optical transitions and the
ability to absorb radiation over a wide range of frequencies have shown a great potential
in optical and photonic applications (from saturable absorbers to high-bandwidth

photodetectors, etc)®4.

1.3.4. Thermal

As with mechanical and electrical properties, heat conduction is also highly
anisotropic in graphene. In this sense, the flow of heat through the basal plane of SLG is
about 100-fold greater than the out-of-plane flow.?*® The main reason for explaining such
behaviour is the weak interfacial coupling that rules in that direction (as opposed to the
strong sp? bonding governing in the plane). As discussed in section 1.3.2, the high mobility
of carriers at room temperature in SLG results from the interaction between electrons and
lattice vibrations. But phonons are also involved in the mechanism of heat conduction in
the basal plane (more specifically long-wavelength phonons). Their mean free path is only
limited by the sample size and exceptionally high values in the range 100-600 nm have
been measured for supported/suspended samples of SLG in the submicron scale. %6 157.158

As a consequence, a significant fraction of the theoretical ballistic heat flow limit
becomes achievable at room temperature for suspended SLG (>80% in samples with a

length below 235 nm)**®> and a maximum in-plane thermal conductivity of 5.3x 103 WmK!
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has been measured.!% This value is about twice the conductivities reported for some of
the best thermal conductors such as CNTs or individual diamond crystals®® 1% and
exceeds those found for materials like graphite or copper by about 10-fold!°, Hence,
graphene is postulated as one of the best materials available for thermal management.
Unfortunately, the heat flow decreases when the sheets are in contact with a substrate
(supported SLG), size-confined (as in GNRSs), or present more than one layer (FLG). This
behaviour is not unexpected, given that phonon propagation is very sensitive to surface or
edge perturbations.

In line with this reasoning, SiO.-supported SLG has exhibited in-plane thermal
conductivities around 600 WmK1%61, Such a large decline emerges from the coupling and
scattering of graphene phonons with substrate vibrational modes and the consequent
reduction of the mean free path!®2, In GNRs, phonon scattering with boundaries and edge
roughness is responsible for an even more pronounced decay to values in the order of
80 WmK? (as measured for 20 nm wide GNRs)?!63 164 Molecular dynamics simulations
by F. Hao et al. illustrated how the introduction of only a 2-4% of monatomic and Stone-
Wales vacancies in the plane may induce a reduction in thermal conductivity of up to
95%1%. Despite all these effects, atomically thin graphenes still retain a relatively high
thermal conductivity at a size regime where other materials cannot conduct heat as
effectively (e.g. lower thermal conductivities of 25 and 2 WmK™* have been reported for

silicon and silicon nanowires, respectively)6® 167,

1.3.5. Chemical

As discussed in previous sections, the strong in-plane covalent sp? bonding imparts
high mechanical and thermal stability. These properties evoke thoughts of very limited
chemical reactivity at perfect graphene sheets. However, graphene also has the highest
ratio of edge atoms amongst all carbon allotropes. Edge, functionalized, and/or defective
sites are known to present enhanced chemical reactivity compared to those at the perfect
basal plane!®®. Moreover, like in no other solid material, the unhybridized pz orbitals of
every C atom in the structure are fully available for chemical functionalization on both sides
of the sheets.

As a consequence of these characteristics, SLG has been shown to burn at
temperatures as low as 350 °C!%, In the same context, G. Diankov et al. found that SiO--
and mica-supported SLG are about 100 times more reactive to ionized hydrogen plasma
than their bi-layered and thicker counterparts’®. While SLG suffered from severe isotropic

hole formation in the plane and etching from the edges, a negligible impact was shown for
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FLG treated at 400 °C. As detailed in the next subsections, a wide variety of derivatives
have been prepared via chemical functionalization of graphene with oxygen (O), nitrogen

(N), sulfur (S), and other heteroatoms.

1.4. Graphene Derivatives

1.4.1. O-Doped Graphenes: GO & rGO

As described in section 1.2.2.3, GO is an oxygenated analogue of PG which can
be produced and processed from solution, thus, constituting one of the 2D materials with
greater potential for industrial applications. From a structural point of view, it consists of a
single sheet of GRO containing a mixture of sp?- and sp®-hybridized C. The content of O-
groups in GO is highly dependent on the preparation methods and the experimental
conditions. Most of these methods cannot control the extent of the oxidation processes
locally and yield non-uniform distributions of O-groups at the surface. For these reasons,
an unambiguous consensus model that accurately describes the chemical structure of GO
has yet to emerge. Earliest models were based on repeat units forming regular lattices
(Fig 1.14)172,

Hofmann

Ruess

Scholz-Boehm

Nakajima-Matsuo

Fig. 1. 14: Evolution of the structural models proposed for GO (adapted from reference ).
This concept was abandoned and contemporary models have focused more on the

non-stoichiometric and amorphous nature of the material. Amongst them, the most widely

accepted was proposed by Anton Lerf and Jacek Klinowski (Fig 1.15). By reacting GO with
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different species, and analyzing the products with solid-state nuclear magnetic resonance
(NMR) spectroscopy, they outlined most of the fundamental structural features of GO"%
173, Cross polarization/magic angle spinning (CP/MAS) experiments displayed broad 13C
NMR peaks at 60 and 70 ppm which were assigned to tertiary alcohols and epoxy (1,2-
ether) groups, respectively’?. In a posterior revision, -COOH groups were also
incorporated in the periphery of the graphitic platelets’®. Nonetheless, slight modifications
have been introduced during the last decades under the light of recent observations.
During the first stages of GR oxidation, epoxy (-COC-) and -OH groups are
preferentially attached to C atoms in the basal plane (and, to a less extent, also to
peripheral atoms)!’#17". Using atomic layer deposition of TiO,, XPS, and TEM data, D. S.
Shin et al. concluded that these groups do not distribute uniformly on the plane but in the
form of islands'’8. Further analysis by density functional theory (DFT) unveiled that the
particularities of the binding energetics determines this behaviour. As the oxidation
proceeds, ether groups (-C-O-C-) are introduced in the plane and semiquinones can be
found at edge and/or defective sites. The continuous increase of the ether-to-epoxy ratio
during the oxidation process has led to suggest that —C-O-C- are introduced in the plane
through the unzipping of —COC- groups (a process that would be driven by the local strain

induced by O adatoms)*"4.

Fig. 1. 15: Two representations of the model proposed by Lerf and Klinowski for GO (adapted from reference!™). The
structure at the bottom corresponds to the model as originally proposed in 1996.172 The top structure shows a revision
published shortly after.1”

In addition to the peripheral -COOH groups considered in the first revisions of the

Lerf—Klinowski model (top illustration in Fig 1.15), edge sites are also prone to be
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functionalized with >=0, -C-O-C-, cyclic esters (-CO-O-), and —OH groups.1’1 175177, 179 |n
2013, A. M. Dimiev et al. stated that none of the structural models proposed before could
adequately explain the acidity found for aqueous solutions of GO, To tackle this
question, they proposed that the O-composition is not static but instead dynamic. The
experimental evidence showed that GO does not contain significant amounts of
preexisting -COOH groups. In such a dynamic model, -COOH groups are gradually formed
and, in general, the O-content is constantly changing due to interactions with water
molecules. O-groups modify the nature of the Van der Waals interfacial interactions turning
GO into a much more hydrophilic material than PG,

First-principles calculations by J. J. Herndndez-Rosas et al. have shown that the
dipole moment of PG grows from 0.02 to about 6.5 D after decoration of the structure with
only a 0.5% of O-groups*®!. Such an improved hydrophilicity allows for GO to form stable
aqueous dispersions and establishing stronger interfacial interactions (e.g. with polymer
matrices)!®2, This is an important advantage for applications in drug delivery83 18
sensors!®® 186 capacitors!®’, photocatalysisi®® 18 batteries!® and structural
nanocomposites!® 192, The calculations also pointed out that the introduction of -OH and
-COOH groups in the basal plane trends to bend the surface of the sheets slightly
compared to PG (Fig 1.16).

DFT calculations by S. Abdelaal et al. using the universal force field (UFF) potential
went further to demonstrate that O-groups affect the local surface flatness in their
vicinities'®3. The induced undulations were shown to extend along the surface for distances
of up to 50 nm (depending on the introduced O- groups). Interestingly, this effect is
screened in the surrounding of H atoms at —-COOH and —OH groups (see Fig 1.17). As it
has been discussed, O-functionalization reduces the ratio of sp?to-sp® atoms which,
unavoidably, affects the physical properties of graphene by different extents. Electrical
properties are dramatically affected to the point that GO behaves as an insulating material
with sheet resistances as high as 9 GQ sq?)!’% 194195 The thermal conductivity is also
reduced by a 50% compared to PG,

As pointed in the calculations of Herndndez-Rosas et al. the electronic structure of
GO can be slightly tweaked through the control of the O- composition. The bandgap was
proven to be either increased or reduced by selective removal of >=0 and -OH groups,
respectively. Thereby, transitions from semi-metallic to semiconductor behaviour (and vice
versa) could be potentially induced in GO. Unfortunately, as noted above, most of the
available thermal and chemical experimental methods are not selective enough in terms
of the introduced groups and, thus, do not allow fine-tuning its composition. Regarding the
mechanical properties, the decline is less dramatic. This is well illustrated by the reduction

in Young's modulus towards the 200 GPa, which is still higher than most materials and
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justifies the extensive exploration and massive application of GO as a mechanical

reinforce in (hano)composites.
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Fig. 1. 16: Optimized DFT structures of GO containing different distribution of O-groups (adapted from reference 8%).

Hernandez-Rosas’s calculations also confirmed that GO is more chemically
reactive than PG, Regions surrounding edge -COOH groups were shown to be more
susceptible to receive electrophilic attacks than those on the basal plane. This finding was
explained by the electron-withdrawing character of -COOH and reveals that chemical
reactivity is strongly localized at the periphery of the system. More recently, S. Abdelaal
et al. reported kinetic measurements on the reactivity of GO towards Ni?*, Cd?*, and Pb?*
(pH range: 2-9)'%. Surface saturation was reached at pH 6.0 for all three cases
(hydroxides precipitate at higher values). Considering that minimum values of zeta-
potential were also reported to fall at pH~6'%, this finding was interpreted as indicating

that surface reactivity is governed by the O-composition.
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Fig. 1. 17: Optimized DFT structures for SLG containing isolated O-groups. The configurations were calculated using the
universal force field, UFF, potential (adapted from reference 1%).

X

It was also argued whether the saturation loadings would rise by increasing the
degree of oxidation (DO) of GO because of the introduction of greater amounts of active
sites (i.e., O-groups deprotonated and negatively charged at such pH). This reasoning
would be backed by the decrease observed in zeta-potential after rising the O-content from
23% (-35 mV at pH 6.0) to 34% (-50 mV)®’. D. V. Stergiou et al. (University of loannina,
Greece) investigated the electrocatalytic properties of GO towards the oxidation of
ascorbic acid (AA, aka vitamin C)!%, Using a glassy carbon electrode (GCE) coated with
GO (GCE/GO), the oxidation over potential was lowered by up to 350 mV compared to
GCE/rGO, GCE/DLEG, and bare GCE. The C/O atomic ratio was shown to be a critical
parameter determining the electrocatalytic behaviour.

Accordingly, the GO with the lowest O-content exhibited the highest catalytic
activity towards AA. Similar behaviour was found for GR screen printed electrodes (SPES)
modified with GO towards B-nicotinamide adenine dinucleotide (NADH) and AA®, The
electrocatalytic properties were ascribed to—OH, >=0, and —COOH residues. Although
these groups were already present in the as-prepared GO, it was demonstrated that only
became active when the electric resistivity was decreased significantly. To this end, the
authors diminished the O-content in the sheets (just as pointed in the work of Stergiou
etal. by electroreduction of SPE/GO to SPE/fGO. It is worth mentioning that
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electrochemical methods allow for a more precise control of the DO than other thermal or
chemical procedures®®®,

In conclusion, although O-groups are needed to exhibit meaningful catalytic or
electrocatalytic properties, the electrical conductivity of the sheets must be also recovered
to some extent. For these reasons, rGO was described in section 1.2.2.3 as a better-
balanced material than GO, or even PG, for (electro)catalytic and electrochemical
applications. rGO exhibits intermediate properties between those of PG and GO (with the
reduction process strongly influencing the outcome)?®. As discussed in ref.19 199201 the
electrical properties can be tuned through the control of the degree of reduction (DR) of
GO: i.e. the more O-groups on the sheets the higher the electrical resistivity and vice versa.
Analogously, the optical properties can also be tweaked through the control of either the
DR of GO or the DO of exfoliated graphenes and/or rGO.

The latter approach was implemented by Md T. Hasan et al. by ozone-induced
oxidation of rGO*". By increasing the time of exposure to the ozone gas, an increase in
solubility and concomitant alterations in the optical properties of rGO were observed. The
changes involved the continuous bleaching of absorption in the Vis and the appearance
of the broad fluorescence emission centered in the green (A~520 nm). The intensity of
emission and the position of the absorption transitions were controlled by adjusting the
time of exposure to ozone and successfully reversed via thermal processing. R. Maiti et al.
investigated the controlled reduction of GO via photothermal reduction using NIR
radiation?®2, With increasing the reduction time and the power density, the intensity of the
yellow-red fluorescent emission (found at ~610 nm for the starting GO and ascribed to the
—OH and —COC- groups), was found to decrease progressively.

All this evidence proves that the reduction of GO has a strong impact on its
electrical properties and optical behaviour. Carrier mobility is recovered to values of 0.5-
200 cm? V'1s1 (as a function of the method and the DR)®2. These figures are about 100-
fold lower than those obtained for supported CVDGs but are still competitive with those
exhibited by DLEGs (and certainly much better than those for GO). On the other hand,
mechanical and thermal properties are very slightly affected by its reduction to rGO. AFM-
based nanoindentation measurements indicated that the average Young's modulus of
single-layer rGO falls within the same order of magnitude than GO (0.25 vs 0.2 TPa) and
is only half of that reported for FLG (0.5 TPa)'".

R. Aradhana et al. recently published an interesting paper investigating the roles
of GO and rGO as additives in epoxy nanocomposite adhesives'’®. The mechanical,
thermal and electrical properties of the composites were determined as a function of their
graphene content. The results showed very similar improvements in the mechanical and

thermal properties of the adhesive by incorporation of either 0.5 wt% of GO or rGO. For
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instance, the adhesive strength (evaluated from shear strength data) was improved by 50
and a 44%, respectively. The tensile strength at break rose from 47.5 MPa for the pristine
adhesive to 72.05 MPa (52% higher) and 62.02 MPa (31%) for the GO- and rGO-
containing samples, respectively. Interestingly, while GO increased the volume and
surface resistivity of the composites at any wt%, rGO induced a decrease of 26% and 83%
in both parameters.

The thermal properties followed similar trends. In good agreement, the
enhancement measured in the conductivity at 30 °C was only slightly higher for the GO-
containing adhesive (kzoec increased by 211% vs the 139% registered for the rGO sample).
This behaviour was verified at different temperatures in the range 30-90 °C. Hence,
although GO seems the best choice when targeting improved mechanical and thermal
properties in composites, rGO is also good enough for those purposes but also brings
enhancements in the electrical properties. For this reason, rGO must be a better choice in
applications where high electrical conductivity matters.

The structure of rGO prepared with low-to-moderate DR (C/O ratio in the range 8-
100) is known to consist of nanometric sp?-graphitic islands isolated amongst domains of
oxidized graphene?®. Thus, it may behave like an insulator for low DR or like a conductor
for moderate-to-high DR (C/O ratio in ranging from 100 to 240)2%% 204, SEM and TEM
images have shown that, contrary to the few-layer and curved nature of GO, rGO sheets
are layered, flat and entangled with each other, and often do form stacked lamellar
superstructures!’” 2%, As discussed in section 1.2.2.3, rGO can be synthesized from GR
through a variety of approaches (see Fig.1.14). But despite the great efforts to achieve
perfect conditions to prepare rGOs with the closest properties to bottom-up PG, producing

single-layer and low-defect forms of rGO in bulk quantities is just quite hard 84,

1.4.2.0ther Heteroatom-Doped Derivatives

The structure and properties of carbon materials can be effectively tailored through
doping with heteroatoms. The replacement of C by nitrogen (N), sulfur (S), or Boron (B)
atoms in the lattice has the potential to significantly alter the properties and performance
of graphene-based materials. Heteroatom-doped or co-doped graphenes (HDGs) have
gained increasing attention due to its enhanced physical, chemical, and biological
properties compared to PG. The synthesis of N-doped graphene (NDG) was first reported
by two independent groups from the United States and China®®? 1%, In the first study, K.
Gong et al. found an excellent catalytic activity towards the oxygen reduction reaction

(ORR) in the cathode of fuel cells. This finding suggested potential applications in the
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replacement of scarce catalysts (such as Pt and Pd noble metals) in fuel cells'® and
stimulated novel lines of research for heteroatom-doped 2D materials.

The most common procedures for the synthesis of NDG are classified in one-step
(CVD, solvothermal, flame treatment, etc) and two-steps methods (thermal annealing,
pyrolysis, wet chemical synthesis, and microwave-assisted approaches)'®. Typical
precursors employed in the CVD methods include NHz (N source), pyridine or polypyrrole
(C sources), and metal catalysts (Ni or Cu). The N-contents achieved by this method vary
from 0.25 to 16.7 at%*8. Three common configurations are usually obtained in the doping
of graphene with nitrogen: pyridinic N, pyrrolic N, and graphitic N. The pyridinic N structure
becomes more favorable as the N-content increases and that plays a major role on the
enhancement of the electrocatalytic activity and energy storage performance®. Owing to
its simple and scalable characteristics, thermal annealing of GO in ammonia (NHs) or urea
atmospheres is also employed.

Under this approach, the N-content is directly correlated with the annealing
temperature and reaches typical values in the range 1.1-10 at%3, Reduction of GO by
N2H, is another suitable route towards NDG. N-contents as high as 7.2 at% have been
achieved and even exceeded (8.9 at%) whether a mixture of NHsOH and NzH4 is used as
source of N8, Autoclave-based hydrothermal and solvothermal methods using NHs and
other precursors (e.g. urea, lithium nitride or cyanuric chloride) have become popular
because of its potential to yield NDGs with superior N-contents of up to 28 at%?*?8" 188,
These methodologies have been adapted for the synthesis of other doped or co-doped
HDGs. For instance, sulfur-doped and boron-doped graphene (SDG and BDG,
respectively) can be synthesized via CVD, thermal, or solvothermal procedures.

For the synthesis of SDG, typical precursors include H;S, SO, or CS; in gas
phase!®® 1% and liquid species such as thiourea, dibenzyl disulfide, ammonium
thiocyanate, or dimethyl sulfoxide®!1°2, In the case of BDG, the most common procedures
are based on thermal and solvothermal methods in presence of boric acid or borane as
the B source!® 2% 207 Co-doping can be achieved through the control of the ratio of the
different sources of heteroatoms!® 1% Due to the changes induced in the electronic
structure, surface site geometry, and morphology of PG; HDGs have exhibited improved
performance in electroanalysis?®, electronics (GFETs?%: 2% | EDs?%®, etc), energy
storage?®* 297 charge transport?®, and other applications?®. In particular, applications as
electrocatalysts for the ORR process in renewable energy devices have been widely
diSCUSSGdlgg’ 194, 210, 211.

DFT simulations showed that N-sites in NDGs are endowed with higher spin and/or

charge density (n-doping) which increase the electrocatalytic activity towards ORR?'°,
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S-sites in SDGs behave similarly. Because S has more electrons than C (and N) enhanced
n-doping effects can be expected.

On the other hand, B-doping can be regarded as a type of p-doping?®®. Q. Liu et al.
showed that NDG can catalyse ORR at levels equivalent to those of Pt/C in alkaline
medium and very close to Pt/C in acid medium?!!, In line with these observations, Qu et al.
recorded current densities 3 times higher than those at a Pt/C electrode (Fig 1.18)%*2. It is
also worthy to note that HDGs are significantly more stable than Pt/C catalysts against
methanol oxidation?®® 211, Co-doped graphenes (mainly those of N with B or S) have also
been applied as metal-free electrocatalysts for ORR and other catalytic processes of

interest213-215,
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Fig. 1. 18: Cathodic scans recorded at 1000 rpm and 0.01 V s~ for NDG- and Pt/C-modified rotating ring-disc electrodes
(RRDE) in air-saturated 0.1 M KOH (adapted from reference 2*2).

Often HDGs serve as supporting materials for other nanostructures (e.g. Pt, MnO,
TiO,, or FesOs NPs). Their roles in these hybrid conjugates consist of enhancing the
electrical conductivity, prevent aggregation phenomena, and improve the structural
integrity of the nanomaterials. Examples of applications of HDGs as electrocatalysts in
relevant reactions other than ORR?2%: 216. 217 gnd in lithium-ion and sodium-ion batteries
(LIBs and SIBs) 201 218, 219 gre also abundant in the literature. For instance, LIBs
equipped with NDG- and SDG-based anodes have exhibited reversible discharge capacity
as high as 1043 and 870 mA-h-g™* (at charge/discharge rates of 50 and 370 mA-g 7,
respectively) which is 2-3 times higher than that found using PG-based anodes.?%* 206
Besides providing good conductivity, the properties of NDG and SDG allow for an
enhanced anchoring of Li* via intercalation with doped sites (e.g. at pyridinic and pyrrolic
N-sites at NDG)?%4.

This turns NDGs into superior anode materials for LIBs compared to other
conventional anode materials?®* 2'7, Early studies also pointed that B-substituted carbons

can store more Li* than pristine carbons?'8, However, the electrophilic nature of B-sites

35



36

FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

(compared to N or S-doped sites) results in a weaker adsorption of Li ions. To illustrate
this point, a discharge capacity of 548 mA-h- g™* was registered at 100 mA-g~* for a LIB
prepared with a BDG anode (B-content: 5.9 at%). Such a performance falls below the
capacities mentioned above for NDG or SDG-based LIBs (at similar rates). Analysis of the
results obtained at higher rates of 1 A-g™! indicated a higher capacity for the BDG-cell
compared to the PG-cell (231 vs 139 mAh g, respectively). Nonetheless, when graphene
is co-doped with N and B (BNDGSs), enhanced storage performances are registered as
reported by Panchakarla and his co-workers?!°. After B-N co-doping, the systems exhibit
a combination of p-/n-type semiconducting behaviour??°, The radius of Na* is about a 55%
larger than that of Li*?2t. which turns the rapid intercalation/extraction of Na* more difficult
in HDGs and may compromise their structural integrity in SIBs?%2.

3D HDGs have also been used as anode materials in SIBs with excellent
performance. Different authors have reported unusually high initial reversible capacities of
up to 852.6 mA-h-g™* at 500 mA.g™* (with long-life cycle stability)??>225, Such a superb
performance was attributed to the synergistic effects converging at these materials. The
combination of a 3D mesoporous structure and the physicochemical properties endowed
by N-doping do facilitate the diffusion of the large-size Na* ions, enhance their storage,
and minimize detrimental volume expansion effects during discharge—charge processes.

HDGs have also found applications as supercapacitors. Due the high surface-to-
volume ratio of graphene and the changes introduced in its electronic structure by H-
doping, applications have focused in the fabrication of double-layer capacitors. The
defective nature and the enhanced electron density of N- and S-sites in n-doped NGDs
and SDGs favors the adsorption of positively charged species (or cations), thus, enhancing
the materials capacitance. On the other hand, the more electrophilic nature of B-sites can
be exploited for an increased storage of electrons (or anionic species). Jeong et al.
prepared supercapacitors based on NDG through a facile plasma process??®. The
measured capacitance was about 4 times larger than that for an analogous PG
supercapacitor. However, all the synthesis methods cannot produce NDGs suitable to
serve in double-layer capacitors. Qiu et al. demonstrated that the more defective the NDG
the higher capacitance are achieved??’. Hence, thermal or hydrothermal doping methods

are preferred for these purposes.

1.5. Analytical Applications

Since the discovery of graphene and its remarkable electrical, mechanical, and

chemical properties, graphene and its derivatives have been extensively applied in a
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plethora of fields of science and technology, including as sensors, transistors, flexible
electronics, energy storage, water purification membranes, anode for li-ion battery,
supercapacitors, solar cells, composite materials and so many others applications??. In
the following section, we emphasize the use of graphene and its derivatives towards the

development of electrochemical biosensors.

1.5.1. Graphene in Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC), a
chemical sensor is a device that transforms a chemical event into a signal of analytical
utility??°. Chemical sensors contain two main elements: the chemical recognition system,
also known as the receptor, and a physicochemical transducer that converts the chemical
information into a measurable physical signal. Receptors can be made of any organic or
inorganic material that specifically interacts with a single analyte or a family of them, from
organic/inorganic molecules and macromolecules to whole cells or microorganisms. In the
case of biosensors, the receptor is often a biomolecule (e.g. DNA, aptamers, antibodies,
enzymes, etc.) that has a high affinity for certain types of compounds. Therefore, a
biosensor is a chemical sensor in which the recognition of the analyte occurs through a
biochemical process (Fig. 1.19)2%.

In recent decades, most efforts have been devoted to improving the performance
of chemical biosensors. Due to its excellent properties, graphene has been investigated
as a new transducer material in electrical (GFETSs, photodetectors), electrochemical, and
optical (bio)sensors. To convert the interactions between receptor and analyte into a
measurable signal, the receptor must be in contact with the transducer’s surface so that
efficient transfer of charge/mass/radiation occurs between both of them? 232, |n this
context, the most common methods to immobilize biomolecules on the surface of
graphene can be covalent, such as in the case of antibodies and DNA (through the wise
use of click chemistries such as that based on EDC/NHS activation) or by mere physical
adsorption without the formation of new bonds (as usual in the case of enzymes)?3 231,

The fabrication of biosensors incorporating graphene and derivatives (GO, rGO,
HDGs, etc.) has been widely researched due to the large surface area (ideal for the
immobilization of large amounts of receptors: enhanced loading capacity) and high
electrical conductivity expected for these materials?3®. The high density of carriers in the
hexagonal lattice of PG facilitates the transfer of electrons between the transducer and the
receptor, thus, producing very sensitive signals for applications in electrochemical

sensing?l- 234235 Eurthermore, the use of graphene as a transducer may also improve the
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compatibility with active biomolecules. For instance, it is well-known that proteins readily
lose their functional structure after contact with metal and other material surfaces and,
thus, graphene could act a powerful material in keeping the functional features of

proteins6 237,

Cells and lons and )
Microorganisms Molecules Nucleic
. ule .
4 Acids

Analyte:
lons, molecules,
nucleic acids,
cells

Bioreceptor:
DNA, Antibody,
Enzyme

Transducer:
Electrochemical,
Optical, Thermal,
Piezoelectrical

Fig. 1. 19: Examples of biosensors build from different building blocks on a graphene platform (adapted from reference #°).

The particular properties of each derivative must be taken into account since it may affect
the outcome of the sensors: 2%

- The density of defects and functional groups, arising from the different methods
of preparation and/or doping, will intrinsically affect the sensor performance.

- Functional groups at graphene sheets may interact directly with the target
molecule. Hence, the inhibition of the unspecific binding of the analyte to the transducer
could be relevant.

- Intimate bonding between the receptor and graphene sheets could be affected by
parameters such as the number of layers, the degree of functionalization, and the redox
states of the functional groups.

- The physical orientation of the immobilized receptors is another parameter that
can affect the selectivity and sensitivity of the sensor.

When all these factors are taken into consideration, graphene-based biosensors
usually exhibit high sensitivity and selectivity, as well as good stability and fast response

times.



FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

1.5.2. Electrochemical Biosensors

The development of ultrasensitive and highly selective biosensors for accurate
analyte monitoring has received much attention in recent years due to its great potential
in the fields of healthcare, environment, food safety, among others. In the last decades,
sensors with various forms of detection, including spectroscopic, chromatographic,
colorimetric, photochemical, electrical, or electrochemical processes, have been widely
developed. Electrochemical sensors figure prominently among the aforementioned
detection methods due to their intrinsic capabilities, namely rapid analysis, great
robustness, ease of use and simplicity, low cost, and excellent sensitivity. Moreover, they
are also highly advantageous since require small sample aliquots?®®, Electrochemical
biosensors convert the physicochemical interactions between analyte and receptor
biomolecules into electrical signals. Depending on the registered parameter, these can be
classified as:

- Amperometric (electric current);

- Potentiometric (electrode’s potential);

- Impedimetric (electrode’s impedance for electron transfer);

- Conductometric (medium conductivity).

The application of nanomaterials and nanocomposite materials in analytical
platforms has contributed significantly to the development of biosensors. Due to their
chemical and electrical properties, graphene derivatives (e.g. GO, rGO, HDGs, etc.) are
prominent materials for applications in electroanalysis. In fact, the performance of these
devices can be further improved by conjugation with other nanomaterials, including metal
or metal oxide NPs. George et al. have recently discussed a wide variety of examples in
which the performance of different graphene-based electroanalytical devices is enhanced
by conjugation with different types of NPs (e.g. Au, Pt, MnO3, ZnO, ZrO, etc.)?*.

Recently, new electroanalytical platforms based on graphene nanocomposites and
their derivatives have been proposed. In particular, GO and rGO have been widely used
for the design and development of biosensors due to their high content in O-groups and
surface defects. These characteristics allow for the controlled nucleation and growth of
metals, metal oxides, and semiconductors?¥. The following table summarizes the recent

developments while using GO and rGO as the basis of electrochemical sensors.
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Table 1. 2: Some examples of the recent studies that resort to GO and rGO-based nanocomposites for the development of

electrochemical sensors

Catalytic material Analytical Linear detection
o Method LOD Ref.
utilised target Range
cardiac
nMo3Ses-rGO ) )
) troponin | electrochemical 1 fM-100 nM 1fM 2
nanocomposite )
biomarker
rGO/AuNPs L-tryptophan electrochemical  0.5-500 uM 0.39 uM 242
g-CsNs-GO pesticide electrochemical  0.045-213 uM 8.3nM 2=
PtPdNPs-CP52-RGO  bisphenol A electrochemical  0.01 - 1000 uM 3.3nM 244
PDAP-rGO)/Pd , ,
] Acetaminophen Electrochemical 0.28 - 100 uM 0.087 uM 28
nanocomposite
AUNPs/rGO o )
nitrite Electrochemical 0.1nM -7 uM 0.1nM 246
PANI-graphene ] 1.93 - 464.04 mg
) Cholesterol Electrochemical 1.93mgdLt 24
microflowers dL
Graphene-g- )
] Cholesterol Electrochemical 1 - 100uM 1uM 248
Cyclodextrin
GO-MIP Cholesterol Electrochemical 0.1 M-1nM 0.1 nM 2%
Graphene-NiO Cholesterol Electrochemical 2 - 40uM 0.13 uM 250
ZnO/rGO composite  catechol Electrochemical 15 to 225 uyM 47 nM 2
Graphene-
Pcys®/Ni(OH)2 Glucose Electrochemical 1.0 yM-0.10mM  0.35 uM 252
nanocomposites
PtNPs-rGO Glucose Electrochemical 0.003-7.72mM 1.8 uyM 23
Mnz04NPs/N-rGO Glucose Electrochemical 1.0 - 329.5 uM 0.5 uM 254
Au/CuONPs-rGO Glucose Electrochemical 1 uM-12 mM 0.1 uM 220
SnS nanosheets - )
Cu?+ Electrochemical 1.5 -36.0 uM 0.02 uM 256
graphene
Fe304-rGO
) DNA Electrochemical 10aM -1 nM 2 aM 2=
nanocomposite
pyronin Y-graphene  Dopamine (DA) Electrochemical 0.5 - 1020 uM 0.15uM 258
rGO/Mn-TPP¢ _
DA Electrochemical 0.3 - 188.8 uM 8 nM 228

nanocomposite
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Catalytic material Analytical Linear detection
. Method oD Ref.
utilised target Range
) DA 2.0 - 60 uM 0.10 uM
Eél(r)l{)(igm osite UA Electrochemical 2.0 - 120 uM 0.14 uyM 2E0
P AA 40 - 700 uM 5.50 M
rGO-AgNPs H202 Electrochemical  0.002 - 20 mM 0.73 uM 261
PdNPs/TNMé-rGO )
) H202 Electrochemical up -12 mM 0.0025 uM 2c2
nanocomposite
Graphene- ) 1.0x10°mM -
H202 Electrochemical 26x10“mM 263
CeO2/AuNPs 10.0 mM
rGO/FeNPs .
) H202 Electrochemical 0.1 yM-2.15mM 0.056 uM A
nanocomposite
AgNPs-rGO/CeO2 H202 Electrochemical 0.5 yM - 12 mM 0.21 uM 265
GO/Nafion 1.0x 1077 -
) lobetyolin Electrochemical 4.3 x10"8M 268
nanohybrid 1.0x10°*M
AUNPs-rGO methylmercury  Electrochemical 3 - 24 uyM 0.12 uM 267
. 5.00 x 107"—
rGO-RuNPs Methylparaben  Electrochemical 2401077 M 268
3.00 x 105 M
Pd/FesOs/polyDOPA- )
Nitrite Electrochemical 2.5 - 6470 uM 0.5 uM 269
rGo
C0304/rGO/chitosan  Ph(ll) Electrochemical 1.0 - 200.0 nM 0.35 nM 2
_ _ 2.0x10°7-2.3x
AuNPs-rGO sulfite Electrochemical 10-3 M 45x108m
anti-cancer
Nd20s NPs-GO (raloxifene) Electrochemical  0.03 - 472.5uM 18.43nM 22

drug

a cationic pillar [5] arene (CP5); " PDA — polydopamine; °Pcys-poly cysteine; ¢ TPP- tetraphenylporphyrin; € TNM- tert-nonyl

mercaptan;

The conjugation of either GO or rGO with nanoparticles has been shown to
extensively improve the performance of electrochemical biosensors since this platform
exhibits excellent electrochemical behaviour, namely high surface area and active electron
transfer sites®3? 273, Many of these platforms were used to immobilize biomolecules, such

as enzymes, antibodies and DNA to produce highly selective and sensitive of biosensors.

1.5.2.1. Enzyme-based electrochemical biosensors
Enzymes are biomolecules capable of catalysing a biological reaction that are
composed of amino acids that generate globular proteins with 3D structure?. These

biomolecules are present in the metabolism of all organisms and catalyse a large number

41



42

FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

of reactions with excellent selectivity and efficiency. Due to these characteristic, enzymes
have been the first molecular recognition elements used in biosensing?.

An enzymatic biosensor can be defined as an analytical device that combines an
enzyme as a bioreceptor with the physical transducer to produce a measure signal with
high catalytic activity, selectivity, and specificity?’4 275,

Enzyme-based biosensors are usually of electrochemical nature since they have
advantages over other types of sensors. For example, they have quick response without
damaging the sample. The fundamental principle of an enzymatic electrochemical
biosensors is based on two mechanisms for detection: the first consists in converting the
undetectable form of an analyte to a detectable signal through the catalytic properties of
the enzymes, and the second consists in the detection of analyte which inhibit or moderate
the activity of the enzyme?® 276, Both mechanisms generate a detectable electrical signal
at the sensor, permitting the quantification of a specific analyte. This detectable electrical
signal corresponds to the concentration of the analyte molecule. This concentration signal
can be determined by potentiometric (potential), impedimetric (charge) and amperometric

(current) techniques. Fig 1.20 represents an example of an enzymatic biosensor?®.

Products

Sensing
platform

Fig. 1. 20: Example of an enzyme biosensor (adapted from reference 2%°).

The performance of an enzymatic biosensor depends on the electron transfer
between the electrode surface and the active site of the enzyme. Electron transfer can be
performed directly or indirectly as showed in Fig.1.21. In order to achieve the direct
electron transfer, an enzyme can be directly immobilized on the electrode’s surface without
the participation of a mediator or other reagents. However, the direct electrochemistry of
redox enzymes on the electrode’s surface is very difficult because the active site of most
redox enzymes is located deeply in a hydrophobic cavity of the molecule and it can lead

to the denaturation of the enzymes and, thus, affect the biosensor’s response?”’. In order
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to address this issue, nanomaterials have been widely used as mediators between the
enzyme and the electrode, thus improving the stability, enzyme adsorption and enhance
the direct electron transfer.

Graphene-based nanomaterials have exhibited excellent electrochemical
behaviour as mediators for constructing enzymatic biosensors due to their outstanding
properties, such as high electrical conductivity, large surface area, enhanced
electrocatalytic activity and excellent electron transfer sites?’* 2": 278, The use of GO and
rGO-based nanomaterials as a transducer have shown to be an excellent material to allow
the electron transport between the enzyme and the electrodes surface, as an optimum
subtract to improve the stability and activity of the enzymes.

product Analyte

Analyte  product

Direct Electrode Non-direct

Fig. 1. 21: Schematic representation of an enzymatic biosensor (adapted from reference 277).

1.5.2.2. Immobilization of enzymes onto graphene

Enzyme immobilization is characterized by the process of fixing this biomolecule
on a solid support such as an electrode in the case of electrochemical biosensors. In order
to allow the sensitive, repetitive and continuous detection of the target analyte, the
immobilization process should not affect the catalytic activity of the enzyme. As such, it is
essential to avoid the exposure of enzymes to adverse conditions, such as the use of harsh
chemical treatments or high temperature?’4. The immobilization of the enzymes on GNMs
ensures suitable platforms for the preparation of enzymatic biosensors with high
selectivity, sensitivity and stability. The use of GNMs is in fact prominent for the successful
construction of an enzyme biosensor because that allows the direct transfer of the

electrons from the redox center of enzyme to the transducer. Several methods have been
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used to immobilize enzymes on graphene’s surface to fabricate an enzymatic biosensor.
The most common strategies to successfully enable the immobilization of an enzyme in
an efficient manner are physical adsorption and covalent immobilization?®.

Physical adsorption: also termed as noncovalent immobilization, is a simple
physical adsorption method to immobilize enzymes on graphene and its derivatives by
physical forces such as van der Waals, ionic and hydrophobic interactions. This approach,
consists in the simple deposition of the enzyme on graphene’s surface. The physical
adsorption method is considered to be the simplest and most widely used strategy for the
immobilization of enzymes on graphene derivatives, because it does not require the use
of harsh chemical treatments, thus preserving the activities and functional features of
enzymes?’®,

Covalent immobilization: different organic binding molecules are used to modify
graphene surfaces for further enabling direct covalent binding to enzymes. The
functionalization of the graphene surface is essential because some enzymes are not
stable when directly adsorbed into pristine graphene. The covalent immobilization
reactions involve two main steps: (a) activation of graphene surface by adding a
bifunctional cross-linker, and (b) the conjugation of enzymes onto functionalized graphene.
The activation of graphene surface occurs by covalent bonding between the organic
groups, such as amines and carboxylic groups and the oxygenated groups of GO?4, In
general, the most common cross-linker used for functionalization of graphene is 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS)
for carboxylated graphene and glutaraldehyde for amino-functionalized graphene?*°. The
use of a multifunctional cross-linker can improve the stability and efficacy of enzyme—
graphene conjugates.

Unlike physical adsorption, the covalent immobilisation prevents the inactivation of
catalytic functions of the enzymes and electrically wires the active sites of the enzymes to
the GO surface. However, the covalent immobilization affects the electronic properties of
graphene because it changes the native lattice structure of graphene, by converting

carbon bonding from sp? to sp®.

1.5.2.3. Application of enzymatic electrochemical biosensors

developed from graphene nanocomposite-based electrodes

Enzyme-based electrochemical biosensors have been extensively used in multiple
scientific areas, including healthcare, environmental monitoring and food safety. The main

area where enzymatic biosensors are applied is in healthcare. Once can find many studies
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in the literature that report the use of enzymatic biosensors to monitor blood glucose levels.
Moreover, the reliable detection of urea is another important topic of enzymatic biosensors
in healthcare due to its potential application in patients suffering from renal disease. In the
environmental level, the enzymatic biosensors have been widely applied to the detection
of phenolic compounds, which are known to raise toxicity concerns. In the food safety, the
application of enzymatic biosensors is mainly used for monitoring food processing
procedures to detect concentrations of fermentative end products.

The use of GNMs as transducers in enzymatic biosensors have been widely reported for
the detection and determination of biomolecules such as glucose, hydrogen peroxide
(H20.), deoxyribonucleic acid (DNA), phenols, etc., as summarized in Table 1.3.

Table 1. 3 Some recent examples of enzymatic electrochemical biosensors developed from graphene nanocomposite-based
electrodes and their immobilization platform, target, detection method, linear detection range, and limit of detection (LOD).

Linear
Immobilization Detection )
Enzyme Target detection LOD Ref
platform method
Range
GOx? rGO-Fes04 Glucose Electrochemical 0.05-1mM 0.1 uM 280
Silk-graphene  field . i 281
GOx effect transistor Glucose Electrochemical 0.1-10 mM 0.1 mM
AUNP/PANI/rGO/NH : 282
GOx »-MWCNTSs Glucose Electrochemical 1-10mM 64 uM
GOx AuNPs-graphene Glucose Electrochemical 0.1nM-5mM 0.1nM 283
GOx Graphene-PANI Glucose Electrochemical 10uM-1.48mM 2.769 uyM 284
GOx Chitosan/Nafion/Pt Hg?c;f()igzn Electrochemical 3 - 300 uM, <0.5uM 285
NPS/SGGT® P ' 05uM-1mm - M
glucose
GOx 3D GO-PANI Glucose Electrochemical 0.07-1.10 mM 0.045 mM 286
GOx AuPd-polyimide-rGO  Glucose Electrochemical 0.0008 - 0.28 0.0005 287
mM mM
GOx rGO - AuNPs Glucose electrochemical 2-10mM 0.9nM AL
GOx rGO-PtNPs-chitson Glucose Electrochemical 0.002 - 10 mM 2uM 289
GOx GO-Ph-AuNPs Glucose Electrochemical 0.3-20mM 0.3 mM 220
GOx rGO Glucose Electrochemical 0.1-1mMm 5.8 uM 291
GOx rGO Glucose Electrochemical 1.4-95mM 13.4 yM 292
PANI-modified ; _ 293
GOx SN02-3D rGO Glucose Electrochemical 0.1 nM -5 uM 0.26 nM
GOx Graphene-MnO:2 Glucose Electrochemical 0.04 -2 mM 10 uM 22
GOx r((EJIo-eth leneimine Glucose/ Electrochemical 0.1-15.5 mM/ 5w/ 295
polyethy cholesterol 2.5-25uM 0.5uM

(PEI)
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Immobilization ] Linear detection
Enzyme Target Detection method LOD Ref
platform Range
GOx rGO-Fes04 Glucose Electrochemical 0.5-10mM 106.5uM 2%
GOx 3D graphene Glucose Electrochemical 03 -6mM 02mM 22
Graphene- . i 208
GOx CNTs/AUNPS Glucose Electrochemical 10 uyM -2 mM 4.1 uM
GOx rGO/B-cyclodextrin Glucose Electrochemical 50uyM-3.0mM 12 uM e
GOx rGO/fullerene Glucose Electrochemical 0.1-12.5mM 35 uM 300
GOx GO-Ti0,.0ISL® Hydrogen g0 irochemical 1 - 120 uM 46 nM 301
peroxide
Laccd rGO-rhodium 178- Electrochemical 0.9-11pM 0.54 pM 802
nanoparticles estradiol
rGO-Palladium- f 0.005-1.155mM 1.5 uM 303
Lace copper nanocages Pzl Bleiaeemiel 1.655-5.155mM 2.0 uyM
PANI-graphene Hydroquin . i 304
Lacc composites one Electrochemical 0.4 - 337.2 uM 2.94 uyM
Graphene-cellulose . _ 299
Lacc microfiber Catechol Electrochemical 0.085-209.7 yM  0.085 uM
Lacc MoSz-graphene Caffeic Electrochemical 0.38 - 100 uM 0.32uM 305
quantum dots acid
CaCOs3
HRP® IEEERIEEE e Electrochemical 0.01-12mMm 3.3uM S0
encapsulated with a peroxide
graphene capsule
Hydrogen . ) 307
HRP rGO peroxide Electrochemical 0.039 - 0.78 uM 0.02 uM
o0 Hydrogen
HRP graphene/methylene ydrog Electrochemical 0.2pM-11mM 58.0 nM 02
peroxide
blue-CNTs
HRP 1-aminopyrene-rGO Hydrogen Electrochemical 1.5-28.5uM 0.5 uM 309
peroxide
ChOxf rGO-PPy cholesterol  Electrochemical 0.01 - 6 mM 3.78 M <ilE
ChOx Chitosan-graphene cholesterol  Electrochemical 0.005-1.0 mM 0.715uM 31
ChOx on el cholesterol  Electrochemical 0.05-8.0 mM 6 uM S
graphene
BOx9 GONPs-NiNPs bilirubin Electrochemical 0.01 - 600 uM 0.15 nM 313
ADH fg&AgNPS'P(L'CVS)' NADH Electrochemical ~ 0.017-1.84 M 5 uM 314
i - - 315
Uricase Chitosan-graphene uric acid Electrochemical 0.0025-0.40 mM 2.5 uM

PB"

a Glucose oxidase (GOXx), ° solution-gated graphene transistors (SGGT), ¢ Organic-Inorganic Supporting
Ligand (OISL), ¢ Laccase, ¢ horseradish peroxidase (HRP), fcholesterol oxidase (ChOx), 9 bilirubin oxidase
(BOx), " Prussian blue (PB)

Graphene-based nanocomposites have been widely used to construct enzymatic

electrochemical biosensors. The most commonly used enzyme for the fabrication of these

biosensors is glucose oxidase (GOx). This enzyme has been widely for the development

of biosensors for detection of glucose levels, which is essential in biomedicine 2°-2%, |n

the last few years, several efforts have been made to improve the sensitivity of the

developed biosensors. The immobilization of GOx in different sensing platforms, such as

oxide nanoparticles decorated graphene and therein derivatives® silk fibroin film on a



FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

graphene field effect transistor?®!, metallic nanoparticles modified graphene and
derivatives?8® 2% nanostructured graphene based conducting polymers composite?8+ 6.
294 “among others, is key to the success of the sensors. Additionally, GOx have also been
immobilized on a hybrid rGO-Fe3;04 based substrate for the detection of glucose?2 2%,
This hybrid nanomaterial is an attractive substrate for construction of biosensors because
it takes advantage of the properties of rGO.

Others enzymes also used for the development of biosensors include laccase,
horseradish peroxidase (HRP), cholesterol oxidase (ChOx). Laccase is an oxygen-
reducing enzyme, which has been used for development of an electrochemical biosensors.
For example, laccase has been widely used for the detection of phenols and catechols?®®
303,305 - Additionally, laccase was used together with reduced graphene oxide-rhodium
nanoparticles for the design of a sensitive electrochemical biosensor for the detection of
17B-estradiol, which is an important natural hormone classified as an emerging
contaminant affecting humans and aquatic life)3°2.

HRP has been widely used for the determination of hydrogen peroxide
concentrations. For example, HRP has been immobilized on 1-aminopyrene and reduced
graphene oxides for the detection of intracellular hydrogen peroxide®. Another example
of the use of HRP on the determination of hydrogen peroxide consists in the immobilization
of this enzyme on porous calcium carbonate microspheres encapsulated with graphene3°.
ChOx has been used for the determination of cholesterol, an indispensable steroid present
in the human body?31°-312, Pramanik et al. reported a single step fabrication of a graphene
conjugate by simultaneous electro-polymerisation of pyrrole and co-deposition of rGO and
ChOx aimed for cholesterol quantification®'°. The gathered results denoted an excellent
sensitivity, larger linear response and lower detection limit of the developed biosensor.

In summary, all of these sensory platforms showcase the versatility that graphene
and its derivatives have in being integrated with other nanomaterials such as inorganic
nanoparticles, organic polymers or hydrogels for the detection of a wide variety of
(bio)analytes. Moreover, these platforms show that graphene and its derivatives are
excellent electrode materials for the development of biosensors with superior performance
that can improve the sensing not only in the biomedical field but also in other applications

such as food, environmental and agriculture industries monitoring.
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Part B - Experimental Section







Chapter 2 - Techniques

In this chapter a brief overview of the experimental techniques used in this work is
presented. Technigques such as Cyclic Voltammetry (CV), Electrochemical Impedance
Spectroscopy (EIS), Atomic Force Microscopy (AFM), Scanning Electron Microscopy
(SEM), XPS and ATR_FTIR spectroscopy will be described together with their

experimental setups and instrumentation.
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2.1. Electrochemical techniques

Electrochemical techniques are concerned with the interaction between electricity
and chemistry, namely the measurements of electrical quantities, such as potential,
current or charge and their relationship to chemical parameters such as concentration3*®.
In contrast to many chemical processes that involve homogeneous bulk solutions,
electrochemical processes occur at the electrode/electrolyte solution interface.

Electrochemical processes involve chemical phenomena associated with charge
separation, usually in liquid media. This charge separation often leads to charge transfer,
which occurs heterogeneously on electrode surfaces. The heterogeneous redox reactions
are separated in space and usually occur at different electrodes immersed in the
electrolyte solution in an electrochemical cell®'® 317, In order to ensure the electroneutrality
of the solution, an oxidation reaction and a reduction reaction must be carried out
simultaneously. Thus, the overall chemical reaction consists of two independent chemical
half-reactions, which describe the real chemical changes.

Most of the charge transfer processes involve the transfer of electrons during the
redox process. Thus, the simplest system to be considered is the reversible electron

reaction:318

O+ne- << R (Equation 2.1)

where O and R are the oxidized and reduced forms of the redox couple,
respectively. This reaction will occur in a potential region that makes the electron transfer
thermodynamically or kinetically favorable.

In an electrochemical reaction, the application of a well-defined potential to the
working electrode leads to the electrostatic attraction of charged species to the electrode
surface. Furthermore, other species available in the solution can interact with the surface
of the working electrode by adsorption. In this way, during a heterogeneous electron
transfer reaction one needs to consider not only the transport of the electroactive species

to and from the bulk solution to the electrode surface but also the electrode reaction itself.

2.1.1. Electrochemical cell

The electrochemical cell consists of a device where oxidation-reduction reactions

occur. The most common electrochemical cell has three electrodes (working electrode,
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reference electrode, and counter electrode) that are immersed in the electrolyte solution
(figure 2.1).

RE WE CE

Electrolyte
solution

Fig. 2. 1: Simplified schematic representation of the Electrochemical three electrodes cell.

The working electrode (WE) is where the electrochemical reaction of interest
occurs; the reference electrode (RE) is an electrode which maintains a stable and well-
known potential along the experiments with the help of a potentiostat, and it is used as a
point of reference in the electrochemical cell for the potential control and measurement;
and the counter electrode (CE), also known as auxiliary electrode, is responsible for
supplying electrons required by the WE. It is used to close the current circuit in the
electrochemical cell, and the reaction that occurs in the CE should not interfere with the
studied reaction. Indeed, the total surface area of the CE must be higher than the area of
the WE so that it will not be a limiting factor in the kinetics of the electrochemical process
under study. The RE is, generally, kept separately from the WE, being as close as possible
by the presence of a Luggin-Haber cappilary, which decreases the uncompensated
resistance (so-called ohmic loss) of the electrolyte solution. This solution is composed by
solvent and support electrolyte and can contain electroactive species.

In an electrochemical cell, the movement of the species, called mass transport, can
occur due to three effects:317 318

o Diffusion: involves the thermal movement of charged and neutral
species in solution (without electric field effects) under the influence of

concentration gradients (i.e. from regions of high concentration to
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regions of low concentration) aiming to minimize concentration

differences;

e Convection: transport of species to the electrode by physical movement

(fluid mechanical movement);

e Migration: only movement of charged species along an electrical field

effect.

These different modes of mass transport are illustrated in Figure 2.2.

ne’
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Fig. 2. 2: Simplified schematic representation of the electron transfer process on an electrode surface (adapted from

reference®®).

In Figure 2.2 is possible to distinguish some relevant parameters such as:3!’

a) kqo and kqr, which are the mass transfer coefficients of the oxidized (O) and
reduced (R) species (considered both to be soluble) that are associated to the

b)

diffusion process described by the Fick’s law.?!® Generally, these coefficients are

influenced by the thickness of the diffusion layer and can be controlled through the

type of experiment and experimental conditions used, such as varying the force

convection.

(k) and anodic (ka), which represent the charge transfer rate constant of the

cathodic and anodic reactions, respectively, and include the adsorption of reagents

on the electrode surface.These constants can be determined by using the Butler-

Volmer express

ionS:SZO, 321
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k, =k, exp[-a,nF(E —E°)/RT] (Equation 2.2)

k, =k, exp[a,nF(E - E®)/RT] (Equation 2.3)

where kg is the standard rate constant of the electrochemical reaction; a. and a.

are the cathodic and anodic charge transfer coefficients, respectively; n is the number of

electrons involved in the reaction process; F is the Faraday’s constant; E is the applied

potential; E° is the formal potential of the system; R is the ideal gas constant; and T is the

temperature.

The values of k; and ka depend on the applied potential (E) and on the value of the

standard rate constant (ko). In this regard, two extreme situations can be considered:3'":

318

c)

ko >> kg - reversible reaction, which means that at any potential the system is
always at equilibrium at the electrode surface and, thus, it is possible to apply the
Nernst equation at any potential. The current is determined only by the electronic
energy differences between the electrode and the donor or acceptor species in
solution and their rate of supply;

ko << kq - irreversible reaction, which means that when a high potential is applied
(in order to overcome the activation barrier and allow the reaction to occur), the
mass transport does not influence the electron transfer kinetic constant and

consequently the process is controlled by the slowest kinetic reaction.

The presence of the electrical double layer also affects the kinetics of electrode
reactions®??. The electrical double layer can be defined as the interfacial region
between the electrode and the aqueous solution. The basic concept of “double
layer” consist of a spatial distribution of charges at the electrode surface and of a
distribution of equal number of opposite charges in the solution in order to
neutralize the charge of the electrode. The electrical double layer term starts to be
used with the development of the classical models such as the Helmholtz®?3, Gouy-
Chapman?®?* 325 and Stern®2® models widely used to gather relevant information
about the molecular structure at the electrode/electrolyte solution interface.
Thenceforth, many modifications and improvements have been made to these

early models, and the latest approaches use molecular dynamics simulations to
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elucidate the structure and dynamics of the electrical double layer at the electrode

surface.

2.1.2.Cyclic Voltammetry

Cyclic Voltammetry (CV) is the most widely, simple, fast and perhaps
straightforward used technique for acquiring qualitative and quantitative information about
any electroactive specie (i.e. specie that can be oxidized and/or reduced) involved in the
electrochemical reactions. CV is also invaluable to study electron transfer- initiated
chemicals reactions, which includes catalysis. The power of cyclic voltammetry results
from its ability to rapidly provide considerable information on the thermodynamics of redox
processes, on the kinetics of heterogeneous electron-transfer reactions, and on coupled
chemical reactions or adsorption processes.

Cyclic voltammetry is often the first experimental approach performed in an
electroanalytical study, since it offers rapid location of redox potentials of the electroactive
species and convenient evaluation of the effect of media upon the redox process.

2.1.2.1. Basic principles of Cyclic Voltammetry

A cyclic voltammogram is obtained by applying a linear potential sweep (E),), at a
scan rate v, to the working electrode, between the limits Emin (Mminimum potential) and Emax
(maximum potential), and measuring the resulting electric current (1). The application of a
potential sweep to the working electrode is controlled versus a reference electrode and
usually has a triangular waveform as shown in Figure 2.3%,

E A

| I E— L

Ei

Emin ---------------------------------------------------------------------------

Fig. 2. 3: Variation of the applied potential to the working electrode with time in cyclic voltammetry: E; — initial potential; E; —
final potential; Emin — minimum potential; Eqnax — maximum potential (corresponds to the reverse potential); t, — switching time.

The fact that the initial sweep is positive is simply illustrative ( adapted from reference 38).
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The sweep or scan rate (v = dE/dt) indicates the rate at which the potential is
changed with time. When a single anodic (i.e. oxidizing) or cathodic (i.e. reducing) sweep
is performed, the technique is usually referred as linear potential sweep method, whereas
when both sweeps are performed in a repetitive way, the method is referred as cyclic
voltammetry.

The response, electric current versus potential is called a cyclic voltammogram and
has different characteristics as a function of the type of system involved. A brief description
of the most common types of systems that can be observed in a voltammetric experiment
is provided below.

2.1.2.2. Reversible Systems

In the CV of reversible systems (O + ne™ 2 R), i.e., those in which the kinetics of
the couple O/R is fast enough (relative to the time-scale of the sweep) to keep the electron
transfer process in equilibrium, the product of the initial oxidation or reduction is then
reduced or oxidized, respectively, on reversing the scan direction. Figure 2.4 shows a
typical cyclic voltammogram of a reversible system and the main characteristic parameters

that can be easily obtained graphically.

b
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Fig. 2. 4: Typical cyclic voltammogram for a reversible system of the type O + ne” 2 R ( adapted from reference 316).

Figure 2.4 illustrates the usual response of a reversible redox process during a
single potential cycle. The reduction process occurs from (a) the initial potential to (c) the

switching potential. In this region the potential is scanned negatively to cause a reduction.
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The resulting current is called cathodic current (ipc). The corresponding peak potential
occurs at (b), and is called the cathodic peak potential (Epc). The Epc is reached when all
of the substrate at the surface of the electrode has been reduced. After the switching
potential has been reached (c), the potential scans positively from (c) to (e). This results
in anodic current (lpa) and oxidation to occur. The peak potential at (d) is called the anodic
peak potential (Epa), and is reached when all of the substrate at the surface of the electrode
has been oxidized. These cathodic and anodic characteristic peaks of the cyclic
voltammograms are generated by the formation of the diffusion layer near the electrode
surface. Although the cyclic voltammograms are almost always plotted in this way, (see
Figure 2.4) the axes can be reversed®?,

The first theoretical analysis of the wave shape for a reversible system was
achieved in the early 194y Randles®?” and Sevcik®?8. The Randles-Sevcik equation (at
25 °C) allows obtaining the peak current (Ip):

I, =(2.69 x10°)n*?ACDY?y"? (Equation 2.4)

where n is the stoichiometric number of electrons involved in the reaction process, A is the
electrode surface area (cm?), D is the diffusion coefficient of the specie (cm? s?), C is the
bulk concentration of the specie (mol cm), v is the scan or sweep rate (V s?), and I, is
the peak current (A).

From the analysis of equation 2.4 it is possible to infer that the peak current for the
oxidized or reduced species is directly proportional to the concentration of the species and
to the square root of the scan rate, and is commonly measured by extrapolating the
preceding baseline current.

The position of the peaks on the potential axis (Ep) is related to the formal potential
of the redox process (E°). For a reversible process, the formal potential can be estimated

according to the following equation:

EC _ Epa + Epc (Equation 2.5)
2

The information provided by the Randles-Sevcik equation can be presented in the
form of a diagnostic tool for cyclic voltammograms of reversible systems:3!’
o lhav'%
e Epindependent of v;
e |Ep- Epzl = (1.1IRT/NF) = 56.6/n (MV at 25 °C);
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o AEp = |Epa- Epel # 0 = (2.3RT/nF) = 59.0/n (mV at 25 °C);
o lpallpe| =1

When these conditions are verified, the peak separation can be used to determine
the number of electrons involved in the electron transfer process of reversible systems. If
one of the above conditions is not verified, the system cannot be considered as reversible,

and should be considered as quasi-reversible or irreversible, depending on the extension
of the irreversibility.

2.1.2.3. Irreversible and Quasi-Reversible Systems

In the case of irreversible reaction of the type O + ne™ —» R, linear potential sweep
and cyclic voltammetry lead to the same voltammetric profile, since no reverse peaks
appear on changing the sweep direction (some at times with a very weak reverse peak),
which means that re-reduction or re-oxidation cannot occur (Figure 2.5 A). This process is
usually due to slow electron exchange or slow chemical reactions at the electrode surface.

In an irreversible electrode process, the mass transfer step is very fast as compared to the
charge transfer step

.

Current

Potential

Fig. 2. 5: Typical cyclic voltammograms for irreversible (A) and quasi-reversible (B) systems (adapted from reference 3:¢).

In the completely irreversible voltammograms the peak current (lp) is given by:

|, =(2.99x10°)a*n*"2 AC D22 (Equation 2.6)
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From the analysis of equation 2.6 it is clear that the peak current (Ip) for the oxidized
or reduced species is still directly proportional to the concentration of the specie (C) and
to the square root of the scan rate (v’?), but is lower in height (depending upon the value
of a) when compared to the reversible systems.

From the information provided by this equation it can be also deduced the following
diagnostic criteria for cyclic voltammograms of totally irreversible systems:3": 318

o lLav's

e E, dependent of v,

o |Ep- Epp| = 47.7/an (mV at 25 °C);

o AE, = |Epa- Epc| > 59.0/n (mV at 25 °C);
o lpallpe| = 1

However, electrode processes are not always easy and fast (reversible systems)
or very sluggish (irreversible systems), and sometimes we must consider the whole
voltammogram characteristics. A quasi-reversible process is intermediate between
reversible and irreversible systems. The current due to quasi-reversible processes is
controlled by both mass transport and charge transfer kinetics. The process occurs when
the relative rate of electron transfer with respect to that of mass transport is insufficient to
maintain Nernst equilibrium at the electrode surface. In these systems the reverse peak
appears but is smaller than the forward peak. The voltammograms of a quasi-reversible
system (Figure 2.5 B), are more drawn out and exhibit a larger separation in peak
potentials compared to a reversible system38, which means that AE, = |Epa- Epc| > 59.0/n
(mV). For electrochemically quasi-reversible reactions, the surface concentrations are

controlled both by kinetics and diffusion processes®8,

2.1.2.4. Adsorbed Species

CV can also be used to evaluate the interfacial behaviour of electroactive
components. When both adsorption species (reactant and product) are involved in the
reaction mechanism there is a change in the shape of the cyclic voltammogram obtained
for reversible systems, and an adsorption isotherm (one of the most used is the Langmuir
adsorption isotherm which is only applicable to a monolayer coverage level and assumes
that there is no interaction between adsorbed species) has to be chosen in order to solve
the corresponding equations or alternatively, one has to assume that there is adsorption

equilibrium before the experiment begins.
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The mathematical expressions to calculate the voltammetric profile of the cyclic
voltammograms are available and well-described in the literature®!8, In the presence of

electroactive species, the peak current (Iy) is given by:3!8

_n’F°TAv

(Equation 2.7)
P 4RT

where n is the number of electrons involved in the process, F is the Faraday’s
constant, A is the area of the electrode surface, v is the scan rate, R is the ideal gas
constant, T is the temperature, and I is the surface concentration of the adsorbed specie
(O/R).

The peak current (Ip) is directly proportional to the surface concentration of the
adsorbed specie (") and to the scan rate (v). Figure 2.6 shows a typical CV for a reversible

system of species adsorbed at the electrode surface3!8,

| A
(WF7RT) vAl

] 0.2
n (E*Ep)IV

Fig. 2. 6: Ideal cyclic voltammogram for a reversible system of species adsorbed at the electrode surface. If O and R

species are adsorbed with the same strength, E, = E° (adapted from reference 38).

Ideal Nernstian behaviour is clearly observed in this figure by symmetrical CV
peaks (AEp = 0) due to the fixed amount of reactant adsorbed on the surface, i.e., the value

of E, is the same for oxidation and reduction, as well as a peak width at half-height of
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90.6/n (mV at 25 °C). Ideal behaviour is achieved for relatively slow scan rates and for an
adsorbed layer that shows no intermolecular interactions and fast electron transfer.

The peak area at saturation, i.e., the quantity of charge consumed during the
reduction or adsorption of the adsorbed layer (Q), can be used to calculate the surface

concentration of the adsorbed species, as follows:

Q = nFAT (Equation 2.8)

This equation can be used to calculate the area occupied by the adsorbed molecule
which allows predicting its orientation on the surface®:8,

2.1.2.5. Description of the Experimental Setup and

Instrumentation

CV measurements were performed on a Voltalab PGZ301 Potentiostat (from
Radiometer Analytical) controlled by Voltamaster 4 software (see Fig 2.7 A). All
electrochemical experiments were carried out under a soft stream of N2 in a conventional
three-electrode electrochemical cell (enclosed in a grounded Faraday cage) equipped with
a Ag wire electrode as the reference electrode, a large area helix-shaped Pt wire as the
counter electrode, and a glassy carbon electrode (GCE) as the working electrode (Fig
2.7B).

Fig. 2. 7: (A) lllustration of the experimental setup used for electrochemical measurements (B) Electrochemical cell used
for electrochemical measurements
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2.1.3. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is one of the most effective and
consistent technique for the characterization of electrochemical systems, including double-
layer capacitance, diffusion impedance, determination of the charge transfer and charge
storage processes, charge transport processes, and solution resistance®?. It has
widespread application in the field of characterization of materials and it is a powerful tool
with great interest for the detection of relevant chemical and biological species. It is
normally used in the characterization of coatings, fuel cells, batteries and passivity and
corrosion studies. It has also been used extensively as a tool for investigating mechanisms
in electrodeposition, diffusion of ions across membranes, study of semi-conductor
interfaces and biosensors. EIS has the advantage of not causing any damage or
disturbance to the analyzed surface of the electrochemical system?32% 330,

In EIS, the system under investigation (typically in the equilibrium state) is excited
by a small amplitude ac sinusoidal signal of potential or current in a wide range of
frequencies and the response of the current or voltage is measured. Since the amplitude
of the excitation signal is small enough for the system to be in the (quasi-)equilibrium state,
EIS measurements can be used to effectively evaluate the system properties without
significantly disturbing them. Frequency sweeping in a wide range from high-to low-
frequency enables the reaction steps with different rate constants, such as mass transport,
charge transfer, and chemical reaction, to be separated®.

Mathematically, impedance has been expressed as a complex number comprising
resistance (real part) and reactance (imaginary part). The electrical resistance is a very
well-known concept, being defined as the ability of a circuit element to resist the flow of
electrical current. Ohm’s law (Equation 2.9) defines resistance (R) in terms of the ratio

between voltage (E) and current (1), as follows: 330 33

R:T (Equation 2.9)

where the impedance of the system (Z) can be calculated by means of an expression

similar to the previous Ohm's law, being Et the applied potential and It the resulting current:

Z :m (Equation 2.10)
I(t)

The applied potential E(t) can be expressed as a function of time:
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E(t) = E, sin(wt) (Equation 2.11)

where E(t) is the applied voltage at a time t, Eqis the oscillation amplitude of the excitation
signal, and w is the angular frequency of the sinusoidal excitation (rad s). w is 2 times

higher than the conventional frequency (Hz), i.e.:

w=2rf (Equation 2.12)

In alinear system, the current response (1), which has different oscillation amplitude
(lo) and is shifted in phase (¢) relatively to the excitation signal, is expressed by:

1(t) = 1, sin(wt + @) (Equation 2.13)

The electrical impedance of the system (Z) is defined as the proportionality factor
between the applied potential perturbation and the current response. Using an expression

analogous to the Ohm’s law, one can calculate the impedance of the system as:

7 = Et) Egsin(et) Z sin(at) |
) Igsin(wt+¢)  °sin(wt + @) (Equation 2.14)

where the impedance (Z) is characterized by the magnitude (Zo) and phase angle (¢).

If we plot the applied sinusoidal signal E(t) on the X-axis of a graph and the
sinusoidal response signal I(t) on the Y-axis, the result is an oval (Fig 2.8). This oval
representation is known as a “Lissajous Figure”. Analysis of Lissajous Figures on
oscilloscope screens was the accepted method of impedance measurement before the

availability of modern EIS instrumentation330: 331,

Y

b
E + dE

Fig. 2. 8: Origin of Lissajous Figure. (adapted from reference %),
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Remembering Euler’s equation:

exp(J¢) = cos(¢) + jsin(¢) (Equation 2.15)

It is possible to express the impedance as a complex function. In this way, the potential is

described as:
E(t) = E, exp(jwt) (Equation 2.16)

where j is the imaginary number defined as j = (-1)*2. In the same way, the current
response is defined as:

1(t) =1, sin( jot — @) (Equation 2.17)

Thus, the impedance (Equation 2.18) can be represented as a complex number:

2=2, S0 47 |exp(i0) 421 Gosg+ jsing)  (Equation 219

Equation 2.19 states that in the complex plane (Argand diagram), the impedance
is composed of a real (Z’=Z, cos ¢) and an imaginary (Z’=Z, sin ¢) parts at any value of w

as follows:
Z=7'+)2" (Equation 2.19)

If the real part is plotted on the X-axis and the imaginary part is plotted on the Y-
axis of a chart, a Nyquist plot is obtained (see Figure 2.8). It is important to bear in mind
that in this plot the Y-axis is negative and each point is the impedance at one specific
angular frequency (w).

As it has been indicated in Fig 2.9, low frequency data are on the right side of the
plot and higher frequencies are on the left (it is only valid for electric circuits in EIS data
where impedance usually falls as frequency rises). Furthermore, on the Nyquist plot the
impedance can be represented as a vector of length |Z|. The angle between this vector

and the X-axis, generally called as phase angle, is defined as ¢ = arg Z.
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A
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Fig. 2. 9: Nyquist plot that illustrates both the real (Z’) and imaginary (Z”) components of impedance at each w (adapted

from reference %),

The advantage of the Nyquist plot representation is that it gives a fast overview of
the data and one can make some qualitative interpretations. However, Nyquist plots have
one major shortcoming, i.e., when we look at any data point on the plot, we cannot tell
what frequency was used to record that point, which means that one loses the frequency
dimension of the data. In order to overcome this limitation, one can always label the
frequencies on the curve. The semicircle presented in this figure is characteristic of a

simple equivalent electrical circuit (Fig 2.10) with a single time constant (7).

—@ e

Fig. 2. 10: Simple equivalent electrical circuit for a system characterized by a single semicircle (single resistive process),

i.e., with a single time constant (1) (adapted from reference *1).

Although, electrochemical impedance plots often contain several semicircles, i.e.,
more than one time constant, usually only a portion of one or more semicircles is seen. A
more complete way of presenting impedance data involves the use of Bode plots (Fig 2.11)
in which the impedance is plotted with logarithm of the frequency on the X-axis and both
the absolute values of the logarithm of the impedance (log |Z| = log Zo) and the phase-shift

on the Y-axis®.
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Fig. 2. 11: Typical Bode modulus (black straight line) and Bode phase (blue dashed line) plots of an electric circuit with a

single time constant (adapted from reference ).

The Bode modulus (black straight line) and the Bode phase (gray dashed line) plots
for a simple equivalent electrical circuit with a single time constant are shown in Fig 2.10.

Unlike the Nyquist plot, the Bode plots clearly show the frequency values at each point 331,

2.1.3.1. Electrical Circuit Elements

EIS data are commonly analysed by fitting to an equivalent electrical circuit model. Most
of the circuit elements in the model are common electrical elements such as resistors (R),
capacitors (C), inductors (L) and distributed elements such as, constant phase element
(CPE or Q) and Warburg impedance (W). These elements can be combined in series and
parallel to give complex circuits. A certain physical meaning is then assigned to the various
elements of the equivalent electrical circuit. As an example, most models contain a resistor
that models the solution resistance of the electrochemical cell®.

Some knowledge of the impedance of the standard circuit components is therefore
quite useful. Table 2.1 lists the common passive and distributed electrical circuit elements
together with their impedance (Z) and admittance (Y = 1/Z) expressions.

Looking at the table, the impedance of a resistor (Zr) it doesn’t dependent of the
angular frequency (w) and has no imaginary component (j). The current through a resistor
stays in phase with the voltage across the resistor. However, the impedance of a capacitor
(Zc) have an imaginary impedance component and Z¢ decreases as the angular frequency
is higher. The current through a capacitor is phase shifted 90 degrees with respect to the

voltage. Inductor also have only an imaginary impedance component and an impedance
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od an inductor (ZL) increases as the angular frequency increases. The current through an
inductor is phase-shifted -90 degrees with respect to the voltage®®..

Table 2. 1: Common passive and distributed electrical circuit elements used in the models, and their impedance and
admittance expressions.3!

Element Impedance Admittance
Resistor (R) Zr=R Yr = 1/R
Capacitor (C) Zc = 1/jwC Yc =jwC
Inductor (L) Z. = jwL Y. = 1/jwL

Although all electrochemical cells can be represented by an equivalent electrical
circuit model (few can be modeled by using only a single equivalent circuit element). EIS
models usually consist of a number of elements in a network. These elements can occur
in serial and parallel combinations. Providentially, there are simple formulas that describe
the impedance of circuit elements in both series (Fig 2.12) and parallel (Fig 2.13)
combinations®.

Fig. 2. 12: Impedances in Series

For n linear impedance elements in series, the equivalent impedance can be
calculated as:

n
23" =2, +2,+Zy+..+Z, =) Z;  (Equation2.20)
i=1

Fig. 2. 13: Impedances in Parallel
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For n linear impedance elements in parallel, the equivalent impedance can be

calculated from:

7 parallel :i 1 1 1 _Zn: 1 (Equation 2.21)
eq

+...+
Z, 7, Z, z, &z

2.1.3.2. Common Equivalent Electrical Circuit Models

The characterization of the electrochemical systems with impedance spectroscopy

requires the interpretation of the data with the help of suitable equivalent circuit models.
These models are regressed to experimental data in order to estimate the parameters that
can describe, interpret and fit the impedance data adequately and can also be used to
predict the behaviour of the system under different conditions32.
The most common equivalent electrical circuit models will be described in this section. The
individual elements that constitute the following equivalent circuits were summarized in
Table 2.1 together with their respective equations for both the impedance (Z) and
admittance (Y = 1/2).

2.1.3.2.1. Purely Capacitive Coating: RC Equivalent Circuit

A metal covered with an undamaged coating behaves like an ideally polarized
electrode (ideal capacitor) and generally has a very high impedance. The equivalent
electrical circuit for such a situation is a RC equivalent circuit (Fig 2.14 A). This type of
circuit includes a solution resistance (Rs) in series with the coating capacitance (C).
Fig.2.14 B shown an example of a Nyquist plot for this model in which were assigned the
following values: Rs = 500 Q (a bit high but realistic for a poorly conductive solution);
C =200 pF (realistic for a 1 cm? sample, a 25 ym coating, and € = 6); frequency range
between 100 kHz and 0.1 Hz. Analysing the Nyquist plot is possible to estimate the value
of the solution resistance by the interception of the curve with the X-axis. Although, the
capacitance value can be determined by curve fitting or can be estimated from the analysis
of the Bode plots representation (Fig 2.14 C). In the Bode phase plot (Fig 2.14 C,), the
phase angle (¢) remains around 90 degrees for a wide range of frequencies.

However, most of the times the surface under investigation is not homogeneous
(the coating does not behave ideally), and a CPE is included instead of C, resulting in a

RQ equivalent electrical circuit.
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Fig. 2. 14: (A) Typical RC equivalent electrical circuit for a purely capacitive coating; (B) Typical Nyquist plot for an excellent
coating (RC equivalent electrical circuit); (C) Typical Bode modulus (C,) and Bode phase (C,) plots for an excellent coating
(RC equivalent electrical circuit) (adapted from reference 33%),

2.1.3.2.2. Randles Equivalent Circuit: The R(CR) Equivalent

Circuit

The Randles equivalent circuit, R(CR), is one of the simplest and most common
equivalent circuit models. The simplified Randles equivalent circuit, R(CR), is shown in
Fig.2.15 A. ltincludes a Rs, a double layer capacitor (Cq) or a constant phase element
(CPE) in parallel with and a charge transfer resistance (R1). An example of a Nyquist plot
for this model is shown in Fig 2.15, in which were assigned the following values: Rs =520 Q
and Cq = 2 uF, assuming a 1 cm? electrode undergoing uniform corrosion at a rate of 1 mm
year13%, The Nyquist Plot for a simplified Randles equivalent circuit is always a semicircle.
Through this diameter is possible to estimate the value of the charge transfer resistance.
The Rs can be estimated by reading the real axis value at the high frequency intercept.
The real axis value at low frequency is the sum of the solution resistance and the charge
transfer resistance (Rs + R1). Fig 2.15 C shows the Bode plots for the same circuit. In the
Bode phase plot (Fig. C»), the phase angle (¢) does not reach 90 degrees as it would do
for pure capacitive coatings. The phase shift would approach 90 degrees as more widely
separated were the values of Rs and R,
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Fig. 2. 15: (A) Typical simplified Randles equivalent circuit: R(CR); (B) Typical Nyquist plot for a simplified Rs(CR1) Randles
equivalent circuit; (C) Typical Bode modulus (C;) and Bode phase (C,) plots for a simplified Randles equivalent circuit

(adapted from reference®®*).

When the capacitor is substituted for a CPE the Nyquist plots show a semicircle
which is depressed by angle of (n-1) 90 degrees. In these cases, the double layer
capacitance can be calculated by the equation suggested by Hsu and Mansfeld:

Ca1 = Y2 (Wma)™ ™! (Equation 2.22)

With wmax corresponding to the frequency that can be extracted from a maximum
in the semi-circle region of the Nyquist plot Fig. 2.9).

When the charge transfer process is very irreversible, no semi-circle is usually
observed in the Nyquist plots but a sight curvature at low frequencies. In these cases, the
proposal of Brug et al. is more adequate to use:

1-n/n
=+ —) (Equation 2.23)

Ca = (YO (— +—

Rer  Ra
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2.1.3.2.3. Mixed Kinetic and Diffusion Control: The
[R(C[RW])] Equivalent Circuit

A simple kinetics electrode reaction in which both interfacial electron transfer
kinetics and the semi-infinite diffusion processes are rate determining steps, is defined as
mixed kinetic and diffusion control process. This model system is similar to the simplified
Randles equivalent circuit described previously, but incorporates a Warburg impedance
(Zw) in series with the apparent R1 and in parallel with the Cq or a CPE. Furthermore, this
circuit is also composed by a resistance, Rs (accounting for the ohmic resistance of the
electrolyte solution), in series with the circuit elements formed by the CPE (or Cg), R1 and
W. This model Randles-type equivalent circuit is schematically represented as
[Rs(C[R1W])] or [Rs(Q[R1W])] and is shown in Fig 2.16A. Rs and W components represent
the bulk properties of the electrolyte solution and diffusion of the applied redox probe,
respectively, and are not affected by chemical transformations occurring at the electrode
interface. The other two components of the circuit, i.e., CPE and Ri, depend on the
dielectric and insulating features at the electrode/electrolyte solution interface. An example
of a Nyquist plot for this model is shown in Fig 2.16B, in which were assigned the following
values: Rs = 950 Q; Cq = 800 nF; R: = 8.79 kQ; 0 = 150 Q sV2. The Nyquist Plot for this
Randles-type equivalent circuit presents a semicircle feature in the high-medium
frequency region (w—<), where the total impedance is controlled by the interfacial charge
transfer resistance (Ri1 >> Zw), and a linear region at low frequencies where the semi-
infinite linear diffusion governs the process (Zw). Generally, the semicircle is offset on the
real axis at the high frequency intercept (w— <) by a value corresponding to the magnitude
of the Rs. This is the intercept near the origin of the plot. The extrapolation of the semicircle
in the real axis at the low frequency intercept (w—0) corresponds to the sum of the solution
resistance and the charge transfer resistance (Rs + R1). The diameter of the semicircle is
therefore equal to the charge transfer resistance (in this case 8.79 kQ). For very fast
electron transfer processes (very small Ri value), the Nyquist plot reveals a very small
semicircle and mainly the linear diffusing part of the impedance spectrum. In contrast, if
the electron transfer process is the rate determining step (high Ry value), the impedance
spectrum only shows a large and well-defined semicircle (associated to irreversible or
hindered electron transfer processes) without a straight line at low frequencies. The
inclusion of a CPE element instead of an ideal capacitor slightly influences the Nyquist plot
by presenting a slightly depressed semicircle. Fig 2.16C shows the Bode plots for the same

circuit. In the Bode phase plot (Fig 2.16C>), the phase angle (¢) approach a maximum
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value of 45 degrees at relatively low frequencies. The phase shift would approach 90

degrees as more widely separated were the values of Rs and R 33,
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Fig. 2. 16: (A) Schematic representation of a Randles-type equivalent circuit for mixed kinetic and diffusion control:
[Rs(C[R1W])]; (B) Typical Nyquist plots for a Rundles-type equivalent circuit, [Rs(C[R1W])]; (C) Typical Bode modulus (C,)
and Bode phase (C,) plots for a [Rs(C[R:W])] Randles-type equivalent circuit (adapted from reference 33%).

2.1.3.2.4. Circuits with two time constants

The Nyquist plot showed in the Fig 2.17 two semicircles are observed which
indicate the presence of two time constants in the system. This type of the diagram is
characteristic of the most paint coatings degrade with time. In these cases, water
penetrates into the coating and forms a new liquid/metal interface under the coating.
Corrosion phenomena can occur at this new interface, resulting in more complex
behaviour with a different time constant. The interpretation of this impedance data can be
very complicated and some models can be used. Fig 2.17A illustrates an example of a
circuit that can be used to fit an impedance curve with two time constants. The model
consists of two circuits in series from R1Q1 and R2Q2 parallel combinations and the two are

in series with the Rs between the alloy surface and the reference electrode®3.
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Fig. 2. 17: (A) Schematic representation of a circuit with time constant: [Rs(R1Q1)(R2Q2)]; Typical Nyquist plots for a two
time constant; (C) Typical Bode modulus (C;) and Bode phase (C,) plots for a: [Rs(R1Q1)(R2Q>)] circuit (adapted from

reference 1),

2.1.3.3. Description of the Experimental Setup and

Instrumentation

The experimental setup and instrumentation used for EIS measurements were
the same previously described in the section 2.1.2.5. for CV.

Impedance data were registered in the frequency range between 10 kHz and
0.1 Hz, using a single sine wave amplitude of 10 mV, and at the half-wave potential
(+0.150 V) determined from the CVs in the presence of hexacyanoferrate redox probe.
The impedance data were fitted to some equivalent circuit described in the previous
section, using the Eco Chemie Frequency Response Analyzer (FRA) integrated in the

GPES software.
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2.2. Morphological Techniques

2.2.1. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is an image technique to investigate surface
properties and structure of materials in nanometric scale®?. The AFM technique was
developed by Binnig, Quate and Gerber in 1986, as a result of the improvement of the first
Scanning Tunneling Microscopy (STM), intended to extend the possibilities of STM to
insulating samples®3. AFM allow to get images showing the arrangement of individual
atoms or to see the structure of individual molecules. This technique can provide important
information about the structure, and morphology of the surfaces modified with biological
molecules. In addition, compared to conventional scanning electron microscopy, samples
may be studied in a more natural state, as there is no requirement to scan in vacuum or

for a conductive coating332 334335,

2.2.2. The basic working principle of the AFM

A typical AFM consists of a cantilever with an atomic dimensional tip (probe) at the
free end, a laser, a photodetector and a scanner (Fig 2.18).

The basic working principle of AFM consists in maintaining a sharp probe in close
contact with the sample surface by a feedback mechanism as it scans over the surface of
the specimen®3*. The movement of the probe to stay at the same probe-sample distance
is taken to be the sample’s topography. As the tip approaches the surface, the atoms of
the tip interact with the atoms and molecules of the sample, leading to the deflection of the
cantilever. Two types of forces (short and long-range) are established between the
interaction of tip and the surface. The short-range force that involves mainly quantum-
chemical forces between the atomic orbitals of the tip and of the surface. The long-range
interactions consist principally in van der Waals forces but also electrostatic, capillary, and
magnetic forces®*’. The AFM measures the forces acting between a fine tip and a sample
surface, carefully maintaining the force between the tip and surface at a set, low level,

according to Hooke’s law:

F=—kx (Equation 2.24)
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The vertical deflection of the cantilever (x) is directly proportional to the force
exerted by the tip on the sample’s surface (F), and depends on the cantilever’s spring

constant (k).

Photodetector

Laser Beam

Cantilever

Line Scan

4 Y
? Tip Atoms

4 Force

\_ Surface Aloms )

Fig. 2. 18: Schematic representation of the basic working principle of the AFM in which the sample is scanned by a tip
situated at the end of the cantilever. The resolution is limited by the shape of the tip (Adapted from reference ).

The tip is attached to the free end of a cantilever and is brought very close to a
surface. Attractive or repulsive forces due to the interactions between the tip and the
surface will cause a positive or negative bending of the cantilever. This bending is detected
by a laser beam, which is reflected from the backside of the cantilever3®’.

Usually, the probe is formed by a silicon or silicon nitride cantilever with a sharp
integrated tip, and the vertical bending (deflection) of the cantilever due to forces acting
on the tip is detected by a laser focused on the back of the cantilever. The laser is reflected
by the cantilever onto a distant photodetector. The movement of the laser spot on the
photodetector gives a greatly exaggerated measurement of the movement of the probe.
This set-up is known as an optical lever. The probe is moved over the sample by a scanner,
typically a piezoelectric element, which can make extremely precise movements. The
combination of the sharp tip, the very sensitive optical lever, and the highly precise
movements by the scanner, combined with the careful control of probe-sample forces allow

the extremely high resolution of AFM336. 337,
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2.2.2.1. Operating Principles of the Common Imaging Modes

When working with AFM, and depending on the application, normally consider two
primary modes of operation, (a) static (also called contact mode) and (b) dynamic (non-
contact mode, and tapping mode) modes, according to the kind of voltage (DC or AC) is
driving the cantilever.

During scanning in the contact mode, the tip is in a soft physical contact with the
surface with a specific height or under a constant force. The movement is strongly
influenced by frictional and adhesive forces that can cause damage to the sample. When
the spring constant of cantilever is less than surface, a constant bend in the cantilever is
maintained. The force on the tip is repulsive. By maintaining a constant cantilever
deflection (using the feedback loops) the force between the probe and the sample remains
constant and an image of the surface is obtained®?.

In non-contact mode, the tip does not touch the sample, the cantilever oscillates
just above the specimen during the scan. The tip-surface separation and the oscillation
amplitude are in the order of 1 nm to 10 nm, which is the main difference to the tapping
mode, where the oscillation amplitude of the tip is in the range of 20 nm to 200 nm. This
operational mode is less destructive than contact mode. The cantilever oscillates nearby
its resonance frequency. An electronic feedback loop provides the oscillation amplitude
remaining constant so that a constant tip-sample interaction is conserved during the scan.
Tapping mode is a key advance in AFM. This mode allows high resolution topographic
imaging of samples that are easily damaged, loosely hold to their substrate, or difficult to
image by other AFM modes. The tapping mode is very useful for soft surfaces, especially

biological samples®3'.

2.2.2.2. Description of the Experimental Setup and

Instrumentation

AFM measurements were performed in air using a CSInstruments products Nano-
Observer Atomic Force Microscope operating in dynamic tip deflection mode (Acoustic
Alternating Current, AAC) (see Fig 2.19). An intermittent contact regimen (tapping mode)
was selected in order to minimize typical tip sticking problems.

The AFM’s experimental setup used in this work consisted of: an isolation chamber
that offers thermal, acoustic, and atmospheric isolation to the AFM system; CSI AFM that

holds the laser, photodiode detector, AFM scanner, AFM probe (cantilever and tip),
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sample’s plate, and the stepper motor; AC mode controller, Computer and NanoSolution
1.36.0.2908 software. Silicon cantilevers (ACT-SS-50, AppNano, USA) with a pyramidal
shaped tip with height in the range of 14-16 um, radius of curvature (ROC) lower than 5
nm, spring constant of 13-77 N/m, and a typical resonance frequency in the range

200-400 kHz were used for these purposes.

Fig. 2. 19: lllustration of the experimental setup used for AFM measurements.

2.2.3. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a widely technique used to investigate the
micro-structure and chemistry of a range of materials.3*® SEM is another technique where
only milligram quantities of material may be used to determine particle size, shape, and

texture3s 340,

2.2.3.1. The basic working principle of the SEM

The main components of the SEM include a source of electrons, electromagnetic
lenses to focus electrons, electron detectors, sample chambers, computers, and displays
to view the images (Fig 2.20)33%8 341,

Electrons are produced at the top of the column, accelerated down and passed
through a combination of lenses to produce a focused beam of electrons which hits the
surface of the sample. The position of the electron beam on the sample is controlled by
scan coils situated above the objective lens. These coils allow the beam to be scanned

over the surface of the sample. This beam scanning enables information about a defined
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area on the sample to be collected. As a result of the electron-sample interaction, a number

of signals are produced. These signals are then detected by appropriate detectors33" 341,

Electron gun

s+ Electron beam
Anode

Magnetic Lens

TV scanner

Secondary
electron detector

Fig. 2. 20: Components of scanning electron microscopy (SEM) (adapted from reference 3%),

SEM allows to obtain information about the samples being used by focusing a
monochromatic beam of high-energy electrons, which is accelerated by a positive electric
field, to generate a variety of signals at the surface of the sample. The electrons interact
with the sample, they produce secondary electrons, backscattered electrons, and
characteristic X-rays. The signals that derive from electron-sample interactions reveal
information about the sample including topographic (texture of the sample’s surface),
morphologic (size and shape of the sample’s surface), chemical composition (elemental
and relative abundance) and crystallographic (atomic arrangement of the different
components of the sample) information*® 341, In addition to topographical, morphological
and compositional information, SEM can detect and analyze surface fractures, provide
information in microstructures, examine surface contaminations, reveal spatial variations
in chemical compositions, provide qualitative chemical analyzes and identify crystalline
structures. SEM has a variety of applications in a number of scientific and industry-related

fields, especially where the characterization of solid materials is of great relevance33 33

340

79



80

FCUP
Assembly of graphene-based nanomaterials on solid surfaces: physical characterization and charge transfer studies

2.2.3.2. Description of the Experimental Setup and

Instrumentation

SEM images were taken at CEMUP (Centro de Materiais da Universidade do Porto,
Portugal), and acquired in the secondary electrons (SE) and backscattered electrons
(BSED) modes with a field emission scanning electron microscope (Type FEI Quanta 400
FEG, see Fig 2.21) operating under high vacuum at accelerating voltages of 10 and 20 kV

and working distances (WD) between 8.5 and 10.8 mm.

Fig. 2. 21: lllustration of the experimental setup used for SEM measurements.

The SEM’s experimental setup used consisted of: an electron gun, vacuum chamber,
anode, condenser and objective lens, electron beam, and sample chamber that includes
the sample holder and the secondary, backscatter and X-ray detectors.

2.3. Spectroscopic Techniques

Spectroscopic techniques are extensively used in the study of the optical and
electronic properties of different materials through studying the interaction between the
radiated energy and materials. The different spectroscopic techniques are based on
measuring absorption, scattering or emission of light that contains information about the

properties of the materials®*2.
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2.3.1. ATR-FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a technique to quantify and
qualify organic substances in the solid, liquid, or gaseous state. Attenuated total
reflectance (ATR) is one of the most used sampling techniques in FTIR spectroscopy
because it is allowing to obtain high-quality spectra without requiring complex preparations
of solid or liquid samples, unlike many other sampling techniques3*.

2.3.1.1. Principles of ATR-FTIR

The basic principle of ATR-FTIR is shown in Figure 2.22. The ATR crystal
comprises an IR transparent material with a high refractive index and polished surfaces.
The sample is in contact with the ATR crystal.

Sample in contact
with evanescent wave

\ Infrared \ ATR

Beam Crystal

To Detector

Fig. 2. 22: The basic principle of the ATR-FITR (adapted from reference 34).

ATR FTIR spectroscopy is based on total internal reflection. The infrared (IR)
radiation travels through the crystal and interacts with the sample on the surface in contact
with the ATR crystal. Total internal reflection occurs due to the differences in refractive
indices between the crystal and sample. The total internal reflection forms the so-called
“evanescent wave” which extends into the sample. Based on the sample’s composition, a
small part of the infrared light is absorbed when the evanescent wave interacts with the
sample, resulting in a slightly attenuated total reflection3#? 343, After this process, an
attenuated radiation is directed from the crystal to the normal beam path in the
spectrometer, being measured by the detector, thus originating the sample spectrum.

In order to achieve a high quality of spectra, some aspects must be considered:3*3 344
- Good contact between sample and ATR crystal because the evanescent wave

penetrates only up to a specific number of microns into the sample.
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82
- The refractive index of the crystal must be significantly higher than that of the

sample (the typical refractive indices for ATR crystals are around 2 - 4 and

typical values for organic substances such as polymers range from ca. 1.2 to

1.5, a large number of IR-active samples can be measured).

2.3.1.2. Description of the Experimental Setup and

Instrumentation

ATR-FTIR spectra were taken using a Bruker Tensor 27 spectrometer (Fig 2.23).
In order to characterize the nanocomposites of graphene, ATR-FTIR spectroscopic
measurements were performed at room temperature (= 20 °C) in the wavelength range
between 600 to 2000 cm™.

Fig. 2. 23: lllustration of the experimental setup used for ATR-FITR measurements.

2.3.2. X-ray Photoelectron Spectroscopy - XPS

X-ray Photoelectron Spectroscopy (XPS) is the most widely used surface analysis
technique which analyses the average surface chemistry of a sample up to a depth of
approximately 3-5nm. This quantitative spectroscopy technique allow measures the
elemental composition, empirical formula, atomic concentrations and chemical states of

elements present at a samples surface®®.

2.3.2.1. Principle of XPS

The principle of XPS involves a single electron process which is based on the

photoelectron effect®*3. X-ray Photoelectron Spectroscopy uses an irradiation of a soft
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X-ray (monochromatic Aluminum Ka or non-monochromatic Magnesium Ka x-rays) on the
sample surface, and measuring the kinetic energy of the photoelectron emitted from an
atom at the sample’s surface. The binding energy of these electrons are measured and
are characteristic of the elements and associated chemical bonds (chemical state) in the
top few atomic layers of the material®* 34°,

The electrons ejected are analysed in the XPS detector through measuring the
electrons kinetic energy which provides the information to determine the kind of elements
present in the sample. Fig 2.24 illustrates the schematic representation of the x-ray
photoelectron process®4,
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Fig. 2. 24: Schematic representation of the X-ray photoelectron process ( adapted from reference 34).

The kinetic energy of the ejected electrons is named E, and it is determined by the
following equation:
Ek=hu-Ev—¢ (Equation 2.27)

Where the binding energy of an electron is represented by E;, the energy of a
photon is given by hv where h represents the plank’s constant and v is the frequency of a
photon. The work function is represented by the symbol ¢ which is the minimum energy
needed to remove an electron from a solid*>: 34,

XPS spectra exhibitions a number of emitted electrons against their kinetic energy.
This surface analysis technique requires high vacuum (P ~ 1078 millibar) or ultra-high
vacuum (UHV; P < 107° millibar) conditions, although a current area of development is
ambient-pressure XPS, in which samples are analysed at pressures of a few tens of
millibar. The XPS method has been extensively used on solid surfaces and as non-

destructive method of analysis of compounds.
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2.3.2.2. Description of the Experimental Setup and
Instrumentation

X-ray Photoelectron Spectroscopy (XPS) was performed in two different
spectrometers. In the case of GO and rGO (chapter 4) and rGO-Fes04 NPs conjugate
(chapter 5), X-ray photoelectron spectroscopy, was performed at CEMUP (Centro de
Materiais da Universidade do Porto). A Kratos Axis Ultra HSA equipped with an achromatic
Al (Kq) X-ray source (15 kV, 90 W) and a 500 mm Rowland circle monochromator was
used for XPS measurements (Fig 2.25). The spectra were analyzed with the Casa XPS

software (v.2.3.18PR1.0) using Shirley-type backgrounds.

Fig. 2. 25: lllustration of the experimental setup used for XPS measurements.

For the characterization of rGO-Ni NPs Conjugate (chapter 6), the XPs was taken
in an ESCALAB 200A spectrometer (VG Scientific, UK) equipped with an achromatic Al
(Ka) X-ray source of 15 kV (300 W) and operated in CAE mode (20 eV pass energy). The
analysis of the spectra was done with the XPS Peak 4.1 software (Gaussian—Lorentzian
peak shape). For deconvolution, a non-linear least squares fitting routine (plus Shirley-

type background subtraction) was used.



Chapter 3 — Reagents, Solutions, sample

preparation and surface modification

In the Chapter 3 a complete description of all the reagents, solutions, samples and
surfaces prepared for the characterization studies will be given. A detailed description of

the experimental techniques used in this work is presented too.
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3.1. Chemicals

The chemicals used in this experimental work are shown in Table 3.1, together with
the information about their purity and supplier. All the chemicals were analytical grade and
used as received without further purification. Nitrogen gas (N2, Air Liquide, purity 2

99.999%) was used to remove oxygen from the electrochemical cell, and to dry the

electrode surface.

Table 3. 1: List of all the reagents used in the course of this work.

Chemicals Formula Purity Supplier
Ethanol CoHsOH 96% vol. Aga S.A.
Acetone CH3COCH:s n.a.* VWR
Sodium dihydrogen phosphate NaH2PO4 > 99% Fluka
Sodium hydrogen phosphate NaxHPO4 = 99% Sigma- Aldrich
Sodium chloride NaCl 299%  Sigma- Aldrich
Potassium hexacyanoferrate
) [KsFe(CN)g/3H-O = 99.5% Fluka
() tryhidrate
Potassium hexacyanoferrate
() [KsFe(CN)g] > 99% Merck
Sulfuric acid H2SO04 95-97% Fluka
Hydrochloric acid HCI >37%  Sigma- Aldrich
: 30% : :
Hydrogen peroxide H.O> Sigma- Aldrich
(viv)
Potassium chloride KCI 99% Fluka
Glacial acetic acid (AcH) CH3;COOH = 99% Sigma- Aldrich
Sodium acetate (NaAc) CH3;COONa > 99% Merck
Chitosan, 95% of degree of Primex,
(CgH15NOg)0.05(CsH13NOs)0.95 n.a.x
Iceland

deacetylation (Chit95)
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Chemicals Formula Purity Supplier
Iron (lll) acetylacetonate Fe(ACAC)3 97% Sigma- Aldrich
Oleic Acid (C18H3402) 299% Sigma- Aldrich
1, 2-hexadecanediol (CH3(CH3)13CHOHCH,0H) 90% Sigma- Aldrich
Oleylamine CHs(CHzrCH=CH(CH,)CH, 70% Sigma- Aldrich
NH>
Phenyl ether (CeHs)20 99% Sigma- Aldrich
n-hexan H>C(CH;),CH; n.a.* VWR
Graphite powder n.a.* n.a.* Sigma- Aldrich
Sodium nitrate NaNO3 99% Sigma- Aldrich
Potassium permanganate KMnOg4 99% Sigma- Aldrich
Sodium hydroxide NaOH 97% Sigma- Aldrich
Citric acid HOC(COOH)(CH,COOH); 99.5% Sigma- Aldrich
L-ascorbic acid CesHgOs 99% Sigma- Aldrich
Nickel chloride hexahydrate NiCl,.6H,O 99.9% Sigma- Aldrich
Sodium borohydride NaBH4 99.99%  Sigma- Aldrich
Hydrazine hydrate NH2NH: - xH>O 60-67%  Sigma- Aldrich
Graphene oxide CxOyHz n.a.* Graphenea
Reduced Graphene Oxide CxOyHz n.a.* Graphenea
D-glucose CsH 1204 299.5% Merck
Uric Acid CsHaN4O3 299% Sigma-Aldrich
Catechol CsHsO2 299% Sigma-Aldrich
Glucose oxidase C17H26CI2N203 n.a.* Fluka
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Chemicals Formula Purity Supplier
Laccase Ca4HeoN11020 n.a.* Sigma-Aldrich
Bisphenol A C15H1602 >99% Aldrich
Riedel-de-
Naphthol-(1) C10H7OH 299%
Haen
Benzene CeHs 99.8% Merck
4 - Nitrophenol CsHsNO3 299% Sigma-Aldrich
Di-n-butyl phthalate C16H2204 99% Sigma-Aldrich
Gold Nanoparticles AuNPs n.a.* Nanovex

Alloyed Gold-Silver
AUuAgNPs n.a.* Nanovex

Nanoparticles

*n.a.: not available

3.2. Solutions

All the solutions used in this work were prepared following standard procedures
are described in Table 3.2, together with their pH and concentration. All the aqueous
solutions were prepared in ultrapure water with a resistivity of 18 MQ.cm (at 25 °C)
obtained from a Milli-RO 3 Plus coupled with a Milli-Q water purification system and stored
at 4 °C. Ultrapure water was also used for rinsing procedures. A Methrom 654 pH Meter

was used for pH measurements in all the cases.

Table 3. 2: List of all the solutions used in this work, and their corresponding pH and concentration.

Solute Solvent pH Concentration
50 mM

NazHPO4

NaH2PO4 Ultrapure water 7.4 50 mM

NaCl

150 mM
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Solute Solvent pH Concentration

[K4sFe(CN)e]*3H-0 Na;HPOs / NaH:PO; 7.4 2 mM
50 mM buffer + 150

[KsFe(CN)g) mM NaCl 7.4 2 mM

NaAc

" Ultrapure water 5.0 0.1M

NaAc

AcH Ultrapure water 4.5 0.1 M
NaAc / AcH 0.1 M

Chit95 buffer in ultrapure 5.0 5 mg/mL
water
Na,HPOs / NaH:PO4

Glucose oxidase 50 mM buffer + 150 7.4 1 mg/mL
mM NaCl
NaAc / AcH 0.1 M

Laccase buffer in ultrapure 4.5 10 mg/mL
water

Citrate Ultrapure water 6.5 2 mg/mL

3.3. Synthesis

3.3.1. Synthesis of Graphene oxide (GO)

Graphene oxide was synthesized by Dr. Rahul Krishna and Prof. Elby Titus
(University of Aveiro) following the modified Hummers method, described in the
litherature®?. In this method, 250 mg of graphite flakes was dispersed in ice cooled conc.
H>SO. (12 mL) by stirring for 30 min. Then, 200 mg of NaNOs and 1.5g KMnO4 were then
added slowly into the solution. This mixture was stirred for 2 h and the temperature of the
reaction was maintaining lower than 35 °C. After this time, the temperature was increased
to 35 °C and excess Milli Q water was added into the solution. Subsequently, the
suspension was heated to 98 °C for 30 min. To eliminate excess of KMnQOa, 5 mL of H20;

(30% v/v) was dropped slowly and stirred for 10 minutes. The resultant suspension was
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centrifuged (3000 rpm), filtered and washed with Milli Q water and diluted HCI (until the
pH of the filtrate was neutral) to remove remaining impurities and oxidizing agents. The

resulting filter power was re-dispersed in ethanol to make the 0.5 mg/mL dispersion®*’.

3.3.2. Synthesis of FesOsNPs

The synthesis of Fes04 NPs (nanopatrticles) was produced by Dr. Rahul Krishna
and Prof. Elby Titus (University of Aveiro) following a method previously described in the
literate34”- 348, 1,2-hexadecanediol, oleic acid, cis-1-amino-9-octadecene, and iron (lll)
acetylacetonate were placed in a 4-neck round bottom flask at 1.7:1:1:0.3 molar ratio with
22 mL of phenyl ether (PE) and stirred for 15 min under N flow at room temperature (RT).
After that, the mixture was heated to 200 °C for 30 min and further heated up to reflux point
of PE (265 °C) for more 45 min. The reaction was performed under N> atmosphere and
stirring. After, a black-brown mixture appeared inside of glass flask indicated the formation
of Fes04 NPs. At this point, the black-brown dispersion was cooled down and ethanol was
added to the mixture to precipitation the black material. Then, the product was separated
by centrifugation (15000 rpm — relative force, RCF=25155 x g) in a Beckman centrifuge
equipped with a TA-15-1.5 rotor (maximum radius: 100 mm) and 2-3 times treated with

ethanol to ensure the removal of impurities.

3.3.3. Synthesis of Fe304/rGO nanocomposite

The nanocomposite was synthesized by Dr. Rahul Krishna and Prof. Elby Titus
(University of Aveiro) following a method previously described in the literature3¥.
According to it, GO sheets and Fe3;04 NPs were pre-synthesized and submitted to alkaline
reduction in one pot (Scheme 1).

The synthesized Fe;O4 NPs were re-dispersed under sonication in a 0.5 mg/mL
dispersion of GO (pre-synthesized from graphite flakes — section 3.3.1) in ethanol. Later,
100 mg of the citric acid and 100mg of the L-ascorbic acid were added to the mixture and,
then, the mixture was stirred at 55 °C for 12 h under N, atmosphere. At this point, 50 mL
of NaOH 1 M were added and the solution was stirred for another 6 h at 95°C. The product
was finally centrifuged at 10000 rpm (RCF=1118 x g), the solid was filtered, washed with
ethanol and doubled-distilled water and, then vacuum dried for 24 h to obtain the hybrid

rGO-Fesz04 NPs composite.
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©

i) Fe,O, NPs
Citric Acid
L-Ascorbic Acid
EtOH
55°C/ 12 h
Stirring, N2

v

ii) NaOH 1 M
95°C/ 6h
Stirring

Graphene Oxide (GO) Reduced Grophene Oxide-Nanomagnetite
Hybrid (rGO-Fe,O, NPs)

Scheme 1: Modified Hummers method was followed to synthesize the rGO-Fe;O, NPs hybrid conjugate

3.3.4. Synthesis of Ni/rGO nanocomposite

GO was synthesized from graphite powder through a modified Hummers method
describe in the section 3.3.1. The nanocomposite was synthesized by Dr. Rahul Krishna
and Prof. Elby Titus (University of Aveiro) following a method previously described in the
literature*®. Ni/rGO hybrid sheets were grown in situ as follows: 100 mL of GO aqueous
dispersion (1.0 mg/mL) were placed in a 4-neck round bottom flask and mechanically
stirred at RT. Subsequently, 600 mg of nickel chloride hexahydrate (NiCl..6H.O) were
added and the temperature was gradually increased to 85 °C. Then, 18 mL of hydrazine
hydrate (65%) were slowly poured into the reaction mixture and stirred for 25 min in Ar
atmosphere. Afterwards, 450 mg of sodium borohydride (NaBH4) were very slowly added
under stirring. Finally, 25 mL of a 1 M sodium hydroxide (NaOH) solution were added and
stirred for further 2h (Scheme 2). The product was filtered and washed with ethanol and
doubled-distilled water to remove impurities. Then, it was vacuum-dried at 100 -C for 3 h

to obtain the Ni/rGO nanocomposite powder.

NiCl,
N,H, & NaBH,

NaOH 1 M
85°C/2h
Stirring

Graphene Oxide (GO) Reduced Graphene Oxide-Nickel
Nanoparticles Hybrid(rGO-Ni NPs)

Scheme 2: Modified Hummers method was followed to synthesize the rGO-Ni NPs hybrid conjugate.
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3.4. Experimental Setup & Instrumentation and Sample

Preparation

3.4.1. ATR-FITR Spectrophotometric Analysis

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
taken using a Bruker Tensor 27 spectrometer. In order to characterize the nanocomposites
of graphene, ATR-FTIR spectroscopic measurements were performed at room
temperature (= 20 °C) in the wavelength range between 600 to 2000 cm™.

Before the characterization of the graphene derivatives, the ATR-FITR
spectrometer was calibrated according to the following steps: initially the white line was
drawn and then the solid sample of the conjugate was placed on the surface of the ZnSe
crystal. The solid sample was pressed in order to guarantee perfect contact between the
sample surface and the crystal. The spectrum was obtaining.

3.4.2. AFM and SEM Surface Preparation and Modification

AFM and SEM measurements were performed by using the previously modified
GCE. In summary, after the modification of each layer, the GCE was rinsed with ultrapure
water, dried under a soft stream of N, and placed in the microscope holder to be visualized
by AFM or SEM.

3.4.3. Electrochemical Surface Preparation and Modification

Electrochemical measurements were performed on a Voltalab PGZ301
potentiostat (Radiometer Analytical) controlled by Voltamaster 4 software. All
electrochemical experiments were carried out under a soft stream of N, in a conventional
three-electrode electrochemical cell system (enclosed in a grounded Faraday cage to
reduce electrical noise). Pt and Ag wires were used as counter and pseudo-reference
electrodes and a glassy carbon electrode (GCE, Metrohm, 6.1204.300, area: 0.06 cm?)
was used as working electrode. The electrochemical measurements were carried out in
0.05 M PBS (pH 7.4) and PBS + 2 mM K4[Fe(CN)s]-3H20 + 2 mM Ks[Fe(CN)s] and CV was
performed at 0.05 V-s?tin the potential range -0.8/+0.9 V and -0.3/+0.6 V, respectively.

The presence of the [Fe(CN)g]*"* probes allowed for the internal calibration of the pseudo-
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reference electrode. In this sense, the half-wave potential (Ei2) showed, in all cases,
excellent agreement with the tabulated standard potential (E° vs Ag/AgCI/NaCl sat.). The
impedance spectra were registered at +0.15 V. A sine wave of 10 mV amplitude and
frequency decreasing from 10% to 10! Hz, was used in the experiments.

For the electrochemical experiments, GCE was previously cleaned following a
procedure based on the combination of mechanic polish and electrochemical cycling. GCE
was polished with 3 F uym Polycrystalline diamond suspension to a mirror finish and
washed in water and ethanol. Then, cyclic voltammetry was performed in H,SO4 0.5 M
and the result compared to the typical response of clean GCE. The CV of clean GCE was
compared with other CVs registered for a clean profile until the electrochemical
reproductively performance was found. At this point, the cleaned GCE was ready to further

modifications.

3.4.3.1. Preparation of GO, rGO and rGO-Fe304 NP films

Thin films of GO, rGO and rGO-Fe;04 NPs (used in the chapter 4) were deposited
onto the surface of a GCE by the drop-casting method (scheme 3). GO dispersion (0.5
mg-mL?) and rGO powder were purchased from Graphenea (San Sebastian, Spain) and
used without further purification. rGO-FezO4 NP was synthesized according the procedure
in the section 3.3.3. GO dispersion was diluted in water (concentration range between 0.1
to 500.0 pg/mL) and rGO was dispersed in DMF in the same range of concentrations used
for GO. The rGO-FesOs NPs was dispersion in ethanol (concentration range
0.20-20.0 mg/mL). Then, 10uL of GO, rGO and rGO-Fe3;04 NPs dispersion were spread
onto the GCE surface and air dried. At this point, the GCE-modified was ready to used.

Step 1
GO
10pL rGo
rG0-Fe=04 NP

GCE/GO
GCENGO
GCE/NGO-Fe304 NP

Scheme 3: Schematic showing the different steps used for the preparation of the GO, rGO and rGO-Fe;0,4 NP films onto a
clean GCE.
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3.4.3.2. Preparation of Fe3O4/rGO/Chit95/TvL Films

Fes04/rGO/Chit95/TvL nanocomposite film was mounted on it following a
sequential drop-casting procedure (scheme 4). In first place, 10 pL of the rGO-Fez04 NPs
dispersion in ethanol (concentration range 0.20-20.0 mg/mL) were spread and dried in the
air. In the second step, 10 pL of a 5 mg/mL dispersion of chitosan (degree of deacetylation:
DD=95%, average molecular mass: 150-200 kDa, Primex, Iceland; hereinafter Chit95) in
0.1 M acetate buffer (AB) pH 5 were subsequently casted. Once dried, 10 pyL of a 10
mg/mL solution of laccase from Trametes versicolor (>0.5 U-mg™, Sigma Aldrich;
hereinafter TvL) in 0.1 M AB (pH 4.5) were dropped on it and dried in the air. At this point,
the GCE-modified was ready to used (chapter 5).

Step 1 Step 2 Step 3
0.2-20.0mg/mL 5 mg/mL 10 mg/mL
”JHL 1GO-Fe;0, NPs 10uLl  Chit9s in Accetate  1QuL ~ TvL in Accetate
in Ethanol Buff. 0.1M Buff. 0.1M
(pH 5) (pH 4.5)

GCE/rGO-Fe;0,/Chit95/TvL

Scheme 4: Schematic showing the different steps used for the preparation of the rGO-Fe;0,/Chit95/TvL nanocomposite
film onto a clean GCE.

3.4.3.3. Preparation of Ni/rGO/Chit95/GOx Films

Ni/rGO/Chit95/GOx nanocomposite film was deposited onto a GCE following a
sequential drop-casting procedure. GCE was modified in three steps (scheme 5). In the
first, 10 yL of a 1 mg-mL* rGO-Ni NPs dispersion in ethanol were spread on it and air
dried. Afterwards, 10 uL of a 5 mg-mL* dispersion of chitosan (deacetylated to a degree
of DD=95%, average molecular mass: 150-200 kDa, Primex, Iceland; hereinafter referred
to as Chit95) in acetate buffer 0.1 M (pH 5; AB) were casted. Once dried, 10 pL of a
10 mg-mL* solution of glucose oxidase, GOx in 0.05 M phosphate buffer + 0.15 M NaCl
(pH 7.3; PBS) were dropped. To enhance the enzyme loading, GOx was casted twice. At
this point, the GCE-modified was ready to used (chapter 6).
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Glucose  Gluconolactone

Step 1 Step 2 Step 3 \ 4
! mg/mL . i_ll.lg‘.‘m]' 10 mg/mL h
10uL rGO-Ni NPs 10pL  ChitoS in Accetate |OUL  Goxinppsoosm  [Fe(CN)]™® [Fe(CN)el*
in Ethanol Buff. 0.1M (PH3) )

(PH3)

|

|

|
Lo

GCE/rGO-Ni/Chit95/GOx

Scheme 5: Schematic showing the different steps used for the preparation of the rGO-Ni/Chit95/GOx nanocomposite film
onto a clean GCE.
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Chapter 4 - Assembly of Thin Graphene Films
on Electrode Surfaces: Conformation,

Impedance, and Electron Transfer Studies

This chapter explores the links between structure, morphology, and the electron
transfer (ET) properties of solid electrodes modified with 2D GNMs. After characterization
of the GO, rGO, and rGO-NPs materials used in the modification, thin films of those were
deposited onto a freshly prepared GCE from aqueous dispersions. The films were
assembled since a wide range of concentrations and subsequently studied by AFM, SEM,
and electrochemical methods in presence of Fe(CN)s** redox probes. While increasing
the load of GO resulted in a progressive blockage of the ET processes; the maodification
with rGO exhibited a couple of changes in the redox response of the electrodes.

The results shown in this chapter will be subject of an article to be published in a
peer-reviewed journal. The student performed the all experimental part, as well as writing

the first draft of the paper.
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4.1. Contextualization

Carbon-based electrodes have been extensively studied in both analytical and
industrial electrochemistry due to their good electronic conductivity, large potential
window, and electrocatalytic activity for many important redox reactions®*. For the
preparation of these electrodes, usually an inert substrate, such as glassy carbon (GC) is
used. The modification of GC electrode substrates with different carbon materials such as
carbon nanotubes (CNTs)%*° and graphene and derivatives®?, is carried out to improve the
electrochemical characteristics and performance of the fabricated electrode. The use of
graphene as an electrode material has been widely studied due to its extraordinary
physical, electrical, and chemical properties and its advantageous behaviour for a wide
variety of electrochemical applications®2. However, it must be noted that fundamental
reports have emerged demonstrating that graphene might not provide a significant
advantage as an electrode material as first thought®>® 354, Pumera et al.*** shows that
single-, few-, and multi-layer of graphene does not provide a significant advantage in terms
of sensitivity and repeatability over graphite microparticles to the electro-analytical
detection of uric acid. The fundamental understanding of the ET at graphene is the key
role to understand this contradictory behaviour.

Several studies demonstrated that the origin of ET in graphene is through from two
heterogeneous structural contributions, namely the peripheral edge plane and basal plane-
like sites/defects®® 3¢, where the ET kinetics of the edge defect sites is anomalously faster
over that of the basal sites, which in comparison can be regarded as relatively
electrochemically inert®”: 38 The distinct morphology of graphene can originate different
ratios of edge to basal plane content and this gives rise to unique electronic properties that
dictate the electrochemical responses. Brownson et al.*** studied the effect of the different
ratios of edges, basal planes, and layer numbers of CVD graphene on a conductive
substrate. The results showed that graphene exhibits slow ET towards the electrochemical
probes studied, effectively blocking underlying ET of the supporting electrode substrate
likely due to its large basal and low edge plane content®*®. The focus of this work is to
study the electrochemical performance of graphene derivatives as an electrode material
and to understand the effect that the arrangement of the sheets has on the electrochemical

response.
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4.2. Results and discussion

4.2.1. Characterization of GO and rGO

4.2.1.1. ATR-FTIR Spectroscopy

The commercial forms of graphene employed for the preparation of the ultrathin
films were previously characterized by different techniques. In the first place, powder
samples of GO and rGO were analyzed by ATR-FTIR. As shown in Fig. 4.1, the spectrum
of GO (black solid line) exhibits a broad band around 3300 cm™ (attributed to O-H
stretching in hydroxyl groups and/or adsorbed water) plus a series of peaks due to different
vibrations: 1730 cm?® (symmetric C-O stretching in carbonyl moieties); 1622 cm™
(asymmetric O-C-O stretching in deprotonated carboxylic acids); 1226 cm?® (C-O-C
stretching in epoxy groups); 1049 cm (C-O stretching in hydroxyl-substituted C atoms);
and 976 cm™ (asymmetric ring deformation in epoxides)®® %° The intensity of some of
these peaks decreases dramatically (while others entirely disappear) in the spectrum of
rGO (red line). As discussed in Chapter 1, the chemical reduction of GO involves the
extensive removal of O-groups and the partial restoration of sp?-hybridized C-C bonds in
the sheets. Hence, the ATR-FTIR evidence in the figure strongly supports that the rGO
investigated in this work presents a relatively high degree of reduction compared to its

commercial GO counterpart.

Transmittance (a.u.)

| | | | |
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Fig. 4. 1: ATR-FITR spectra recorded for GO (black line) and rGO powder samples (red line).
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4.2.2. Drop-Casting of GO and rGO Films

4.2.2.1. Microscopy and EDX Studies

Fig 4.2 shows a collection of AFM images taken in amplitude for the surface of the
different GCE/GO electrodes (panels B-J). For the sake of comparison, the image captured
for the bare GCE is also included (panel A). The latter depicts a relatively smooth surface
(Rws=5.5 nm; Table 4.1) with some linear scratches reflecting its history of usage. At first
glance, the evidence already shows how proceeding with a 103-fold increase in [GO]
triggers very significant changes in the morphological aspect of the surfaces. For low [GO]
in the range 0.5-5.0 ug-mL* (Figs 4.2B-4.2D), a series of bright particles are spotted lying
on the glassy carbon, GC, surface (darker background). Their amount and size rise slightly
with the increase of [GO] to a maximum of 3-4 um. As a consequence, the roughness,
given as the Rws, increased continuously up to a value of 37.5 nm. Based on the high O-
content unveiled in section 4.2.1, GO sheets must wear a negative net charge under the
working conditions (pH>7). Repulsive electrostatic interactions established between
neighbor sheets must prevent from significant aggregation. Therefore, the small bodies
imaged in this range must correspond to individual sheets of GO or very small aggregates.

The surface scratches noticed for the GCE in Fig 4.2A are easily found in the
backgrounds of Figs 4.2B-4.2F and, with more difficulties, also in Figs 4.2G & 4.2H (as
indicated by the white arrows). This proves that even at [GO] over 50 pg-mL?, large
regions of the original electrode surface remain unmodified. For [GO] in the range 10-100
ug-mL*? (Fig 4.2E-4.2H) the background becomes increasingly coated with islands of a
wrinkled appearance. In simultaneous with these changes, the Rus oscillates between 24
and 55 nm. The oscillations suggest the establishment of roughening-smoothing loops that
concatenate as the surface gets loaded with additional material. A height profile was
extracted along the blue line in panel F. It unveiled that these islands are relatively thin
(=70 nm with peaks around 130 nm) and likely formed by the agglomeration of individual
GO sheets. For the highest concentrations investigated, the islands coalesced into a
relatively uniform, thick, and wrinkled film coating the entire surface (Figs 4.21 & 4.2J). In
fact, no further increase in the maximum Rwus was registered. The whole body of evidence

suggests that the GCE surface only gets fully covered at levels over 100 pug-mL*GO.
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Fig. 4. 2: Amplitude 50 um x 50 yum AFM images registered in tapping mode for the surfaces of the different GCE/GO
electrodes prepared from dispersions of the following concentrations: (B) 0.500, (C) 1.00, (D) 5.00, (E) 10.0, (F) 25.0, (G)
50.0, (H) 100, (1) 250, and (J) 500 pg-mL™* GO. White arrows indicate the paths of surface scratches. Height profiles were
extracted along the blue lines. The scale bar is 10 um. The image obtained for the bare GCE (A) is also included for better

comparison.
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Table 4. 1: Root-mean-square surface roughness (Rus) measured for the bare GCE and the different GCE/GO and

GCE/rGO electrodes from their corresponding topographic AFM images.
[GO]/ug-mL? Rws/nm  [rGO]/pug-mL? Rums / nm

0 5.50 0 5.50
0.5 7.80 0.5 6.30
1.0 21.3 1.0 9.30
5.0 37.5 5.0 10.8
10.0 24.2 10.0 16.0
25.0 55.5 25.0 16.1
50.0 36.6 50.0 71.3

100.0 44.9 100.0 84.2
250.0 26.4 250.0 102.8
500.0 50.0 500.0 187.1

In line with this view, no surface scratches are found in those images. The highest
load of material was achieved for the sample prepared from the 500 pg-mL™* GO dispersion
(Fig 4.2J). Another height profile extracted from the latter image shows an internal
structure consisting of two incomplete layers (thickness around 78 and 74 nm,
respectively) settling on top of a complete base layer (thickness ~70 nm). Such a structure
determines the wrinkled topography seen under the scanning probe microscope and
allows us to ascribe the brightest features in Figs 4.21 & 4.2J to the tallest regions of the
multilayered film. This particular electrode was further investigated by FESEM (Fig 4.3). A
top view of the GCE/GO surface is presented in Fig 4.3A (magnification factor, MF: 1,000
X). In strong agreement with the AFM evidence in Fig 4.2, the SEM image displays a
surface uniformly covered with a densely packed, relatively homogeneous, and wrinkled
film, with no apparent signs of aggregation. A random region was enlarged using 10 times
higher MF. The zoomed image (Fig 4.3B) reveals the outermost structure of the film in
greater detail. As shown, irregular, defect-free, and flat sheets of 10-15 um seem to stack
on top of each other in lying-down configuration.

To investigate the local composition, an EDX spectrum was taken over that exact
location (Fig 4.3E). The results showcase two intense peaks at 0.27 and 0.52 keV which
are ascribed to C and O atoms, respectively. The local C:0 atomic ratio, estimated as the
quotient of intensities for both peaks (Ic/lo), is 1.3. Such a low value evidences a high
content in O-groups. Taking into account the high homogeneity of the film, this could also
be true for any other region thereof. Unlike GO, extensively reduced rGO sheets should
have a small or even negligible negative net charge at the working pH. This should
translate into a greater impact of aggregation issues on the morphology of rGO films. To
gain insights into the most important structural differences between both types of films,
GCE/rGO electrodes prepared in the same range (0.500-500 pg-mL? rGO) were also
inspected using the AFM (Fig. 4.4).
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Fig. 4. 3: Top-view FESEM images taken for the surfaces of the GCE/GO (A) and GCE/rGO electrodes (C) in
secondary electrons (SE) mode. The magnification factor, MF, was 1,000 X. Panels B and D showcase a
couple of regions investigated in higher detail with MF 10,000 X and 100,000 X, respectively. The EDX spectra

taken at those regions are shown in panels E and F.
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Fig. 4. 4: Amplitude 50 ym x 50 um AFM images registered in tapping mode for the surfaces of the different GCE/rGO
electrodes prepared from dispersions of the following concentrations: (B) 0.500, (C) 1.00, (D) 5.00, (E) 10.0, (F) 25.0, (G)
50.0, (H) 100, (I) 250, (J) 500 pg-mL?* rGO. The scale bar is 10 um. The image obtained for the bare GCE (A) is also

included for better comparison.

Q

The first meaningful difference in respect to the GCE/GO system is that the glassy

carbon (GC) surface scratches are visible in the background of all the registered images
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(even in the most concentrated). That is the best confirmation that the GC surface is never
fully covered with a homogeneous film of rGO.

For low [rGO] up to 1 ug-mL? (Figs 4.4B & 4.4C), the pictures resemble those
discussed above for the GCE/GO electrodes and show a nearly empty (and scratchy) GC
surface decorated with small particles of 1-3 um (isolated rGO sheets or their small
aggregates). In the range 5-25 pug-mL*rGO, the density of particles slightly overtakes that
observed for their GO counterparts. However, in contrast to that found in Figs 4.2E & 4.2F,
no signs of island film-growth are detected either in Fig 4.4E or 4.4F. This is further
supported by the smaller values of Rus (with a maximum of 16 nm vs the 55 nm measured
for the GCE/GO electrodes). The impact of aggregation becomes more evident from
[rGO]>25 pug-mL™. In good agreement, the Rus undergoes a steeped increase to 71 nm at
50 ug-mL* and reaches 103 nm at 250 pg-mL* rGO (Table 4.1). These values are not
only much higher than those for their analogous GCE/GO electrodes but, contrary to the
oscillations registered for the latter, rose linearly in the whole range of [rGO] investigated.
This is behaviour is related to the lack of growth of any form of uniform film as evidenced
in the amplitude images.

Contrary to the roughening-smoothing mechanism leading to the formation of the
uniform GO film, the rGO film emerges from the deposition of spherical aggregates of
increasing size in increasing degrees of coverage. However, as no smoothening takes
place, full coverage is never reached and no continuous film is formed at any stage of the
modification process investigated. This is seen in the images of the highest concentrations
investigated (Figs 4.41 & 4.4J) which show holes in the structure unveiling the scratchy
surface of GC. The further growth of Ruysto a maximum of 187 nm also supports this view.
FESEM images were also taken for the 500 pg-mL™? rGO electrode (Fig 4.3). In good
agreement with the evidence in Fig 4.4J, Fig 4.3C displays a distribution of big aggregates
on a widely uncovered GC surface. As the inspected area is much larger here
(>200 x 200 um?), one may infer that the uncoated fraction of the surface is greater than
suggested by the AFM data. The structure of the aggregates is examined by zooming on
one of them with a 102-fold higher MF (Fig 4.3D). As observed for GO in Fig 4.3B, individual
rGO sheets also appear to stack on top of each other. Nevertheless, these look a lot more
defective and corrugated than their GO counterparts. Such a finding makes perfect sense
since, as well known, graphite oxide reduction methods introduce massive amounts of
defects in the basal plane of GO® 8%, In summary, the microscopic evidence indicates that
by increasing the concentration in both the GO and the rGO dispersions, greater amounts
of these materials are generally deposited on the surface of the GCE However, while
increasing [GO] leads to relatively thin and uniform films of wrinkled morphology formed

upon stacking of large, defect-free, and freestanding sheets of GO (and showing a small
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impact of sheet aggregation); no uniform film of rGO is deposited. In striking contrast with
the homogeneous coverage of the GCE surface detected for concentrations over
50.0 ug-mL* GO, rGO deposits under the form of spherical microparticles of increasing
size that never coat the GC surface entirely. Such differences in the structure and
morphology are extremely relevant and will certainly determine the electrical and

electrochemical properties of these electrodes.

4.2.2.2. Electrochemical Studies

422.2.1. GCE/GO Electrodes

We have investigated the electrochemical response of the modified electrodes
using potentiodynamic and potentiostatic methods. Fig 4.5 shows some of the CVs and
impedance spectra measured for the GCE/GO electrodes (coloured solid curves) in pure
PBS (panels A & B) and in PBS + [Fe(CN)g]*/* (C & D).

The blank voltammetric response registered in PBS for the bare GCE (the so-called
sample GO#0) presents a capacitive double-layer current with no distinctive Faradaic
peaks (black dashed curve in Fig 4.5A). The deposition of increasing loads of GO did not
produce significant changes in the shape of the voltammograms (coloured curves). Fig
4.5B presents the Nyquist plots recorded at +0.15 V for the same electrodes. The
impedimetric response was linear in all cases and the curves overlapped each other
showing no particular trend. It is worth noting that the typical —Z; vs. Zr plot for a pure
capacitor is usually linear and exhibits very high slopes, just as seen in the figure.
Hence, we must conclude that coating the GCE surface with a homogeneous film of GO
(as those seen in Figs 4.2J and 4.3A) does not introduce significant variations in the
double-layer capacitance of the electrodes.

This behaviour could have been anticipated to some extent if both, the absence of
redox species in the electrolyte and the electrical insulator character of GO, had been
taken into account. To gain a deeper insight into the charge-transfer properties of the GO-
modified electrodes, we carried out additional measurements in the presence of
[Fe(CN)g]*"* redox probes (Figs 4.5C & 4.5D). Some of the parameters derived from these
experiments, such as peak current densities (jr), peak-to-peak potential differences (4Ep),

and apparent charge transfer resistances (R1), are presented in Table 4.2.
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Fig. 4. 5: CVs (A, C) and Nyquist plots (B, D) registered in PBS 0.05 M (A & B) and PBS 0.05 M + 2 mM [Fe(CN)g]*”* (C &
D) for some of the GCE/GO electrodes investigated in Section 4.2.2.1; namely, those prepared with [GO]= 0.5 (red solid
line), 5.0 (orange), 10.0 (magenta), 50.0 (purple), 250.0 (blue), 500.0 pg/mL (dark cyan). The curves recorded for the bare
GCE (black dashed line) have been included for comparison purposes. The inset in (D) features an enlargement of the
impedance spectra in the high-medium frequency range. For (A) & (C), the scan rate was 0.05 V-s? in all cases. The spectra
in (B) & (D) were taken at +0.15 V with an oscillation amplitude (OA) of 10 mV.

The voltammetric response recorded for GO#0 (dashed black curve in Fig 4.5C)
shows a pair of sharp Faradaic peaks separated by only 64 mV which is very close to the
59 mV expected for a fully reversible one-electron process near room temperature. As
best seen in the inset of Fig 4.5D, its impedance spectrum presents a very small semicircle
in the mid-high frequency region (dashed black curve). This feature usually reflects the
contribution of the ET processes to the total impedance and, therefore, is also related to
R: in the following manner: the greater the ET resistance, the higher should be both the

semicircle diameter and the magnitude of R13%2,
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Returning to sample GO#0, not only its impedance spectrum features the smallest
semicircle in the defined region, but also reached the lowest R; of all the investigated
electrodes (101 Q; Table 4.2). The low values found for 4Ep and R1 confirm the high
reversibility of the [Fe(CN)e]*’* pair at the GCE. However, contrary to that observed in pure
PBS, the deposition of increasing amounts of GO triggered dramatic changes in the shape
of the CVs and Nyquist plots (coloured solid curves).

The voltammetric curves depicted in Fig 4.5C flattened progressively and the
anodic peak currents (jra) dropped from 628 pA-cm? measured for GO#0 to 91 pA-cm
(GO#10). The peak separation grew concomitantly to a maximum AEp of 515 mV for GO#9
(Table 4.2).

Table 4. 2: Anodic and cathodic peak current densities (jea & jrc), peak-to-peak potential difference (4Ep), and apparent
charge transfer resistance (R;) derived from the CVs and Nyquist plots registered for the different GCE/GO electrodes.

Electrode | [GO] /pg-mL~  jpa/pA-cm™  jpc/ HA-CM™  jpa/ AEp / Ry/
! 2 2 jec mV kQ
GO#0 0.0 628 -521 1.2 64 0.10
GO#1 0.1 515 -470 1.1 157 0.92
GO#2 0.5 455 -392 1.2 174 1.68
GO#3 1.0 418 -393 1.0 264 1.77
GO#4 5.0 398 -354 1.1 260 3.64
GO#5 10.0 328 -267 1.2 369 8.25
GO#6 25.0 204 -145 14 425 9.65
GO#7 50.0 164 -119 14 470 16.75
GO#8 100.0 95 -80 1.2 495 26.83
GO#9 250.0 96 -73 1.2 515 38.20
GO#10 500.0 91 -74 1.2 48 92.50

Despite exhibiting the lowest peak currents in the series, the AEp of GO#10 went below
the theoretical value for free-diffusing reversible pairs (48 mV). This response seems to
highlight the contribution of surface-confined species (likely trapped within the film) in an
electrode that is already significantly towards diffusing probes.

Parallel to these changes, the size of the semicircles in Fig 4.5D did also increase
markedly with the rise of [GO]. As expected, R; followed the same trend and climbed to a
maximum of 92.5 kQ for GO#10.

These results strongly suggest that the ET processes of the probes get continually
hampered as the surface density of GO increases. Such behaviour emerges from a
combination of phenomena of steric and/or electrostatic nature taking place

simultaneously at the interface:
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(1) The adsorption of fluky micron-sized and electrically insulating GO sheets blocks
electroactive sites at glassy carbon, thus, introducing a significant hindrance for the probes
to reach the electrode surface and transfer charge.

(2) Atthe working pH, repulsive electrostatic interactions must be established between
the redox probes and negatively charged O-groups at the GO sheets, thus, preventing the
permeation of the probes through the film and minimizing their concentration near the
electrode surface.

The more GO is deposited, the greater will be the fraction of physically blocked
electroactive sites and the density of O-groups available for the electrostatic repulsion of
the probes. Therefore, any increase in the coverage and thickness of the films (e.g.,
through the increase of [GO]) will result in an improved contribution of both effects to the
blockage of the redox response (just as confirmed by the experimental data in Fig 4.5C &
4.5D and the evolution of the parameters in Table 4.2).

The effect of the scanning rate (v) was further investigated for samples GO#2,
GO#6, and GO#10 (Fig 4.6). In all cases, jra and jpc showed to grow/decrease linearly with
L2 just as expected for a reversible ET process (see figure insets). This behaviour
indicates that ET processes are governed by the free diffusion of the probes from the bulk
electrolyte to the electrode surface and vice versa. This was confirmed upon the linear
regression of the data derived from both peaks to straight lines with the formula:

2 (equation 4.1)

jearc = N + Mac- 0"

The absolute values of the slopes from the anodic and cathodic fittings, |Marc|, and

the corresponding correlation coefficients (R?) may be found in Table 4.3. [Mac| declined
by about 5 times from sample GO#0 to GO#10. This behaviour indicates a clear departure
of the system from the ideal reversibility stated above for sample GO#0 (something that
could be already anticipated by the increase of AEp noticed in Fig 4.5 and Table 4.2). The
clear dependence of peak potentials on v (the faster the potential is scanned, the greater
the AEp) confirm that, in practical terms, the probes behave at the modified electrodes as
a quasi-reversible system (in contrast with their ideal reversibility at GO#0). The AFM
evidence in Fig 4.2 allowed us to visualize how the glassy carbon surface gets increasingly
covered with island-type features which, finally, coalesce to form a homogeneous GO film.
Therefore, could the loss of reversibility evidenced for the probes in Fig 4.6 and Table 4.3
be linked to the contribution of slower diffusion processes taking place across GO-coated

domains.
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Fig. 4. 6: CVs consecutively registered for some of the electrodes described in Table 4.2, namely GO#2 (A), GO#6 (B), and

GO#10 (C); upon variation of the scan rate (v) in the range 1-200 mV-s. The insets show the evolution of the anodic (full

blue circles) and cathodic (red) peak current densities (jr) vs. v*2. The fitting lines obtained by linear regression of these
data have been. The electrolyte was PBS 0.05 M (pH 7.4) + 2 mM [Fe(CN)¢]** in all cases.

Using the Randles-Sevcik formula written at 298 K:

JP:(269 105 D1/2_n3/2_c)_ 1)1/2

(equation 4.2)

with the numeric constant having units of C mol?* V-¥2, C the bulk concentration of the

oxidized/reduced species (2-10° mol-cm?), D their corresponding coefficient of diffusion

(6-10°° cm?-s1)%83 and n the number of electrons transferred in the ET process (n=1 for this

pair).
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Using these values, Eq 4.2 supplies je in A-cm? provided that v is entered in S| units of
V-st. By combining Eq 4.1 and 4.2, we could estimate the effective anodic and cathodic

coefficients of diffusion for the [Fe(CN)s]*"*> species (Darc) as:

Dac = Maic?/ (2.69-10° Corr)? (equation 4.3)

whether Masc is taken in A-cm?.sY2.VV"¥2 units, Dac may come in cm?-s™. As shown in Table
4.3, the calculated values dropped by almost two orders of magnitude from GO#0 to
GO#10. This finding strongly supports the departure of the system from ideal reversibility
and confirms the progressive hindering of the mass transport phenomena that occur
parallel to the rise of the coverage and thickness of GO domains (up to the completion of

the full homogeneous film).

Table 4. 3: Parameters obtained by regression of the experimental data in the insets of Fig 4.6 to Eq 4.1. The absolute
values of the slopes of the anodic and cathodic fitting lines (M| and |M¢|, respectively) are presented together with their
corresponding correlation coefficients (R?). The anodic and cathodic diffusion coefficients calculated from these data using

Eq 4.3 are also presented. The values obtained for the bare GCE (GO#0), ideal reversibility, are included for comparison

purposes.
Electrode | _| (':V'n’: |2 513;\1/1,2 Dé nfég-f/ RE A nl.ll\g/l_gll//zv.l/g Dg nl,lzg.f/ 2
GO#0 21.3 157  0.9915 20.8 149  0.9896
GO#2 16.9 9.89  0.9981 15.4 8.18  0.9965
GO#6 9.98 3.44  0.9986 9.16 2.90  0.9991
GO#10 4.71 077  0.9951 3.97 0.54  0.9958

422.2.2. GCE/rGO Electrodes

We also investigated the electrochemical properties of the GCE/rGO electrodes.
Fig 4.7A & 4.7B show some of the CVs and EIS registered in the absence of redox pairs.
For [rGO] in the range 0.1-100 pug-mL?, the CVs show a similar response to that exhibited
by their GCE/GO counterparts. These feature capacitive currents of the same order that
those for bare GCE (RGO#0). However, in marked contrast to that seen in Fig 4.5A, the
double-layer current increased dramatically for [rGO]>100 pug-mL™. That becomes quite
evident in the CVs recorded with electrodes RGO#9 and #11 (250 and 500 pg-mL™?,
respectively; see Table 4.4).

Consistent with this behaviour, the Nyquist plots exhibited much lower impedances
at low-mid w (blue and dark cyan curves in Fig 4.7B). The Bode plots included in the figure
inset unveil the decline of the total impedance (ZT) in the same range of frequencies. All

these changes point to the rise of the double-layer electrode capacitance. Such an effect
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has been reported before for GCE and other electrode materials modified with non-
commercial rGOs 364-364-366 Tharefore, it is confirmed as one of the most inherent benefits

of rGO-coating treatments observed so far.
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Fig. 4. 7. CVs (A, C) and Nyquist plots (B, D) registered in PBS 0.05 M (A & B) and PBS 0.05 M + 2 mM [Fe(CN)g]*”* (C
& D) for some of the GCE/rGO electrodes investigated in Section 4.2.2.1; namely, those prepared with [rGO]= 0.5 (red solid
line), 5.0 (orange), 10.0 (magenta), 50.0 (purple), 250.0 (blue), 500.0 ug-mL* (dark cyan). The curves recorded for the bare
GCE (black dashed line) are included for comparison purposes. The inset in (B) presents the equivalent Bode plots (log |Z+|
vs. log w). The inset in (D) features an enlargement of the Nyquist plots in the region of high-medium w. For (A) & (C), the
scan rate was 0.05 V-s. The spectra in (B) & (D) were taken at +0.15 V with an OA of 10 mV.
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Table 4. 4: Anodic and cathodic peak current densities (jra & jrc), peak-to-peak potential difference (AEp), and the charge

transfer resistances (R1 & R,) derived from the CVs and Nyquist plots recorded for the GCE/rGO electrodes.

Electrode | 0O I/ Jee/ AEp/mV Ri/kQ R./kQ
ug-mLt pA-cm?  pA-cm?

rGO#0 0.0 628 -521 64 0.10 ---

rGO#1 0.1 264 -226 569 3.2 19.9
rGO#2 0.5 231 -229 699 104 31.7
rGO#3 1.0 237 -205 619 5.32 17.6
rGO#4 5.0 246 -253 579 8.16 19.8
rGO#5 10.0 330 -314 389 5.05 8.01
rGO#6 25.0 355 -300 504 4.13 155
rGO#7 50.0 409 -382 328 1.81 7.32
rGO#8 100.0 439 -388 364 1.80 7.95
rGO#9 250.0 415 -391 284 1.83 6.25
rGO#10 400.0 593 -584 144 0.57 10.8
rGO#11 500.0 795 -754 103 0.13 ---

rGO#12 600.0 656 -616 129 0.13 ---

rGO#13 800.0 481 -458 124 0.75 51.1

In the presence of redox probes, the electrochemical response followed a
completely opposite trend to that exhibited by the GCE/GO system. Instead of flattening
out, the CVs develop increasingly sharp peaks separated by lower potential differences
(Fig 4.7C). The data presented in Table 4.4 offers a quantitative view of these changes. It
is worthy to note that the CV of RGO#11 shows the lowest AEp in the series (103 mV,
which is still significantly higher than the 64 mV of RGO#0), a substantially enhanced
double-layer current (in good agreement with the response depicted in Figs 4.7A), and the
most intense peak currents (e.g., jea reached 795 pA-cm2 vs. the 628 pA-cm2 of RGO#0).

These results indicate that the presence of rGO also facilitates the ET processes
of the probes, thus, even allowing to exceed the response of bare GCE for the highest
[rGO] investigated. Such a boost in ET performance must have its origins in the vast
improvements undergone in double-layer capacitance and probe reversibility (as
suggested from the big drop in AEp from 699 to 103 mV).

The Nyquist plots in Fig 4.7D reflect concomitant changes to the impedimetric
behaviour of the electrodes. Even for [rGO] as small as 0.5 ug-mL™* (solid red curve), the
semicircle region is significantly larger than that observed for RGO#0 (black dashed line
in the figure inset). This behaviour evidences a slight hindering of the ET processes due

to a partial blockage of sites at the glassy-carbon (GC) surface upon deposition of rGO
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sheets and/or their aggregates. With the notable exception of RGO#11, all the spectra
show the neat presence of two consecutive semicircles. This feature would strongly
suggest that two independent ET processes, characterized by different time constants, are
taking place simultaneously. This is also backed by the systematic presence of two waves
in the corresponding Bode Phase plots (e.g. check the one for RGO#2 in the right panel
of Fig 4.8A, dashed line). Such an impedimetric response is often related to the existence
of non-equivalent electroactive sites at the interface.

The AFM and SEM evidence discussed in Section 4.2.2 demonstrated that rGO
fails to coat the entire surface of GC even for the highest concentration explored (i.e.
RGO#11). Therefore, we attribute both semicircles to the contributions of sites at rGO-
coated and bare GC surface domains. Under this hypothesis, the tiny single semicircle
spotted in the spectrum of RGO#11 (which is even smaller than that of RGO#0) would
indicate that although no full-film is formed under these conditions, rGO-coated sites
dominate the electrode response. Such a single time-constant spectrum was fitted to the
same Randles-type circuit used for all the GCE/GO and RGO#0 electrodes. Nonetheless,
two time-constant systems are better represented by equivalent circuits with the ability to
separate both processes in non-arbitrary ways. A popular model employed for the fitting
of two-semicircle impedance spectra is the Rs[Q1R1][Q2Rz] circuit depicted in the centred
plots of Fig 4.8B (more details in the experimental section)3¢* 3¢5, The impedance data
gathered for electrodes RGO#1-RGO#10 were successfully fitted to such a circuit. Some
of the fitting curves are presented in Fig 4.8B and the values of R; and R; are also included
in Table 4.4. The qualitative analysis of the spectra in Fig 4.7D allows us to conclude that
the rise in [rGQ] triggers a continuous reduction in the size of the semicircle region at high-
mid w.

This indicates that the net charge transfer process gets increasingly
facilitated. This view is also supported by the drop in the values of R1and R: (in spite of
small oscillations in both parameters, the general trend is quite clear). Just as an example,
the former declined about two orders of magnitude from 10.4 (RGO#2) to 0.13 kQ
(RGO#11). It is worthy to note that both R; and R reached lower values for RGO#1 than
for RGO#2. This is in good agreement with the higher jpa and lower AEp measured from
the CVs for that electrode (Table 4.4) and just indicates a lower degree of blockage of the
GCE sites. After the initial hindering of the redox response occurring from RGO#0 to
RGO#2, the evolution of these data clearly points to a progressive enhancement of the ET

processes at both types of sites for [rGO]>0.5 ug-mL™.
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Fig. 4. 8: (A) Bode (left) and Bode Phase plot (right) acquired for RGO#0 (solid line), RGO#2 (dashed line), and RGO#11
(dotted line). (B) Art model correlating the shape of some of the impedance spectra in Fig 4.7D (from left to right RGO#0,

#2, #8, and #11; empty circles), the equivalent circuit used to fit the data, and the morphological aspect of the electrode
surface in each case (as reconstructed from the microscopic evidence in Figs 4.3 and 4.4). The black solid lines represent

the fitted spectra.

Fig. 4.9 shows the effect of v on the CVs of RGO#2, RGO#6, and RGO#11. As
observed in Fig 4.6, the peak currents and their separation in potential grew in all cases
upon the increase of v from 1 to 200 mV-s™. As shown in the figure insets, jea and jec
exhibit a linear dependence on v'?, thus, indicating that the process is diffusion-controlled
(just as for the GCE/GO system). This was confirmed upon fitting the data to Eq 4.1. The
values of |[Mac| and R? derived from the fittings can be found in Table 4.5. |Mar| declined
by about a half from RGO#0 to RGO#2. This is in line with the more hindered CV and EIS
responses recorded with the electrodes modified with the lowest [rGO]. However, contrary
to that seen for the GCE/GO electrodes, the rise in [rGO] promotes an enhancement in

the reversibility of the system.
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Fig. 4. 9: CVs consecutively registered for some of the electrodes described in Table 4.4, namely RGO#2 (A), RGO#6 (B),
and RGO#11 (C); upon variation of the scan rate (v) in the range 1-200 mV-s™. The insets show the evolution of the anodic
(full blue circles) and cathodic (red) peak current densities (jp) vs. v¥2. The fitting lines obtained by linear regression of these
data have been included together with the corresponding correlation coefficients (R?). The electrolyte was PBS 0.05 M (pH
7.4) + 2 mM [Fe(CN)g]*”* in all cases.

Table 4. 5: Parameters obtained by regression of the experimental data in the insets of Fig 4.9 to Eq 4.1. The absolute
values of the slopes of the anodic and cathodic fitting lines (JMa| and [Mc|, respectively) are presented with the correlation
coefficients (R?). The anodic and cathodic diffusion coefficients (Da and D¢) calculated from these data using Eq 4.3 are also

presented. The values for the bare GCE (RGO#0), ideal reversibility, are included for comparison.

Electrode | Al 20 Tber R poebywe  emier R
RGO#0 21.3 15.7 0.9915 20.8 14.9 0.9896
RGO#2 9.60 3.20 0.9963 7.90 2.10 0.9931
RGO#6 14.0 6.60 0.9937 11.0 4.70 0.9883
RGO#11 33.0 37.0 0.9984 31.0 34.0 0.9966
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This is not only pointed by the increase in the slopes of the curves from RGO#2 to
RGO#11, but also by a rise of more than 4 times in [Masc|. In good agreement, the values
of Daic calculated using Eq 4.3 exhibit an identical trend and, thus, point to the same
conclusion: i.e. the progressive enhancement in the reversibility of the probes as [rGO]
grows from 0.1 to 500 pg-mL*? (something already suggested upon the qualitative and
guantitative analysis of the CVs and impedance spectra in Fig 4.7C and 4.7D). The fact
that both, the Dac and the slopes derived from the fittings for RGO#11 top those obtained
for the blank electrode (e.g. Da=37-10° vs 16-10° cm?s?) is quite striking. Such an
improvement in the diffusion coefficients indicates a marked enhancement of mass
transport phenomena. Despite this result will deserve further detailed investigation, a
temptative hypothesis is that the commercial rGO herein studied could be contaminated
(or even residually functionalized) with groups/species that are positively charged under
the working pH. In such a context, the attractive electrostatic interactions established with
the negatively charge probes could explain the improved mass transport phenomena and
overall electrochemical response. Obviously, such an effect would get maximized for the
electrodes containing the greater loads of rGO.

Aiming to understand the electrochemical response for higher rGO coverage than
those unveiled for RGO#1-RGO#11, we decided to further extend the studies to
concentrations up to 800 pug-mL™. Above RGO#11, the deposition of additional material
clearly hinders ET processes at the interface. The system became more irreversible after
deposition of RGO#12 (Fig 4.10C). Anodic peak currents (jra) were strongly reduced from
the 795 pA-cm2 measured for GO#11 to 481 pA-cm? (GO#13) and the peak separation
grew to a 4Ep of 124 mV for GO#13 (Table 4.4). Parallel to these changes, the size of the
semicircles in Fig 4.10 D did also increase markedly with the rise of [rGO]. As expected,
R, followed the same trend and increased from 10.8 kQ for RGO#11 to 51.1 kQ (RGO#13).

The AFM image revels that increasing the concentration of the casting dispersion
to 600 (Fig 4.10A) and 800 mg-mL™* (Fig 4.10B), the coverage is never reached and no

continuous film is formed at any stage of the modification process investigated.
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Fig. 4. 10: Amplitude 50 um x 50 um AFM images registered in tapping mode for the surfaces of the different GCE/fGO
electrodes prepared from dispersions of the following concentrations: (A) 600 and (B) 800 ug-mL* rGO. CVs (C) and Nyquist
plots (D) registered in PBS 0.05 M + 2 mM [Fe(CN)g]*"* for GCE/rGO electrodes prepared with [rGO]= 400 (red solid line),
500 (magenta), 600 (purple), and 800.0 pg/mL (wine). The curves recorded for the bare GCE (black dashed line) are included
for comparison purposes.

4.2.3. Drop-Casting of rGO-Fe304 NPs films

4.2.3.1. Microscopy Studies

Fig 4.11 shows a collection of AFM images taken in topography for the surface
of the different GCE/ rGO-Fez04 NPs electrodes (panels A-F). The topographic image
(Fig 4.11 A) reveals a significant amount of bright features (ascribed to aggregated

forms of the conjugate) on a reddish background (the bare GCE surface).
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Fig. 4. 11: AFM images (topography) taken in tapping mode for the GCE surface after casting with 10 pL of 0.2 (A), 0.5 (B),
1.0 (C), 5.0 (D), 10.0 (E) and 20.0 mg mL™ (F) dispersions of rGO-Fe;O, NPs in ethanol. Scan size: 50 um.

The preponderance of red domains agrees with a surface which is far from
saturation (sub-monolayer regime; SM). Small white dots attributed to NPs as small as
100-200 nm dominate the landscape over much larger colloids of 2-7 um. By increasing
the concentration of the casting dispersion to 0.5 (Fig 4.11 B) and 1.0 mg-mL™* (Fig 4.11 C),
the coverage and average size of the imaged particles clearly increase. In good
agreement, both the average height (hav) and surface roughness (Rvs) measured from

these images also grew significantly (Table 4.6).

Table 4. 6: Surface roughness (Rus)? and average height (hay)? derived by software analysis of the topographic images
presented in Fig 4.11.

Concentration / mg-mL* hav / um Rwvs / pm
0.20 0.8 0.09
0.50 0.6 0.12
1.00 14 0.22
5.00 1.3 0.21
10.0 1.2 0.20
20.0 15 0.30

@ Obtained using Gwyddion 2.25 freeware
However, the reddish domains are still recognizable in the background of

Fig 4.11 C, indicating the co-existence of regions heavily loaded with large aggregates
and others which are non-covered at all. Such degree of heterogeneity is reflected by
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the rise of hay to 1.4 um. As seen in Figs 4.11 D-4.11 F, at higher concentrations the
films become more homogeneous, smoother, and thicker. This is backed by the drop
in hav and Rwus within the range 1.0-10.0 mg-mLt. The films seem to contain bigger
aggregates too. In this sense, the 20 mg-mL! sample was so loaded that tip-sticking
problems made it hard to obtain a relatively sharp image of the surface like that in
Fig 4.11 F. In it, particles larger than 20 um can be spotted. Moreover both, hav and
Rwms, reached their maximum values (1.5 and 0.30 pum, respectively) for this sample.
There is a great correlation between the morphological aspect of the films
observed by AFM and FESEM (Fig 4.12). Figs 4.12 A depicts the GCE modified with
the 0.5 mg-mL? rGO-Fe;04 NP dispersion. The image shows a distribution of bright
dots (aggregated forms of the conjugate) on a rather uncovered dark grey background
(bare GCE). Although the major part of the clusters has a size <1 um, these co-exist
with a minor amount of much larger particles (2-7 um). The smallest particles were
further investigated by increasing the magnification factor 100 times. Fig 4.12 B
displays the zoomed image for one of the individual particles spotted in Fig 4.12 A.
Two large clusters (1 um each) of spherical NPs (size ranging between 15 and 60 nm),
apparently supported by a 2D base material, are observed. Such a description fits well

with that expected for hybrid species based on 2D sheets of graphene and NPs.

& 100 times
{ higher
magnificatio

Fig. 4. 12: FESEM images taken in SE mode (HV: 15 kV) for the GCE surfaces maodified with 0.5 (A), 1.0 (D), 5.0 (E), and
10.0 mg mL! (F) dispersions of the rGO-Fe3;0, NP conjugate in ethanol (magnification factor, MF: 1,000 X). The red square
in panel A shows a region investigated in higher detail (MF: 100,000 X; panel B). (C) EDS spectrum acquired over the

isolated island-type feature isolated in the panel B.

In fact, the NP size range is in excellent agreement with that reported in the
literature for FesO, NPs3#’ and the morphological aspect is almost identical to that
observed for other graphene-NP hybrids on the GCE (e.g. rGO-Ni NPs)!!¢. The EDX
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spectrum acquired at this exact location, confirms the presence of C, O, and Fe atoms
(Fig 4.12 C). As discussed for the AFM images, the raise of the concentration to 1, 5,
and 10 mg-mL™?, induces a dramatic change in the observed coverage and average
particle size. Accordingly, the electrode surface appears completely covered in Figs
4.12 E and 4.12 F and patrticles as large as 25-50 ym can be identified. From the
microscopic inspection of the different rGO-FezO4 NP-modified GCEs, it follows that
the full coverage level must fall somewhere between 1 and 5 mg-mL™. The results
show that thick and compact films of the conjugate are formed for dispersions

25 mg-mL™.
4.2.3.2. Electrochemical Studies

The modified electrodes were also characterized by electrochemical
measurements. Fig 4.13 A compares the voltammograms obtained in pure 0.05 M PBS
(pH 7.4). In absence of redox probes, none of the registered CVs shows faradaic
processes within the potential window investigated. As the concentration of rGO-Fe3;04
NPs raised from 0.2 (red solid line) to 10 mg-mL* (wine), the capacitive current
followed a concomitant progressive increase. However, above these levels, it was
significantly reduced (20 mg-mL™; orange line). The current was integrated between
0.1 and 0.4 V in order to estimate the charge density ascribed to double-layer charging
(o). As expected from the qualitative analysis of the CVs, ép. increases linearly with
[rGO-Fes04] up to 10 mg-mL™* (blue inset in Fig 4.13 A).
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Fig. 4. 13: CVs (A) and Nyquist plots (B) registered in 0.05 M PBS pH 7.4 for the GCE modified with: 0.2 (red solid line),
0.5 (green), 1.0 (blue), 5.0 (dark cyan), 10.0 (wine), and 20 mg-mL* (orange) dispersions of rGO-Fe;0, NPs in ethanol. The
data recorded for the unmodified GCE is also included (black). The scan rate and oscillation amplitude were 50 mV-s™ and
10 mV, respectively. The double layer charge density (6p; panel A) and double layer capacitance (Cp.; panel B) are plotted
vs the conjugate concentration in the blue insets. The data were fitted to two straight lines (blue) and the corresponding

coefficients of correlation have been also included.
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In accordance with the strong blockage of the electrochemical response
observed for 20 mg-mL™?, & also dropped by more than 50%. The changes registered
in the corresponding Nyquist plots are shown in Fig 4.13 B. Two main effects are
observed. Within the range 0.2-1.0 mg-mL™* (SM regime according to the microscopic
images), the plots exhibit values of real (Zr) and imaginary impedances (-Zi) over 5 kQ.
As it could be expected, the impedance is much smaller for the more capacitive
electrodes prepared within the range 5.0-20.0 mg-mL™. This indicates that double-layer
charging is more favored on them. In second place, the slope of the linear domains
displayed in the figure declined in the whole range of concentrations investigated. The
experimental data was fitted to an equivalent circuit (Rs(CR1)) and the double layer
capacitance (CpL) was calculated as indicated in the chapter 2, equation 2.23. The Cp.
vs [rGO-Fe304] plot in the inset shows a trend almost identical to that followed by dp..
In this sense, the capacitance also decreased significantly for the 20.0 mg-mL™*
electrode. All these results indicate that coating the GCE with the pre-synthesized rGO-
Fes04 NPs favors double-layer charging processes (higher charge densities are
passed through and stored at the interface) thereby improving its capacitive behaviour.
These properties arise from the excellent surface-to-volume ratio and good
conductivity of the rGO-Fe3z04 NP conjugate and could find applications in the field of
energy storage. The data also indicates the existence of a threshold between 10 and
20 mg-mL*t. Above that level, the deposition of additional material clearly hinders
charge storage at the interface. To investigate the effects on faradaic processes, the
electrodes were characterized in presence of 2 mM [Fe(CN)¢]*/*. The recorded CVs
can be found in Fig 4.14 A.

The one for bare GCE (black dash line) presents a couple of intense and sharp
peaks. Just as expected for such a reversible pair, the peak-to-peak potential
difference, AEp, was as low as 79 mV (table 4.7). The system became much more
irreversible after deposition of rGO-Fe;04 NPs from the most diluted dispersion.
Faradaic currents were strongly reduced (red curve) and the peak separation
underwent a huge increase to AEp=652 mV. By increasing [rGO-Fez04] from 0.2 to
10.0 mg-mL?, peak currents were progressively recovered (to the point of exceeding
those of bare GCE at the 10.0 mg-mL™* electrode) and AEr followed a concomitant
decline to 166 mV (table 4.7). Just as occurred with the capacitive currents in
Fig 4.14 A, the faradaic processes were also hindered above this level. In this regard,
the 20 mg-mL* electrode (orange curve) exhibited lower current densities and a AEp of
611 mV.
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Fig. 4. 14: CVs (A) and Nyquist plots (B) registered in 0.05 M PBS pH 7.4 + 2 mM [Fe(CN)¢]*** for the GCE modified with:
0.2 (red solid line), 0.5 (green), 1.0 (blue), 5.0 (dark cyan), 10.0 (wine), and 20 mg-mL™ (orange) dispersions of rGO-Fe;0,
NPs in ethanol. The curves obtained for the bare GCE are also included (black). The scan rate and oscillation amplitude
were 50 mV-s* and 10 mV, respectively. Impedance spectra were taken at +0.15 V. The peak-to-peak potential difference
(AEp; panel A) and charge transfer resistance (R;; panel B) are plotted vs the conjugate concentration in the blue insets.

Table 4. 7: Anodic and cathodic peak current densities (jpa & jrc), peak-to-peak potential difference (4Ep), and
apparent charge transfer resistance (R1) derived from the CVs and Nyquist plots registered for the different GCE/GO

electrodes.

Electrode [GO] /pug-mL?t  jea/pA-cm?  jec/pA-cm? jealjpc AEp/mV  Ri/kQ
GO#0 0.0 565 -555 1,0 79 0,1
GO#1 0.2 188 -222 0,8 652 109
GO#2 0.5 273 -258 1,1 593 41
GO#3 1.0 321 -305 1,1 386 22
GO#4 5.0 569 -584 1,0 382 18
GO#5 10.0 894 -892 1,0 166 6
GO#6 20.0 438 -493 0,9 611 70

Impedance spectra were also taken and the corresponding Nyquist plots are
shown in Fig 4.14 B. The absence of linear regions in the plots confirms that the
response of the rGO-Fe;O, NP-modified electrodes at the measuring potential is
governed by the ET within the entire range of frequencies. The largest semicircle was
recorded for the 0.2 mg-mL* electrode (red curve). This finding agrees with the great
blockage of its CV in Fig 4.14 A and indicates that the highest resistance to the ET of
the probes is posed by that electrode. Rising [rGO-Fes04] to 10.0 mg-mL? (wine)
produced a continuous decrease in the size of the semicircles which, together with the
good recovery of the peaks in Fig 4.14 A, illustrates the positive effects of raising the
coverage above the SM regime to the ET processes. In contrast, the semicircle

obtained for the 20 mg-mL* electrode increased its size. This observation fits well with
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the reduction of current observed in Fig 4.14 A and confirms the electrode response
gets significantly hindered for concentrations over 10 mg-mL1. For the purposes of
guantitative analysis, the experimental data was fitted to the equivalent circuit
Rs(Q[R1W] described in the chapter 2. The values of R; obtained from the fittings are
present in the table 4.7.

As it can be observed, this parameter followed an analogous trend to that
followed by the semicircles size. Accordingly, the highest resistance (109 kQ) was
measured for the 0.2 mg-mL* electrode and the lowest (6 kQ) was obtained at 10.0
mg-mLt. From the data in Figs 4.13 and 4.14, we can conclude that the deposition of
rGO-Fes04 NPs in the range 0.2-10.0 mg-mL™ enhances the electroactivity of GCE.
While the capacitance is continuously improved in the range 1-10 mg-mL™*?, the ET
transfer properties is initially hindered (SM regime) but significantly enhanced with the
increase in coverage and thickness of the films. For the thicker films formed above this
level, both the faradaic and non-faradaic processes decline importantly which could be
due to a drop in conductivity (potentially emerging from a change in the conformation
of the assembled hybrid sheets) and/or to the existence of greater difficulties for the

diffusion of the probes through them. The concentration of 10.0 mg-mL-! of rGO-

FesO4 NPs was explored as base for constrution of a biosensor (chapter 5).

4.3. Conclusions

The work present in this chapter, describes an assembly of thin GMN, namely GO,
rGO and rGO-Fes04 NP films on GCE surfaces. The structure, morphology and electron
transfer properties of these films were evaluated. The films were assembled in a wide
range of concentrations and later studied by AFM, FESEM, and electrochemical
techniques. The results for the electrode modifications with GO showed a continuous
hindering of the ET of the probes as the density of the film increases. This behaviour
seems to be related to phenomena of steric and electrostatic type. The AFM images
showed that the increased concentration of the GO dispersion results in a homogeneous
coverage on the GCE surface.

The modification of electrode surface with rGO and rGO-Fe3z04 NPs exhibited a couple
of changes in the redox response of the electrodes. However, contrary to that seen for the
GCE/GO electrodes, the growth of rGO concentration promotes a progressive
enhancement in the reversibility of the system from 0.1 to 500 pg-mL™. Above this level,
the deposition of additional material hinders ET processes and the system became more

irreversible.
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In the case of rGO- Fe304 NPs the deposition of rGO-Fe;O4 NPs in the range 0.2-
10.0 mg-mL"* improves the electroactivity of GCE. The topographic studies reveal that the
lower dispersion of conjugate present a significant amount of aggregated on the bare GCE.
By increasing the concentration of the casting dispersion, the coverage and average size
of the imaged particles clearly increase and a thick and compact films of the conjugate are

formed for dispersions 25 mg-mL™.



Chapter 5 - A Layered Nanocomposite of
Laccase, Chitosan, and Fe304 Nanoparticles-
Reduced Graphene Oxide for the Nanomolar

Electrochemical Detection of Bisphenol A

In this chapter a hybrid conjugate of reduced graphene oxide/ferrous-ferric oxide
nanoparticles (rGO-Fez04NPS) is characterized and assembled with chitosan and laccase
to form a layered functional superstructure. After its characterization by FESEM, EDX,
XPS, ATR-FTIRS, CV and EIS, the nanocomposite has been deposited on glassy carbon
for the enzyme-mediated electrochemical determination of the endocrine disruptor
bisphenol A (BPA). Proof-of-concept assays conducted by CV, EIS, and SWV, reveal that
the enzymatic biosensor supplies linear response in a wide range of BPA concentrations
(6-228 ppb), very high sensitivities, and excellent durability (over 1-month storage). Under
amperometric detection, remarkable sensitivities (2080 pA-puMt-cm) and detection limits
(18 nM) are attained. Applications in real samples of bottled water proved feasible with
recoveries in the range 107-124%.

The results shown in this chapter have been published as an article in an
international peer-reviewed journal. The student performed the all experimental part, as

well as writing the first draft of the article.
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5.1. Contextualization

The 2,2-bis(4-hydroxyphenyl)propane (aka bisphenol A or BPA) is one of the most
ubiquitous endocrine disruptors (EDs). Its ability to bind intracellular estrogen receptors
(ERa, ERB, and ERRYy) even at minimal doses®*® 2¢7, may induce reproductive
dysfunctions, increased risks of cancer, etc 839 BPA has been found in consumer items
(plastic food trays and baby bottles, beverage cans, etc) by solid-phase micro-extraction,
gas/liquid chromatography-mass spectrometry, fluorescence spectroscopy, etc3% 371,
However, other approaches based on miniaturized electroanalytical platforms seem more
suitable for any environmental tracing of pollutants due to their low cost, reduced size,
portability, high sensitivity, and rapid response. rGO exhibit well balanced surface-to-
volume ratio, electrical conductivity, and electrocatalytic activity, to serve as
conductivity/charge transfer enhancer in nanostructured coatings to improve the response
of classic electrodes®?. Strong synergies are obtained by conjugation with
metallic/semiconducting nanoparticles (NPs) endowed with their own optoelectronic,
catalytic, or magnetic, properties®”3. Thereby, the incorporation of rGO-NPs hybrids (NP:
Au, Ni, TiO, etc) to electrochemical sensors has improved their sensitivity to the levels of
laboratory methods based on much more expensive equipment and highly skilled
personnel'’® 374 375 Non-enzymatic electrochemical sensors have exhibited high
sensitivity (S) and low limits of detection (LODs) in the determination of BPA. For instance,
Yu et al. reported values of 0.374 pA-uM*-cm2 and 8 nM, respectively, using a chitosan-
FesOs NP composite®®. The incorporation of rGO or multi-walled carbon nanotubes
(MWCNTS) have led to further improvements. Han et al. reported a LOD of 1.7 nM for a
MWCNT-acrylamide composite®” and Su et al. demonstrated an ultrahigh S=56.15
HA-uM1-cm2 using a film of the hybrid rGO-AuPd NP conjugate®’.

Lower LOD in the pM scale was attained with a multilayered superstructure of N-
doped rGO and melamine3’®. Using high-capture biological probes (e.g. aptamers®’® 3 or
peptides®?) as receptors, has also led to lower LODs in the pM-aM range. However, high
costs and slow response (hours-days) limit their application in commercial
portable/disposable solutions. Intrinsically more sensitive electrical/opto-analytical
platforms like field-effect transistors (FETs)%?2 or fluorescence resonance energy transfer
systems (FRET)32 have also exhibited LODs in the fM-aM scale but these are, by far, less
cost-effective. A very common issue in non-biological sensors remains its limited
molecular selectivity in complex samples. In this sense, the high efficiency and selectivity
of enzymes turns enzymatic biosensors much more desirable. While redox enzymes

acting on phenols such as tyrosinases (TYRS) or horseradish peroxidase (HRP) present
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low structural stability, self-inhibition issues, or, in the case of HRP, require hydrogen
peroxide to perform; laccases are more stable and, like TYRs, oxidize diphenols in
presence of oxygen (no additional co-factors required)38* 38,

Despite these advantages, only a few BPA laccase-based electrochemical sensors
(LES) have been reported in the literature®® 387, This work introduces a LES for aqueous
BPA based on rGO-FezOs NPs (nanomagnetites are inexpensive and provide large
surface areas and improved biocompatibility)38® 38 chitosan, and laccase. The layered
nanocomposite was assembled onto glassy carbon and tested in cyclic voltammetry (CV),
square wave voltammetry (SWV), electrochemical impedance spectroscopy (EIS), and
chronoamperometric (CA) assays mediated by [Fe(CN)gJ3/+ 116 39 391 The good
biocompatibility of chitosans is expected to enhance the stability of laccase and the
synergistic effects at rGO-FesOs NPs should improve the electron transfer (ET)
processes/conductivity across the films. The biosensor achieved excellent
electroanalytical performance and stability. Good reproducibility and selectivity were

attained too. Additional testing in bottled water stocks supplied satisfactory results.

5.2. Results and discussion

5.2.1.Synthesis & Characterization of rGO-Fez04 NPs

The hybrid conjugate was synthesized following a method reported elsewhere.3*’
Briefly, graphite flakes were dispersed in H>SO4 and heated at 98 °C (30 min) in presence
of NaNO3 and KMnOs (find more details in the chapter 3 Sections 3.3.1 — 3.3.3).

The composition, morphology, and crystallinity of the synthesized species were
characterized by XPS, ATR-FTIRS, FESEM, EDX, and electrochemical techniques. In
most of these experiments, the conjugate was deposited onto Si wafers and/or onto a
glassy carbon electrode (GCE, Metrohm, 4 mm diameter) from a 10.0 mg mL* ethanolic

dispersion. ATR-FTIR spectra were taken from the pure powder.
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5.2.2. Physicochemical Characterization of rGO-Fe304 NPs

5.2.2.1. ATR-FTIR spectroscopy

Fig 5.1 show the physicochemical characterization of the rGO-Fe;Os NPs
conjugate (red line) obtained by ATR-FTIR spectroscopy. The black curve in the spectra
corresponds to a commercial rGO powder sample included for comparison. The ATR-FTIR
spectrum recorded for the commercial rGO shows no peaks in the range 600-1800 cm™
(black solid line in Fig 5.1). In contrast, the synthesized hybrid (red) exhibits a series of
peaks which are assigned as follows: (a) signals at 588 and 667 cm™* due to the stretching
of Fe-O bonds in FesO4 NPs,*? (b) peaks at 1085, 1115, and 1153 cm™ ascribed to the
stretch of hydroxyl-substituted C atoms (C-O and C-C vibrations) in rGO and/or the NP
organic shell**33%  (c) bands at 1395 and 1635 cm™, also found for GO®%, attributed to
stretching in restored sp? C atoms (=C-H and C=C, respectively)**’ or to in-plane C-H
bending in —CHs; groups at the NP shell (the 1340 cm™ peak would account for analogous
bending at skeletal -CH,— groups)32.
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Fig. 5. 1: ATR-FTIR spectra obtained for the rGO-Fe;O, NPs conjugate. The black curve corresponds to a commercial rGO

powder sample included for comparison.

Other characteristic peaks of GO, e.g. those at 1220 (asymmetric C-O-C stretching
in epoxides) and 1730 cm™ (asymmetric stretching of C=0)"%394.3%  are not found in the
acquired spectrum which confirms a significant reduction to rGO. This interpretation is

reinforced by the elemental analysis.
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5.2.2.2. XPS spectroscopy

A wide XPS spectra obtained for the rGO-FesO4 NPs conjugate is present in the
Fig 5.2. The XPS spectrum in Fig 5.2A displays bands at: 285 (C 1s), 530 (O 1s), and
710 eV (Fe 2p). The C 1s core level XPS spectrum obtained for the rGO-FezO4 NPs
sample is shown in Fig 5.2B (black solid line). Its de-convolution (coloured curves) resulted
in a major peak at 284.5 eV (red curve) and a couple of shoulders at 285.7 and 288.3 eV
(green and blue, respectively). In line with that found for rGO-Ni NPs'!6, the strongest peak
is attributed to graphitic sp? C bonding (C=C bonds in the rGO sheets) and the smaller
bands to CO bonding in substituent groups (C-O and C=0O, respectively). The small

intensity of these peaks, suggest a residual content of these species in rGO.
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Fig. 5. 2: (A) wide XPS spectra obtained for the rGO-Fe;O, NPs conjugate. (B) C 1s core XPS spectra (black) of the rGO-
Fe304 NPs conjugate and their corresponding de-convolution curves (coloured). (C) O 1s core XPS spectra (black) of the
rGO-Fe;04 NPs conjugate and their corresponding de-convolution curves (coloured). (D) Fe 2p XPS spectrum obtained for

the rGO-Fe;0,4 NPs conjugate.

In good, agreement, the de-convolution of the O 1s core spectrum (Fig 5.2C)
produced a couple of peaks at 529.5 (red curve) and 530.6 eV (green curve) ascribed to

O-C and O=C bonds. Interestingly, their intensity agrees very well with to those found in
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the de-convoluted peaks for the same bonds in Fig 5.2B. Hence, it seems that these may
also belong to the same residual oxygen-containing substituents in rGO. The third, and
less intense, band found at 532.1 eV (blue curve) is due to O-H bonding in those groups3®.

The Fe 2p spectrum in Fig 5.2D displays peaks at 710.4 and 724.3 eV associated
to Fe-O bonding. The splitting of the photoemission into the Fe 2p1, and 2ps2 components
indicates the presence of iron in the Fe(ll) and Fe(lll) redox states. This finding confirms
the presence of Fe;O4 in the hybrid conjugate®®’.

5.2.2.3. FESEM and EDS spectroscopy

The morphology of GCE modified with rGO-Fe;04 NPs was inspected by FESEM
(Fig 5.3).
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Fig. 5. 3: (A) top-view of a glassy carbon electrode (GCE) decorated with the rGO-Fe;O0, NPs conjugate by adsorption from
a diluted suspension in ethanol (0.5 mg mL™). The magnification factor is 1,000 X. (B) EDX spectrum taken at the individual
particle isolated in FESEM image of Fig (D). FESEM top views of the GCE/rGO-Fe;O, NPs (C) and the
GCE/rGO-Fe;0,NPs/Chit95/TvL (D) modified electrodes (magnification factors: 100,000 X, and 5,000 X, respectively).

Fig 5.3A shows a top-view of a GCE decorated with the rGO-Fe304NPs conjugate
by adsorption from a diluted suspension in ethanol (0.5 mg mL™). In this image, the grey
background (i.e. the GCE surface) is homogeneously covered by brighter particles of the
synthesized material with coverage under the monolayer. The greatest fraction of these
particles displays sizes below 1 um. By zooming (100 times) on one of the smallest ones
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(Fig 5.3C), 2D sheets of graphene loaded with spherical NPs were observed. The NP size
(15-60 nm) agrees well with that found in previous studies for Fe3Os NPs*® 401, The EDX
spectrum taken at this exact location is shown in Fig 5.3B. The strongest peaks at 0.27
and 0.51 keV, support the presence of C and O. From the ratio of intensities measured for
those, 4:1, one may have concluded that the original GO was reduced to a significant
extent. In addition, two pairs of peaks can be observed at high (6.5 and 7.1 keV) and low
energies (0.60 and 0.75 keV). suggest, again, the occurrence of Fe(lll) and Fe(ll). The
position and intensity of those peaks agree quite well with those reported in the literature
for FesO, NPs*l 402, Thus, the EDX data taken over the analyzed particle matches
perfectly the composition of rGO-FezO4 NPs conjugates.

5.3. Biosensor Assembly

The assembly of the rGO-Fe3zO4NPs/Chit95/TvL nanocomposite was prepared
onto a GC electrode cleaned by the procedure describe in de chapter 3 section 3.4.3. The
bionanocomposite film was mounted on it following the sequential drop-casting procedure
depicted in Scheme 5.1 (find more details in the chapter 3 Section 3.4.3.2).

¥ ¥ ¥

10 mg mL_1 5 mg mL_, 10 mg mL_‘
rGO-Fe,O, NPs Chitos TuL
EtOH 0.1 MAB (pH 5) 0.1 MAB (pH 4.5)

-8B -3 -3

Glassy Carbon
Electrode (GCE)

Scheme 5. 1: Sequential drop-casting procedure followed for the modification of the GCE with rGO-Fe;O,NPs/Chit95/TvL

GCE/rGO-Fe,O, GCE/rGO-Fe,0,/Chit95 GCE/rGO-Fe,0,/Chitos

nanocomposite films.

The layer-by-layer construction of the film was monitored by electrochemical
measurements in 0.05 M phosphate buffered saline (150 mM NaCl; PBS) and 2 mM
[Fe(CN)g]*™* solution in 0.05 M PBS at pH 7.4. CVs were acquired at 0.05 V-s*in the
potential range -0.8/+0.9 V and -0.3/+0.6 V, respectively Impedance spectra were
recorded at +0.15 V using a sine wave of 10 mV amplitude and frequency in the range
10%-101 Hz. The EIS data were fitted to a RsQR:W Randles-type equivalent circuit. Chit95,
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TvL, rGO-Fez04 NPs, and rGO-FezO4NPs/Chit95 films were also assembled on GCE for
comparison purposes.

5.3.1. Results in Pure Buffer

The electrochemical response was acquired in pure buffer after each modification
step are shown in Fig 5.4.
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Fig. 5. 4: CVs obtained in PBS 0.05 M (pH 7.4) for the bare GCE (solid line), GCE/rGO-Fe;04 (dashed), GCE/rGO-
Fes04/Chit95 (dash dotted), and GCE/rGO-Fe;04/Chit95/TvL (dotted). The scan rate was 0.05 V-s?in all cases.

As expected in the absence of redox probes, the bare GCE (solid curve) behaved
like an almost pure capacitor. The deposition of the rGO-Fe;04 NPs conjugate (dashed
curve) not only increased the capacitive currents but also induced a couple of faradaic
peaks (half-wave potential, Ei»=+0.55 V). Considering that the tabulated standard
potentials (E°) for Fe*'/Fe?" and Fe,Os/Fe;O, are in the range +0.57/+0.46 V (vs
Ag/AgCI/NaCl sat), the peaks are ascribed to the electroactivity of the rGO-supported NPs.
The subsequent deposition of Chit95 and TvL (dash dotted and dotted curves,
respectively) resulted in the continuous blockage of those peaks what reflects the

increasing passivation of the NP surface after adsorption of the insulating species.
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5.3.2. Results in 2 mM [Fe(CN)g]3/*

The same electrodes were tested in presence of hexacyanoferrate probes. The
electrochemical response of the redox probes at the different stages of modification of the
GCE is shown in Fig 5.5.
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Fig. 5. 5: (A) CVs recorded at 0.05 V-s in PBS 0.05 M (pH 7.4) + 2 mM Fe(CN)s*'* for: bare GCE (black solid line),
GCE/rGO-Fe;04 NPs (blue), GCE/rGO-Fe;O,NPs/Chit95 (green), and GCE/rGO-Fe;O4NPs/Chit95/TvL (red). (B) Nyquist

plots acquired in same conditions at +0.15 V (oscillation amplitude: 10 mV).

Analyzing the CVs in Fig 5.5A is possible extracted the peak-to-peak potential
differences (AEp) and peak anodic current densities (jea) represents in the table 5.1. In all
cases, the measured values of Ei, values match the tabulated standard potential, E°, of
the [Fe(CN)g]*'* pair (i.e. +0.16 V vs Ag/AgCI/NaCl sat) so that the peaks are ascribed to
the redox activity of the probes. The Ri data derived from the impedance spectra in Fig
5.5B can also be found in the same table. The circuit used to fit the experimental Zg vs —
Z, plots recorded in this work (the so called Nyquist diagrams) consists of a variation of the
well-known Randles circuit*®® which is schematically shown in Fig 5.6. In such a Rs<QR:W
circuit, a Constant Phase Element (CPE or Q) replaces the typical capacitor in the Randles
model to consider for the topological imperfections of the electrode surface. The other
elements are: (1) the solution resistance (Rs), (2) the apparent electron transfer resistance
(Ry), and (3) a Warburg element, W, which accounts for the impedance introduced by the
diffusion of the probes from the solution bulk to the electrode surface. All the EIS spectra
presented in Fig 5.5B feature a semicircle in the mid-high range of frequencies. In this
region, the electron transfer is the rate determining step and, therefore, the impedance is
governed by Ri. Hence, the size of the semicircle observed in the Nyquist plots can be
directly correlated to the value of Ri: i.e. the larger the semicircle diameter the higher R,

and vice versaZ®®2,
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Fig. 5. 6: Schematic representation of the RsQR;W equivalent circuit used to fit the EIS data recorded in this work (a
variation of the popular Randles circuit in which the capacitor is replaced by a Constant Phase Element, CPE, to account

for the electrode surface roughness).

Table 5. 1: Anodic peak current densities (jra), peak-to-peak potential difference (AEp) and charge transfer resistance (R;)

derived from the experimental data presented in the Fig 5.5).

Electrode jea/ MA-cm?  AEp/ mV Ri/kQ
Bare GCE 0.549 60.50 0.21
GCE/rGO-Fes04NPs 0.745 171.0 11.7
GCE/rGO-Fes04NPs/Chit95 0.657 139.0 0.89
GCE/rGO-Fe304NPs/Chit95/TvL 0.509 187.6 1.61

For the bare GCE, a very small value of AEr (60.5 mV; very close to the theoretical
minimum of 59 mV at 25 °C) was obtained. In good agreement, the smallest R1 was also
estimated for that electrode (210 Q). These results indicate that the ET of the probes is
very fast and highly reversible in the GCE so that the process is limited by mass transport.
As observed in pure electrolyte, the faradaic and non-faradaic components of current
density (j) are reinforced in the CV of GCE/rGO-Fe304 NPs (blue curve in Fig 5.5A).
Nevertheless, both AEp and R; soared up to values of 171 mV and 11.7 kQ, respectively.
In addition, no linear domain can be found at low frequencies in its impedance spectrum
(a feature that reflects the contribution of mass transport to the impedance). Therefore, the
evidence indicates that the ET must be the rate determining step (instead of probe
diffusion) governing the redox processes over the entire range of frequencies studied.
Therefore, although the redox response must be boosted due to the vast increase in
electroactive area (coming from both the high surface to-volume ratio of rGO and the high
surface area contributed by the NPs), the adsorption of rGO-Fe;O4 NPs species also
results in a slight hindering of the ET processes of the probes in the GCE. Interestingly,
the deposition of Chit95 drove exactly opposite trends. On one hand, the recorded CV
(green lines in Fig 5.5) exhibits a significant decline in the capacitive and faradaic currents

compared to GCE/rGO-Fes0s NPs (although those are still significantly larger than the
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observed for bare GCE). In line with this observation, jpa also decreased slightly (Table
5.1). On the other hand, the size of the semicircle in Fig 5.5B became much smaller, Ry
decreased by more than one order of magnitude, and AEp by about 30 mV. While the
decreased response is ascribed to a partial passivation of the active sites upon adsorption
of an insulating biopolymer, the parallel reinforcement of the ET processes may be
explained considering that:

(a) the pKa of —=NH: groups in chitosans falls around 6.5 404 405;

(b) the degree of deacetylation (DD) reaches the 95% in Chit95;

(c) the Chit95 layer is deposited from a solution buffered at pH 5 (i.e. the pH within
the scaffold may likely fall below the electrolyte pH)4°®.

Then, it seems quite plausible that chitosan chains remain protonated, thus,
holding a positive net charge at the working pH (7.4). Under such conditions, the negatively
charged probes and other electrolyte anions would diffuse into the chitosan scaffold (with
their associated water) to keep the electroneutrality. The electrostatic accumulation of ions
within the chitosan layer would not only drive an increase of the electrode capacitance but
also boost the apparent ET rate constant. Such an effect has been noticed in other
chitosan-based layered electrodes 34 4°7 and replicated in the experiments conducted
under identical conditions for a GCE/Chit95 electrode (green curves in Fig 5.7). In
conclusion, the redox response of GCE/fGO-Fe;04/Chit95 electrode emerges from the
balance between the reduction in electroactive area induced by chitosan adsorption and
the electrostatic concentration of the probes within the deposited scaffold. The ET
processes became slightly more hindered at the fully assembled GCE/rGO-
Fes04NPs/Chit95/TvL electrode. This is supported by the small decrease of the peak
currents in Fig 5.5 A (red curve) but also by the increase of AEr and R; to values of 188 mV
and 1.61 kQ. (Table 5.1). These changes do support that the accommodation of TvL
biomacromolecules within the polymeric network may bring slightly enhanced difficulties
to the ET processes (via physical blockage of certain probe diffusion pathways or active
sites). However, this is in striking contrast to the strong blockage of the redox response
recorded at a GCEs coated with either TvL (red curves in Fig 5.7) or glucose oxidase
enzymes*®. In line with this behaviour, AEr and R: were boosted up to values of 450 mV
and 18 kQ, respectively. A similar behaviour has been previously found for other redox
enzymes deposited onto GCE (e.g. glucose oxidase, GOx)®. In the case of GCE/GOx, a
similar blockage of the faradaic processes was noticed and explained as resulting from the
formation of a hydrophobic and electrically insulating film following the rapid unfolding of
GOx. Hence, the good electroactivity registered by the GCE/rGO-FesOsNPs/Chit95/TvL in
fact demonstrates that the structural stability of TvL is dramatically improved when it is

immobilized within the chitosan scaffold. The stabilizing role of Chit95 must be understood
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on the base of: (1) the great biocompatibility of high-DD chitosans: the abundant hydroxyl
and amino groups in its structure may interact with the hydrophilic outer regions of
spheroproteins, thus, favoring their folded states3%% 4%8; (2) the space constraints within the
polymeric network and its impact on the physical arrest of the structural relaxation of the
enzyme. The assembled films were also inspected by FESEM imaging. In this regard, Fig
5.3D shows the surface of a GCE entirely covered by a thick and uniform polymer-like film

of spongy morphology (pore size in the range 0.5-4.5 um).
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Fig. 5. 7: (A) CV and (B) EIS curves acquired for the bare GCE (solid black line), GCE/Chit95 (green), and GCE/TvL
(red) electrodes in PBS 0.05 M (pH 7.4) + 2 mM [Fe(CN)g]*’*. The scan rate and oscillation amplitude were 50 mV-s*

and 10 mV, respectively.

54. Electrochemical determination of BPA

Three independent replicas of the GCE/rGO-Fe;O4NPs/Chit95/TvL electrode were
prepared and interrogated in 0.1 M AB (pH 4.5) + 2 mM [Fe(CN)¢]*’* + BPA (concentration
range, [BPA]: 0.05-25 uM) by CV (potential window: -0.3/+0.6 V; scan rate: 0.050 V-s?),
EIS (measurements taken at the cathodic peak potential: i.e. Epc=0.050 V in all cases;
frequency range: 10*-10! Hz; amplitude: 10 mV), and SWV (cathodic scans of 1 s duration
from +0.6 t0-0.3 V; scan rate: 0.015 V-s; amplitude: 15 mV). The relevant parameters
derived from these measurements (current density, charge transfer resistance, or
differential current density), given as mean value + MSE (standard error of the mean),

were plotted against [BPA]. The calibration curves were obtained by linear regression of
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the average experimental data and the slopes were taken as the average sensitivity (S).

The limits of detection (LOD) were estimated from the linear regression data:

LOD = 3.3 x SEy/ Ssub-um (equation 5.1)

where SEy and Ssu-um are the standard error of the y-intercept and the slope in the
sub-uM domain, respectively. Chroamperometric (CA) curves were also recorded at +0.15
V in the same electrolyte but in the lower [BPA] range of 0.025-25 nM. In this case, the
LOD was estimated as the [BPA] providing a cut-off signal of 3 times the signal-to-noise
ratio (S/N) (more details in analytical performance section 5.4.2).

5.4.1. Electrochemical response to BPA

Fig 5.8 show the electrochemical response of the GCE/fGO-Fe;O4sNPs/Chit95/TvL
electrode in the presence of BPA. Figs 5.8A-5.8C present the recorded CVs, Nyquist plots,
and reverse SWVs.

Laccases are known to catalyze elemental one-electron (1e-) oxidation reactions in p-

diphenols and analogues:

Lacc + OH-Ph-OH — Lacc™ + HO-Ph-O" + H* (equation 5.2)

In biological media, molecular O; is the typical electron acceptor that regenerates
the enzyme. Nevertheless, in the de-aerated electrolytes used in this work, the redox
probes play such role. As a consequence, a feed-back loop is established through which
a good part of the Fe(lll) generated at the anodic peak of Fig 5.8A, is reduced back to
Fe(ll):

TvL + [Fe(CN)e]> — TvL + [Fe(CN)e]* (equation 5.3)

According to this mechanism, any significant increase in [BPA] should lead to an
increase of the oxidative current and a decline of the reductive one. This is in full
agreement with the results presented in Fig 5.8A: i.e. while the anodic peak current density

(jra) increases slightly, its cathodic counterpart (jec) experiences a rather steep drop.
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Fig.5.8: CV (A), EIS (B), and SWV (C) interrogation of the GCE/rGO-Fe3;04NPs/Chit95/TvL biosensor in AB 0.1 M (pH 4.5)
+ 2 mM Fe(CN)s*>/* + BPA in the following concentrations: 0.025 (black solid curves), 0.050 (blue), 0.100 (olive), 0.250
(green), 0.500 (orange), 1 (red), 5 (wine), 10 (magenta), 15 (purple), and 20 uM (grey). The means jpc, R1, and djec, with
their corresponding error (given as the standard error of the mean; MSE) bars and linear regression curves, are displayed

in the blue insets. (D) Chronoamperometric measurements in the same medium at +0.15 V ([BPA]=0.025-25 nM). Scan rate:

0.050 (A) and 0.015 mV -s* (C). Amplitude: 10 (B) and 15 mV (C).

In this sense, the differential peak current densities (djr) derived from the cathodic
SWYV scans in Fig 5.8C follow an analogous decay. All replicas of the electrode reproduced
this behaviour (see quantitative data in the table 5.2) demonstrating a good reproducibility
in the preparation the sensor. By plotting the mean jec and mean djec vs [BPA] (blue insets
in Figs 5.8A & 5.8C) two linear domains can be identified. The first one operates in the
submicromolar (sub-pM) concentration range (0.025-1 pM) and may be exploited in the
detection of traces of BPA in water samples (clinical, food, or environmental; e.g. effluent
discharges from wastewater treatment plants)*®. The second covers a broader range of
higher concentrations (1-20 pM) what turns it more appropriate for the analysis of

concentrated samples (e.g. effluents from plastic manufacturing plants, etc).
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The Nyquist plots recorded at the cathodic peak potential (Fig 5.8B) show a
concomitant growth of the semicircle at mid-high frequency. As detailed in Section 5.3.2
(fitting Circuit), this feature relates to the value of Ri. In good agreement, the mean Rivs
[BPA] plot (blue inset) reveals the continuous increase of this parameter along two linear
domains identical to those spotted in Figs 5.8A and 5.8C. Hence, both the voltammetric
and impedimetric evidence agree on the progressive hindering of the cathodic process

when [BPA] is increased. As predicted by equations 5.2-5.3, this behaviour confirms that

TvL molecules have been immobilized in a fully functional state.

Table 5. 2: Average cathodic peak current densities (jrc), apparent charge transfer resistance (R,), and reversed scan peak
differential current densities (djrc) derived from the three replicas of the biosensor (as plotted in the blue insets of Figs 5.8A-
5.8C). The data is presented as the mean value at each single concentration + SEM (the standard error of the mean). For

better clarity, the relative standard errors (given as RSEM% = SEM/Mean x 100) are also given.

[BPA] /UM jec/mA-cm? RSEM% R1/kQ RSEM% djec / mA-cm? RSEM%
0.025 -0.86 +0.02 2.2 0.72+0.05 6.9 0.31+0.01 0.5
0.050 -0.92+0.02 2.4 0.80+0.06 7.6 0.30 + 0.01 2.6
0.100 -0.87+0.01 15 0.89+0.06 6.6 0.29 + 0.01 3.2
0.250 -0.81+0.01 0.8 0.97+0.05 5.4 0.29 + 0.01 3.2
0.500 -0.80+0.01 1.9 1.03+0.06 5.7 0.29 + 0.01 35
1.000 -0.79+0.02 2.4 1.08 +0.07 6.5 0.28 + 0.01 4.4
5.000 -0.78+0.02 25 1.11+0.07 6.0 0.28 + 0.01 4.0
10.00 -0.77+0.02 23 1.14+0.06 54 0.27 + 0.01 4.1
15.00 -0.76 +0.02 25 1.18 +0.06 5.0 0.26 + 0.01 3.7
20.00 -0.76 +0.02 2.6 1.22+0.06 4.7 0.26 + 0.01 35

5.4.2. Analytical Performance

Regardless of the mode of operation, the sensitivities attained very high values in
both concentration domains (see details Table 5.3). Nevertheless, those in the sub-uM
range are consistently two orders of magnitude higher (with a maximum of
471.3 pA-uM*.cm2in CV mode). LODs of 24, 15, and 11 ppb (103, 65, and 47 nM) have
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been derived from the CV, EIS, and SWV assays, respectively. These figures fall close, or
even below, the BPA levels found, for instance, in waters used for the sterilization of
polycarbonate (PC) baby bottles (=50 ppb)*° or in bottled waters stored under different
conditions (5-300 ppb)*L.

The European Food Safety Authority recommends a tolerable daily intake of 4 ug
BPA per kg of body weight (bw) in adults. To reach that dosage merely through water
consumption, an individual of 70 kg bw would have to drink 2 L per day of a water
containing at least 150 ppb of BPA (a level significantly higher than the LODs discussed
above). Therefore, the assays in Fig 5.8A — 5.8C show good potential for the assessment
of the safety of waters stocked at shops, warehouses, logistic centers, etc.

Table 5. 3: Parameters derived by fitting the average data in the sub-uM and pM domains (insets of Fig 5.8A — 5.8C) to
straight lines with formula Y = A £+ S - [BPA], where Y accounts for either jec, Ry, or djec; A is the y-intercept; S the slope;

and R? the correlation coefficient.

Mode Domain [BPA]/puM S/pA-uMt.cm? A/pA.cm? R?2

CV  Sub-uM  0.025-1 471.3 930  0.966

Y UM 1-20 1.890 794 0.997

SWV Sub-uM  0.025-1 228.7 329 0.959

SWV  pM 1-20 1.200 297 0.999
S/QuM -~ A/Q R?

EIS Sub-pM  0.025-1 950.5 7468  0.936

EIS UM 1-20 7.180 1075  0.999

Such a performance constitutes a solid demonstration of the biosensor concept
and, in addition, it can be taken as excellent if the following aspects are considered: A)
The inherent limitations of electroanalytical methods (compared to other more sensitive
electrical/optical platforms based on field effect transistors, FETSs; localized surface
plasmon resonance; etc); B) The absence of analyte pre-accumulation steps or signal
amplification schemes; C) The limited enzyme loading capacity of a single rGO-
Fe;04NPs/Chit95-TvL bilayer; D) The heterogeneous distribution of resistivity across the
films (good electrical properties are mostly localized at the inner rGO-Fez04 NPs layer);
and E) The limited stability of proteins at solid surfaces and its impact on the outcome of
enzymatic biosensors.

The biosensor response was also investigated in a lower concentration
range by CA (Fig 5.8D). A measurable signal was registered even at BPA levels as
low as 5.7 ppt (25 pM). This is relevant since the disruption of cellular processes is

triggered at very low exposure (at levels of ppt)3¢’. However, the peaks recorded in
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this region are statistically indistinguishable from noise and the LOD was calculated
by the signal-to-noise method. This method is recommended by the European
Pharmacopeia*'? and the International Conference on Harmonization (ICH)*%3, It is
very popular for techniques that exhibit baseline noise, e.g. chromatography, and
has been applied to the chronoamperometric determination in Fig 5.9A. The peak-
to-peak noise around the analyte signals (N) is measured and the LOD is estimated
as the [BPA] that produces a signal-to-noise ratio of S/N=3. In Fig 5.9A, N (30.4
pHA-cm) and the intensity of the peaks (S;, green lines) are measured. The Si/N
data are plotted vs [BPA] (Fig 5.9B) and fitted to a straight line (red). The LOD was
interpolated from this line as the [BPA] for which Si/N=3 (blue dashed line). A very
low LOD of 18 nM (4 ppb) was obtained in this way. Despite the good
responsiveness shown in the 25-250 pM range (peaks 1-3), these sighals cannot
be statistically distinguished from the noise with high confidence.

10 nM - 2.3 ppb 25nM - 5,7 ppb I
-50 = $4:79.6 yA cm” $5: 104.7 uA cm™
A) SNe26 SN=54 3,51 B )
) 1 nM - 228 ppt
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] | Z 2,04
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Fig. 5. 9: (A) Amperometric curve registered at 0.17 V for a freshly prepared GCE/rGO-Fe;04/Chit95/TvL biosensor after
the consecutive injection of: 0.25 (13 min), 0.5 (17 min), 1 (22 min), 10 (25 min), and 25 nM BPA (28 min). The value of N
was taken as the peak-to-peak difference in the background noise (black dashed lines). The signal for each peak, S;, was
measured from the half-height of the baseline (red solid line) to the peak maximum (green lines). (B) S/N ratio vs [BPA] plot
derived from the data in panel A. The data was fitted to a straight line (fitting curve and parameters provided in red). The
[BPA] value for a S/N of 3 was interpolated from the fitting curve and taken as the corresponding LOD (blue dotted line and
inset).

These results compare very well to those reported for other electrochemical
sensors based on rGO/GO, MWCNTSs, polymers, and/or inorganic NPs as signal
transducers or supporting materials. In this regard, Table 5.4 presents the output
registered by a number of devices (both, enzymatic and non-enzymatic) built off these
nanomaterials. In all cases, the reported sensitivities are much lower than those discussed
above (the highest one is about 4 and 37 times lower than those derived from SWV and
CA, respectively). Tyrosinase-based enzymatic sensors (TES, entries 5""-7") attain LDRs

very similar to those verified for the GCE/rGO-Fe;04NPs/Chit95/TvL biosensor under CV,
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EIS, or SWV. However, the latter shows extended linearity down to the pM scale (Fig 5.8D)
and LODs amongst those reported for the TES in the table (1-33 nM). This is important
because TvL provides lower self-inhibition, better stability, and the ability to perform in
absence of peroxide or oxygen acceptors. To our best knowledge, the best performing
laccasse-based sensor (LES) reported so far (8" entry in Table 5.4) exhibits a LOD 4-11
times higher than those discussed for the GCE/rGO-Fe3z04NPs/Chit95/TvL biosensor and
a more limited range of linearity (down to only 500 nM).

Table 5. 4: Sensitivity (S), limit of detection (LOD), and linear dynamic range (LDR) reported in the literature for the detection
of BPA using different enzymatic (E) and non-enzymatic (NE) electrochemical sensors.
_ S/ LOD/
Technique Sensor Type LDR /uM Ref.
MA- UMt cm2 nM
DPV2 GCE/Chitt/Fes04 NPs NE 0.374 8.000 0.050-30 e
DPV GCE/rGO-Fes04NPs NE 0.256 17.00 0.060-11 S
DPV GCE/rGO-AuPd NPs NE 56.15 8.000 0.050-10 374
Cv GCE/MWCNTS/PAAMd NE 30.40 1.700 0.005-20 377
DPV GCE/rGO-AuNP/Chit/Tyre E 50.89 1.000 0.025-3 415
Ccv GCE/NGP!-Chit-Tyr E 3.108 33.00 0.100-2 416
CA SPCE/Fe304NPs/Tyr E 3.199 8.300 0.027-40 417
CA SPCE/CBY/Thio"/TvL E 0.071 200.0 0.500-50 418
DPV GCE/3DGN/Cu/Fez04/TvL E 5.014 1700 7.200-18 387
SWV 228.7 47.00 0.025-20 )
GCE/rGO- This
CA ) E 2080 18.10 2.5x10°-0.025
Fe;O4NPs/Chit95/TvL work
EIS 950.5Q uM*  65.00 0.025-20

a Differential Pulse Voltammetry; ® Chitosan; ¢ Multiwalled Carbon Nanotubes; ¢ Polyacrylamide; ¢ Tyrosinase;

fNanographene; 9 Carbon Black; " Thionine; ' 3D Graphene

5.5. Reproducibility and Durability

Three independent replicas of the electrode were prepared. The error bars in the
insets of Fig 5.8 represent relative standard errors of 1-3% (CV), 5-8% (EIS), and 2-4%
(SWV) (Table 5.2). Taking into account the large amount of synthetic and assembly steps
comprising the fabrication of the investigated biosensor, these values are very low and
indicate a good degree of reproducibility. No signal degradation was observed during the
registration of 100 consecutive CVs with a freshly prepared biosensor (Fig 5.10A). The
relative standard deviation (RSD) of jea in these experiments fell below 1.5%, thus,

showcasing the excellent repeatability and structural integrity of the biosensor under
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continuous operation. As a proof of its good durability, the jea only declined by 18% after
one month of storage at 4 °C in AB 0.1 M (Fig 5.10B).
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Fig. 5. 10: (A) Anodic peak current densities (jra) measured every 10 CV-cycles for a freshly prepared GCE/rGO-
Fe;0,/Chit95/GOx electrode (total n° cycles: 112). (B) jea derived from the CVs weekly recorded during one month for an
analogous electrode stored in AB 0.1 M (pH 4.5). All CVs were registered at 50 mV-s? in AB 0.1 M (pH 4.5) +
2 mM Fe(CN)g>'*.

5.6. Interferences

The impact of potentially interfering species (PIS) such as catechol (CC, an
o-diphenol), ascorbic acid (AA), uric acid (UA), glucose (G), l-naphthol (1-NTHL),
4-nitrophenol (4-NPHL), and benzene (BZ), was investigated in AB 0.1 M + [Fe(CN)g]*"*
2 mM + BPA 10 pM + PIS 0.01-10 uM. By increasing [CC], a very small and symmetric
decrease was observed in both redox peaks (RSD for jec: 5.5%, Fig 5.11A). A similar effect
is found in Figs 5.11C, 5.11E, 5.11G, 5.11I, 5.11K, and 5.11M for AA (RSD: 0.4%), UA
(6.2%), G (9.3%), 1-NTHL (1.8%), 4-NPHL (1.5%), and BZ (2.0%). Very minor changes
are also observed in the registered Nyquist plots (Figs 5.11B, 5.11D, 5.11F, 5.11H, 5.11J,
5.11L, and 5.11N). Hence, only glucose seems to pose a really small but significant

interference to the biosensor response (relative error well above +6%).
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Fig.5.11: CVs (A, C, E, G, |, K, and M) and Nyquist plots (B, D, F, H, J, L, and N) recorded for freshly prepared GCE/rGO-
Fes0,/Chit95/TvL electrodes in AB 0.1 M (pH 4.5) + 2 mM Fe(CN)s>* + 10 uM BPA after the injection of chatechol (A, B),
ascorbic acid (C, D), uric acid (E, F), glucose (G, H), 1-naphtol (I, J), 4-nitrophenol (K, L), and benzene (M, N) in increasing
concentrations: 0.01 (curve a), 0.10 (b), 1.00 (c), 5.00 (d) and 10.0 uM (e). The scan rate was 50 mV-s* and the oscillation

amplitude 10 mV.
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5.7. Practical Application

To explore the potential of the GCE/rGO-Fe3z04NPs/Chit95/TvL electrode in real-
life applications, commercial sport PC-bottles (1 L) were filled with ultrapure water and
warmed at 100 °C in a lab oven for two weeks. Afterwards, aliquots were added to an
equal volume of working electrolyte (pH 4.5 in presence of 0.1 M AB+2 mM [Fe(CN)g]*'*)
for later analysis by EIS. Three parallel determinations were performed in each case. The
average concentration of endogenous BPA determined is 4.94 uM which falls within the
range reported in the literature for agueous samples incubated with BPA-leaching plastics
under similar conditions (4-6 puM)376. 377 411,

BPA content was also determined after spiking the samples with 15 and 20 uM
obtaining recoveries of 124 and 107%, respectively (RSD=1.7 and 2.2%). Although further
optimization must be required for operation in real samples, the results demonstrate that

the biosensor can detect harmful levels of BPA in waters stored in PC-bottles.

5.8. Conclusions

The work present in this chapter, describes an approach to the immobilization of
TvL with a high surface area graphene-nanomagnetite conjugate (signal transducer) and
a high-DD chitosan (biocompatible support). The nanocomposite has been tested towards
the electrochemical detection of BPA at low potential (<0.2 V) without pre-accumulation or
signal amplification schemes. Under these conditions, the GCE/rGO-Fez04/Chit95/TvL
biosensor exhibits ultrahigh sensitivity (minimum LOD of 4 ppb BPA), wide linearity and
rapid response. To our best knowledge, this is the best performing LES reported so far in
the literature. Good reproducibility, durability, and an excellent operational stability have
been registered. Among all the investigated PIS, only glucose interferes significantly with
the biosensor response (although in a very limited and likely manageable way). At this
stage, applications to the analysis of real waters (tap, bottled, stored, effluents from plastic
manufacturing industries, etc) are more feasible than those for more complex samples
(e.g. sugar-containing drinks, reconstituted foods, blood serum, etc). In any case, there is
plenty of room for improvements in cross-sensitivity and analytical performance (e.g.
through the engineering of more homogenous films, rGO-FesO4NPs/Chit95-TvL
multilayers, and so on). Integration with miniaturized electrochemical technology may bring

future solutions for testing the safety of real foods/drinks at a point-of-need.
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Chapter 6 - Reduced Graphene Oxide-Nickel
Nanoparticles/Biopolymer Composite Films

for Sub-Millimolar Detection of Glucose

In this chapter the characterization of a rGO-Ni NPs conjugate and the preparation
of nanocomposite films with chitosan (a deacetylated derivative of the abundant chitin
polysaccharide which is used in graphene composites due to its excellent film forming
abilities and biocompatibility) and glucose oxidase (GOXx), is described. Applications as a
glucose biosensor were explored in proof-of-concept assays mediated by [Fe(CN)6]3/+
redox probes. This approach brings the advantages of the enhanced surface area and
balanced electrical/electrochemical properties of the rGO-Ni NPs conjugate, the excellent
biocompatibility and enhanced density of enzyme molecules accommodated in the
chitosan scaffold, and the excellent selectivity of GOx.

The results shown in this chapter have been published as an article in an
international peer-reviewed journal. The student performed all electrochemical

experiments.
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6.1. Contextualization

The disorders of carbohydrate metabolism are often regarded as the pandemics of
the modern times. Only Diabetes Mellitus affected to 2.8% of the world population in 2000
(figures which could double by 2030)*'°. To date, the self-management of blood glucose
levels has been the best proven approach to delay clinical complications?*?°. In this sense,
different generations of glucose sensors have been commercially available since the 60s.
Biosensors, which take benefit from the high specificity of enzymatic processes (catalytic
or enzymatic biosensors: e.g. glucose sensors)*? and molecular recognition phenomena
(affinity biosensors: e.g. immunosensors*?2, DNA/RNA aptasensors*?3, or molecularly
imprinted polymers)#?*, have expanded from healthcare to environmental monitoring, food
safety, homeland security, etc; reaching a predicted market value of $20 billion by 202042°,

Electrochemical sensors present inherent advantages such as good sensitivity,
rapid and reliable response, and no need of laborious sample pretreatment or labeling.
Furthermore, low-cost miniaturized chips and portable hand-held electrochemical readers
put this technology ahead of their competitors for the development of wearable analytical
tools that enable the self-management of different conditions*?* 46, Despite their excellent
selectivity, the sensitivity of biosensors is often limited by:

(a) Low coverage of biomolecules (enzymes, antibodies, and so on) immobilized on a 2D
supports.

(b) Poor conformational stability of surface-attached biomolecules.

(c) Insulating or semiconducting nature of the most common supports (polymers,
hydrogels, inorganic scaffolds, etc).

Nanotechnology has shrunk the dimensions of the main sensor elements for
enhanced signal-to-noise (S/N) ratios. Nanostructured transducers and/or supporting
matrices, exhibit much higher surface-to-volume ratios to improve the density of attached
biomolecules. Regarding point (b), covalent immobilization typically leads to low coverage
and/or reduced biological activity (due to the conformational changes triggered by the
coupling chemistries). Oppositely, passive adsorption improves coverage but makes it
harder to control molecular orientation and the organization of the layers. In parallel,
protein unfolding is favored on many surfaces which further limits the activity of the
attached biomolecules*?’.

Conductivity enhancers such as redox mediators*?8, conductive polymers*®°,
metal nanoparticles (MNPs)#*3°, and carbon nanomaterials, have been addressed to

solve point (c). In this sense, carbon nanotubes (CNTs) allowed the direct electron
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ET between redox enzymes and electrodes**!. More recently, graphene (a one
atom thick 2D sheet of honeycomb carbon easily prepared from graphite!®® or by
vapor deposition)3® has also been explored?! 42, Compared to CNTs, graphene
has larger surface area, fewer impurities, and superior mechanical and electrical
properties®. Indeed, water-processable chemically modified forms of graphene,
e.g. GO are obtained in bulk quantities by functionalization and exfoliation of
graphite.

GO has been explored as a membrane material® and a mechanical
reinforcer®®. Despite its poor electron conductivity, it presents good electrocatalytic
properties®® due to a high density of functional groups and structural defects®?. After
reduction to rGO, the conductivity is partially restored but, unavoidably, certain
amount of functional groups and defects, remain in the structure. Therefore, rGO is
a better balanced material for electrochemical applications. More recently, hybrid
conjugates of rGO and metallic/semiconducting NPs (rGO-MNPs/SNPs) have been
explored for energy storage, catalysis, analysis, and so on®?% 393433440 gq far the
most investigated conjugates in electroanalytical applications include MNPs of
Au433.438 Cy437. 441 and Pt*°. While the use of Ni NPs may bring similar advantages
in terms of surface-to-volume area, Ni is a cheaper and less toxic metal than the
previous. Despite these advantages, the rGO-Ni hybrid conjugate has been only
explored in a handful of non-enzymatic sensors for the detection of glucose (and
other carbohydrates)*3# 435 and, to our best knowledge, no glucose biosensor based
on this enhancer has been demonstrated to date.

In this chapter, the synthesis and characterization of a rGO-Ni NPs conjugate
and the preparation of nanocomposite films with chitosan (a deacetylated derivative
of the abundant chitin polysaccharide which is used in graphene composites?33 440
due to its excellent film forming abilities and biocompatibility3%% 407 442 gnd glucose
oxidase (GOXx), is described. Applications as a glucose biosensor were explored in
proof-of-concept assays mediated by [Fe(CN)g]*’* redox probes*3 44  This
approach brings the advantages of the enhanced surface area and balanced
electrical/electrochemical properties of the rGO-Ni NPs conjugate, the excellent
biocompatibility and enhanced density of enzyme molecules accommodated in the

chitosan scaffold, and the excellent selectivity of GOx.
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6.2. Synthesis & Characterization of the rGO-Ni NPs

Conjugate

GO was synthesized from graphite powder through a modified Hummers method®*.
Hybrid sheets of rGO-Ni NPs were grown in situ as reported in detail in the chapter 3

section 3.3.4.
The composition, morphology, and crystallinity of the synthesized species were

characterized by XPS, ATR-FTIRS, FESEM, EDX, and electrochemical techniques. In
most of these experiments, the conjugate was deposited onto Si wafers and/or onto a
glassy carbon electrode (GCE, Metrohm, 4 mm diameter) from a 1,0 mg mL™* ethanolic

dispersion. ATR-FTIR spectra were taken from the pure powder.
6.3. Physicochemical Characterization of rGO-Ni NPs

6.3.1. XRD patterns

The XRD patterns of GO and rGO-Ni NPs are shown in Fig 6.1.

GO
—— rGO-Ni NPs

Py
—
—
-
=

Intensity / a.u.

(001)

10 20 30 40 50 60 70 80
20/degree

Fig. 6. 1: XRD patterns obtained for GO (green curves) and rGO-Ni NPs (blue) powder samples.

For GO, a virtually flat diffractogram dominated by one single spike at 26=11°,
which is typically ascribed to its (001) basal plane®®® 445, was registered (green curve). The
d-spacing was doo1=0.81 nm which agrees well with the interlayer distance in GO (typical
values for graphite flakes are =0.33 nm). Such an increase in the distance between

graphitic sheets indicates a successful introduction of functional groups and solvent
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molecules. In big contrast, the diffractogram of rGO-Ni NPs featured a series of bands at
20>20° (blue curve). The small band at 23° is due to the (002) crystallographic plane of
rGO*®. From its low intensity, it is strongly suggested that rGO sheets are covered by a
different material. The rest of peaks matched well the typical pattern of Ni crystals with
face centered cubic structure (fcc) [JCPDS card No. 04-0850]. In this sense, the intense
band at 44.4° (ascribed to diffraction by Ni (111) facets) confirms the good crystallinity of
the grown NPS.

6.3.2. ATR-FTIR Spectroscopy

Deeper insights on the composition of the hybrid were obtained by ATR-FTIR
sprectrum presents in Fig 6.2. The spectrum of GO exhibited a series of bands (green
curve). While the main of these peaks, registered at 1625 cm, involves a variety of
possible vibrations (asymmetric stretching in deprotonated carboxyls, vcoo as; stretching in
ketones, vc-0**%, or O-H bending in adsorbed H.0); the peak at 1730 cm™ is precisely
ascribed to symmetric carbonyl stretching in edge carboxyl groups, Vcoon. Other bands
were also found at 1220 cm™ (C-O-C asymmetric stretching in epoxides), 1415 cm™
(combined carbonyl stretching and in-plane C-O-H bending in protonated carboxyls, vc.
on), and the small shoulder at 1810 cm™ (carbonyl stretching in chloride acids)?® 395 445 446,

:.; GO

tU' — rGO-Ni NPs

~~

)

(@]

G

b= 2

e

%) S

= g

= 2 9

o - S 3

> Q °
N
N

1800 1600 1400 1200

Wavenumber / cm™

Fig. 6. 2: ATR-FTIR spectra obtained for GO (green curves) and rGO-Ni NPs (blue) powder samples.

For rGO-Ni, significant absorption only took place at 1595 cm™* which may involve:
(1) largely restored sp?-hybridized C=C aromatic vibrations, (2) residual carboxyl or
ketone groups (literature has shown that a complete reduction of GO is difficult to achieve

even by high-temperature annealing)’®, or (3) adsorbed H2O. In summary, not only most
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of the vibrations related to oxygen-based functional groups vanished from the spectrum
but no new peaks accounting for distinct functional groups were also observed. These
results strongly support that, through the described method, a high degree of reduction of

the original GO sheets to rGO was achieved. This view was additionally confirmed by XPS.

6.3.3. XPS Spectroscopy

Fig 6.3 show the C 1s XPS spectrum measured for rGO-Ni NPs (black) and its
corresponding de-convolution curves (coloured). While the major peak at 284.9 eV is
attributed to the sp? C=C bond (graphitic carbon bonding), the peaks at 286.6 eV and 288.5
eV are assigned to carbon-attached remaining oxygen functionalities (C-O and C=0,
respectively)!®, The small intensity of these peaks, propose a residual content of these

species in rGO.
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Fig. 6. 3: The C 1s XPS spectrum measured for rGO-Ni NPs (black) and its corresponding de-convolution curves (coloured).

6.1.1. SEM and TEM Characterization

The morphology of the rGO-Ni NPs conjugate was inspected by FESEM (Fig 6.4a)
and HRTEM (Fig 6.4b). The image of FESEM displays a bright spherical clusters of
particles with size below the micron which seem deposited onto a surface apparently

covered by 2D sheets of graphene. More details were obtained with the HRTEM technique.
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Fig 6.4b displays a 2D sheet of rGO decorated with a homogeneous distribution of NPs
(5-10 nm size). Despite the good degree of isolation of the NPs in this sample, clusters of

about 3-5 NPs (size: 15-20 nm) are also found in this image.

Fig. 6. 4: (a) SEM and (b) HRTEM images taken for the rGO-Ni NPs powder.

6.2. Fabrication of the Composite Films

The rGO-Ni/Chit95/GOx composite films were deposited onto a glassy carbon
electrode by sequential drop-casting. Previously, the GCE was polished and consecutively
washed. Cyclic voltammetry (CV) in H.SO4 0.5 M was used to assess the cleanliness of
the electrode. Then, it was modified in three sequential steps (Scheme 6.1) (more details

are available in chapter 3, section 3.4.3).

Step | Step 2 Step 3
G a
1 mg b SmgmL" 10 mg mL"! -l-«nlr Gluconolactone
10 L. fGO-Ni NPy 10 4L Chigd$ in Acetate 10 L. GOx in PBS 0,05 M _/
Ethanol Baff. 0.1 M (pH &) (pH 7.3) -\
’ [FONKI®  [Fe(ON)™

1 o
GCE a— m — Q — ,,Q))JJ)

GCE/rGO-Ni/Chit95/GOx

Scheme 6. 1: Artistic illustration showing the different steps applied for the preparation of a rGO-Ni/Chit95/GOx

nanocomposite film onto a clean GCE.

The build-up process was followed by electrochemical measurements in PBS (Fig
6.5). Panel A presents the CVs registered for bare GCE, GCE/GOx, GCE/Chit95,
GCE/Chit95/GOx, and GCE/rGO-NiNPs. Interestingly the capacitive current exhibited by
the bare GCE (black solid curve) was significantly blocked after adsorption of GOx (red
solid curve).
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The hypothetical unfolding of GOx molecules on GCE to form a hydrophobic

blocking layer, would result in a significant reduction of the electrode capacitance. Hence,
the evidence points to a poor conformational stability of GOx onto glassy carbon. In great
contrast, the capacitive current of GCE/Chit95 (green solid curve) overtook that exhibited
by the bare GCE.
The pKa of -NH: groups in chitosan falls around 6.5. Hence, chitosan exhibits positive
charge at pHs ranging from acidic to neutral. Due to the high DD of Chit95, and because
it was deposited since AB pH 5 (i.e. the pH at the electrode surface may be slightly inferior
to that at the electrolyte)**’, it would not be surprising that it remained partially protonated
under the working conditions (pH 7.3).

A) 150 B)

100

2

50

j/pAcm
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Fig. 6. 5: (A) CVs obtained for bare GCE (black solid line), GCE/GOx (red), GCE/Chit95 (green), GCE/Chit95/GOx (green
dashed line), and GCE/rGO-Ni NPs (blue) in PBS 0.05 M (pH 7.3). (B) Evolution of the CV for GCE/rGO-Ni NPs (black
curve) after its sequential modification to GCE/rGO-Ni/Chit95 (red) and GCE/rGO-Ni/Chit95/GOx (blue). The scan rate was
50 mV-s?in all cases.

In such a case, solution anions (and their associated water molecules) would
diffuse within the biopolymer matrix to keep the electroneutrality. As a consequence, the
capacitance of the electrode should increase as it is reflected in the recorded CV.

Contrary to behaviour of GCE/GOx, the CV of GCE/Chit95/GOx (green dashed
line) presented negligible changes compared to GCE/Chit95. This may be due to: (1) the
GCE surface is densely covered by Chit95 and no direct adsorption of GOx onto the GCE
surface occurs, or (2) the biopolymer surface area is much higher than that for uncovered
GCE so that the impact of GOx unfolding on the average electrochemical response is
nearly negligible. In any case, the result confirms an improved stability of GOx when
supported by Chit95. For GCE/rGO-Ni (blue solid line), a large increase of the non-faradaic
current was noticed throughout the whole potential range. Moreover, a pair of sharp peaks
were identified at +0.07 and -0.27 V. The enlarged double layer is typical of graphene-
modified electrodes (and attributed to its high surface-to-volume ratio and the consequent

increase in the amount of storable interfacial charge). G. Chen et al. reported an analogous
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pair of peaks for a magnetically assembled rGO-Ni NPs electrode**®. Despite differences
in CV-shape and peak potentials (which may originate from the different synthesis and
electrode preparation), a broad peak-to-peak potential separation (AEP = 320 mV) was
found in both cases. Chen assigned the peaks to the electroactivity of the NIOOH/Ni(OH)-
redox pair. Given the absence of redox probes in our experiments, the faradaic peaks in
Fig 6.5A must be ascribed to the Ni NPs species in the hybrid conjugate. Further coating
of the GCE/rGO-Ni NPs electrode (black curve in Fig 6.5B) with Chit95 caused a very
slight decrease of the non-faradaic currents (red curve). However, the subsequent
deposition of GOx (blue curve) resulted in an important blockage of the faradaic processes.
These results evidence a continuous passivation of the Ni NPs surface after deposition of
the biopolymer and the enzyme layers.

6.3. Structure and Composition of the film

The morphology of the rGO-Ni/Chit95/GOx films was inspected by FESEM.
Fig 6.6A shows a wide view at the borders of the electrode surface and its housing. The
GC surface is covered by a thick, smooth, and uniform film which looks like a hydrogel.
Over the electrode housing, a cracked region revealed the polymeric structure of polyether
ether ketone (PEEK) below the detached film. At the right end of the crack, the film was
twisted so that its entire cross-section was exposed. From this particular feature, the film
thickness could be roughly estimated in 3-4 ym. Some microns to the left, a bunch of
graphene sheets appeared wrapped in the film (see a higher magnification image in the
red inset).

Fig 6.6B shows another snapshot taken at a different location in which a part of the
film was intentionally removed. The induced step allowed for the direct comparison
between the composite-covered (brighter region on the left) and the bare GCE surface
(right). In the latter, a number of bright features with island-type morphology were observed
in the vicinities of the induced step. Their closer inspection with higher magnification (red
inset) unveiled individual sheets of rGO (of about 2 ym width) loaded with bright clusters
of particles with size ranging between 20 and 60 nm in (in good agreement with the shape
and size of the few-NP aggregates shown in Fig 6.4b).

An EDS spectrum taken over one of these islands showed that these are mainly
composed of carbon, oxygen, and nickel (Fig 6.6C) The absence of N peaks, allowed
discarding the presence of colloidal forms of chitosan. Therefore, the combination of
FESEM and EDS support the observation of isolated 2D sheets of rGO-Ni NPs. It might

be also concluded that the structure of the composite film consists of a base layer of the
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rGO-Ni NPs hybrid covered by chitosan hydrogel (which contains the GOXx). This structure
not only agrees with the changes shown in Fig 6.5 but also fits the order of assembly

followed in the preparation of the composite.
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Fig. 6. 6: (A, B) FESEM images taken at two different locations over the GCE/rGO-Ni/Chit95/GOx surface. The red insets
display areas re-scanned with higher magnification (the width of the red bar is 2 um in both cases). (C) EDS spectrum

acquired over the isolated island-type feature isolated in the inset of Fig 6.6B.

6.4. Stability and Catalytic Activity of GOx

The stability of GOx was investigated by testing its catalytic activity in presence of
glucose. Figure 6.7 presents the interrogation tests conducted by CV (panel A) and EIS
(panel B) for bare GCE, GCE/GOx, GCE/Chit95/GOx, and GCE/rGO-Ni/Chit95/GOx in
1 mM glucose. Blank measurements in its absence have been also included for
comparison purposes. In the absence of glucose, the adsorption of GOx (red solid curve
in Fig 6.7A) resulted in a great blockage of the reversible faradaic processes seen for bare
GCE (as also occurred with the capacitive currents in Fig 6.5A). Accordingly, the anodic
peak current density (jra) dropped by almost 0.5 mA-cm2and AEpr grew to 800 mV (see
Table 6.1). Its corresponding Nyquist plot (red solid curve in Fig 6.7B) exhibited a
semicircle at high-medium frequencies whose diameter was, by far, the largest amongst
all the investigated electrodes. In this frequency region, the total impedance is controlled
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by the apparent charge transfer resistance (R1) so that, the wider the observed semicircle

registered the higher is R13¢2,
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Fig. 6. 7: Redox response registered for bare GCE (black), GCE/GOx (red), GCE/Chit95/GOx (green) and GCE/rGO-
Ni/Chit95/GOx electrodes (blue) in PBS 0.05 M (pH 7.3) + 2 mM [Fe(CN)]® + 1 mM D-glucose (dashed lines). The curves
in the absence of glucose are also included for comparison (solid lines). (A) CVs recorded at 50 mV-s™. (B) Nyquist plots
collected at 0.15 V (oscillation amplitude: 10 mV). The black inset features an enlargement of the impedance spectra in the

high-medium frequency range. The blue insets display the evolution of 4Ep and R;.

Table 6. 1: Anodic peak current densities (jra), peak-to-peak potential difference (AEp) and apparent charge
transfer resistance (R;) derived from the responses registered in Fig 7 for GCE/rGO-Ni/Chit95/GOx in the presence and
absence of 1 mM glucose.

Electrode [G]/mM jea/mA-cm? AEp/V Ri/ k&
Bare GCE 0 0.583 104 0.583
GCE/GOx 0 0.104 800 60.2
GCE/Chit95/GOx 0 0.916 88 0.365
GCE/rGO-Ni/Chit95/GOx 0 0.956 83 0.336
Bare GCE 1 0.418 209 2.68
GCE/GOx 1 0.089 800 68.0
GCE/Chit95/GOx 1 1.023 93 0.363
GCE/rGO-Ni/Chit95/GOx 1 1.047 88 0.353

Agreeing with this qualitative interpretation, R1 (determined in this case from the
fittings to a RsQR; circuit; Fig 6.8) increased by two orders of magnitude (60.2 kQ) since
the 583 Q measured for bare GCE. Hence, both the data in Fig 6.7 and Table 6.1 indicate
that the ET is strongly hindered at the GCE/GOx electrode which, as discussed above,
may be due to the poor conformational stability of GOx onto GCE. As reported for an
anodized carbon electrode**, the unfolding of GOx should form a blocking layer on GCE
that seriously limits its charge storage capabilities and the ET kinetics. In big contrast, a
pair of sharp peaks (and current densities well above those for bare GCE) was observed
in the CV of GCE/Chit95/GOx (green solid line). As shown in Table 6.1, jra SOared to
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916 pA-cm? and AEP fell to 88 mV. In line with this behaviour, its Nyquist exhibited a
semicircle even narrower than that exhibited by bare GCE. The very low value of R;

obtained from the fittings, 365 Q, confirmed this view.

Fig. 6. 8: Typical Randles circuit, it includes a Constant Phase Element (CPE or Q) which accounts for the topological
imperfections of the electrode surface. R; is the solution resistance, R; is the charge transfer resistance, and W is the
Warburg diffusion impedance. When the charge transfer is the rate determining step (for instance, for the GCE/GOx

electrode), the Warburg element can be neglected and the system is electrically equivalent to a RsQR; circuit.

Hence, immobilizing GOx on chitosan not only did not block of the ET processes
of the [Fe(CN)6]*’* species but, oppositely, they were slightly favoured. The main
conclusions are:

) When supported on chitosan, the conformational stability of GOx is superior.
Chit95 is rich in hydroxyl and amino groups which interact with the hydrophilic residues in
the outer regions of GOx (protein cores are usually hydrophobic) to help keeping the
biomolecules in its folded state*®: 442,

(2) The enhanced redox response is consistent with the enhanced capacitive currents
recorded in pure buffer (Fig 6.5A). As already discussed, the Chit95 matrix may be partially
charged so that negatively charged anions and redox probes may be attracted into it and
rise their concentrations over those at the bulk electrolyte (thus, explaining the enhanced
response).

Although the most important enhancement in the ET occurred after deposition of
the Chit95/GOx hydrogel, the incorporation of rGO-Ni NPs sheets at the base of this
construct gave a further boost (see insets of Fig 6.7). Accordingly, jea and AEp improved
to 956 yA-cm? and 83 mV, respectively. Furthermore, the semicircle diameter followed a
concomitant decrease. This was additionally confirmed by a minimum R of 335 Q. Hence,
due to the synergies described in the introduction, the GCE/rGO-Ni/Chit95/GOx electrode
exhibited the best electroactivity within the investigated series.

Not surprisingly, the response of bare GCE and GCE/GOx was slightly hampered
in 1 mM glucose (black and red dashed lines, respectively). Supporting this view, jpa
decreased by a 28% (bare GCE) and 14% (GCE/GOx) compared to the response in
absence of glucose. In good agreement, R; increased by a 360 % and 13%, respectively.

These results indicate that:
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(1) None of these electrodes exhibited apparent catalytic activity towards glucose.
(2) Glucose seemed to induce a partial blockage of the ET.

A reasonable hypothesis to explain these results considers the blockage of
electroactive sites by glucose molecules. The adsorption of glucose onto carbon materials
has been scarcely explored*® 4% and, to our best knowledge, nothing has been published
about its adsorption on GCE. Then, to check this phenomenon, we took CV and EIS
measurements under the same working conditions within a wide range of glucose
concentrations [G]=0.05-13 mM (see Fig 6.9).
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Fig. 6. 9: A) CVs for bare GCE in PBS 0.05 M (150 mM NaCl; pH 7.3) + 2 mM [Fe(CN)e]** in the absence (black dashed
line) and presence (coloured solid lines) of increasing concentrations of D-glucose ([G]): 0.05 (red solid line), 0.25 (green),
0.50 (blue), 1.00 (cyan), 5.00 (magenta), 9.00 (violet), and 13.00 mM (wine). The changes in anodic peak currents (jpa; blue
y-axis) and the surface coverage (estimated as 6:= 1- [jpaljra o], With jeao being registered in absence of glucose; red y-axis)
are plotted versus [G] in the inset. The scan rate was 50 mV- s, B) Nyquist plots measured at the half wave potential
(E1=+0.15 V) in the range 10*- 10" Hz (oscillation amplitude: 10 mV). The R; values derived from the fittings to the R<QR;W
circuit are plotted versus [G] in the inset (calibration curves and correlation factors are also included).

By increasing [G], jea declined continuously and R: followed a concomitant
increase. The jpa/R1 vs [G] curves clearly resembled to the reported adsorption isotherms
of glucose on mesoporous carbons*!. From this experiment the maximum coverage of
glucose on GCE was estimated to be below half a monolayer (6s=0.4). As discussed
above, the GCE/GOx electrode must be blocked by a layer of denaturated enzyme so that
any additional blocking (due to glucose adsorption) would have a very small impact on the
ET (as confirmed in Fig 6.7). In great contrast with this behaviour, the CVs of
GCE/Chit95/GOx and GCE/rGO-Ni/Chit95/GOx exhibited enhanced peak currents (green
and blue dashed lines in Fig 6.7A). The integrated anodic charge (Qa) increased by a 13%
and 15%, respectively, but the values of AEp and R: barely changed.

The Nyquist plots for both electrodes in absence and presence of glucose virtually
overlapped each other. Although no evidence of direct ET from GOx was found, the

consistently enhanced peak currents observed for the GOx-modified electrodes may be
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attributed to the catalytic activity of the enzyme. GOx is known to selectively oxidize B-D-
glucose to D-glucono-1,5-lactone as follows:
B-D-Glucose+GOx-FAD—D-glucono-1,5-lactone+GOx-FADH; (equation 6.1)

In presence of O, the flavin adenine dinucleotide redox cofactor (FAD, the initial

acceptor of two electrons and two protons) is regenerated:

GOx-FADH; + O; — GOx-FAD + H»0> (equation 6.2)

Hydrogen peroxide oxidation, constitutes the detection principle in “first generation”
electrochemical biosensors. Alternatively, redox mediators have been used as electron
acceptors to reduce their high operating potentials (second generation). In our
experiments, the electrolyte contains no O, and, thus, the mediator must be the initial
electron acceptor:

GOx-FADH +2[Fe(CN)s]* — GOx-FAD+2[Fe(CN)g]*+2H" (equation 6.3)

By balancing eq. 1 and 3:

B-D-Glucose+2[Fe(CN)s]*—D-glucono-1,5-lactone+2[Fe(CN)e]*+2H*  (equation 6.4)

Therefore, the enzymatic activity of GOx results in an increased concentration of
[Fe(CN)e]*. As its oxidation to [Fe(CN)e]* occurs at the anodic peak, the activity of the
enzyme establishes a feed-back loop due to GOx which results in enhanced oxidation

peaks.

6.5. Calibration Curves

Encouraged by these results, the GCE/rGO-Ni/Chit95/GOx electrode was further
interrogated in a wide range of [G] (0.025-12 mM) (Fig 6.10). Accordingly, the proof-of-
concept experiments were recorded in triplicate. As shown in Fig 6.10A, the CVs did not
follow great changes in shape. However, the peak currents followed a slight but
progressive decrease (red inset). The average jea VS [G] plot (blue inset) confirmed this
view and exhibited two linear domains which were fitted to a couple of straight lines. The
widest region, 1-12 mM, covers normal blood glucose levels in healthy humans (3.9-6.5

mM) and most cases of hypo and hyperglycemia in diabetics.
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Fig. 6. 10: Electrochemical interrogation of the biosensor in the presence of increasing concentrations of glucose [G]: 0.025
(red), 0.050 (green), 0.100 (blue), 0.250 (cyan), 0.500 (magenta), 1 (purple), 3 (orange), 5 (wine), 7(olive), 9 (dark cyan),
and 12 mM (grey). (A) CVs recorded at 50 mV-s™. The changes in the anodic peak are shown with higher detail in the red
inset. (B) Nyquist plots collected at +0.15 V and oscillation amplitude of 10 mV. The average changes in jpa and R; for three
GCE/rGO-Ni/Chit95/GOx electrodes are shown in the blue insets with the corresponding calibration curves. The error bars
represent the standard deviations. The electrolyte was PBS 0.05 M (pH 7.3) + 2 mM Fe(CN)¢/*-.

The second is much narrower (0.025-1 mM) but more sensitive (as inferred from
its greater slope). The EIS interrogation showed a continuous growth of the semicircle
diameter (Fig 6.10B) upon the increase of [G]. Remarkably, two identical linear domains
were also spotted in the average R; vs [G] plot (blue inset). The quantitative average data
in Table 6.2 confirms both the decline of jpa and the growth of R:. Both the CV and EIS
calibration is consistent with a progressive hindering of the ET as the amount of glucose

is increased.

Table 6. 2: Average anodic peak current densities (jpp) and apparent charge transfer resistance (R;) plotted in the blue

insets of Fig 6.10. The errors correspond to the standard deviation of the three experiments.

[G] / mM jra / mA- cm Ri/kQ
0.025 0.73+£0.04 0.97 £ 0.06
0.050 0.73+£0.04 1.02 £ 0.09
0.100 0.72 £0.04 1.06 £ 0.05
0.250 0.71£0.03 1.09 £ 0.06
0.500 0.70 £ 0.04 1.12 + 0.07
1.000 0.69 £ 0.03 1.13 £+ 0.07
3.000 0.67 £0.03 1.18 + 0.07
5.000 0.66 £ 0.03 1.21 + 0.06
7.000 0.64 £ 0.03 1.24 + 0.06
9.000 0.63 £0.03 1.28 + 0.07
12.00 0.62 £ 0.02 1.33+0.04

To get deeper insights on the responsiveness of the biosensor, the GCE/rGO-
Ni/Chit95/GOx electrode was potentiostatically interrogated. Figure 6.11 presents an
amperometric interrogation of a GCE/RGO-Ni/Chit95/GOx electrode at the anodic peak
potential (+0.20 V vs Ag wire) in PBS 0.05 M (150 mM NaCl; pH 7.3) + 2mM [Fe(CN)g] .
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Fig. 6. 11: Amperometric interrogation of a GCE/RGO-Ni/Chit95/GOx electrode at the anodic peak potential (+0.20 V vs Ag
wire) in PBS 0.05 M (150 mM NaCl; pH 7.3) + 2 mM [Fe(CN)s]*-*. Aliquots of D-glucose were consecutively injected to cover
a range of concentration between 25 nM and 12 mM.

Aliquots of D-glucose were consecutively injected to cover a range of concentration
between 25 nM and 12 mM. At the anodic peak potential, the [Fe(CN)e]* probe is
continuously oxidized to [Fe(CN)e]*. Under this approach the probes are solution species
with finite concentration (2 mM) vs the bulky surface MNPs/SNPs used in most non-
enzymatic sensors. Hence, the concentration of [Fe(CN)g]* is depleted causing the current
to fall until a diffusion limited current density is reached (25 pA-cm?). When glucose is
injected, the activity of GOx regenerates [Fe(CN)s]* and its re-oxidation generates the
peaks. The regenerated probe is readily reoxidized so that the current follows a fast decline
and no plateau is achieved. For this reason, we have not used these data to build a
calibration curve. However, they demonstrate the high responsiveness of the biosensor

even for [G] as low as 0.1 yM glucose.

6.6. Electroanalytical Performance  and Detection

Mechanism

The average sensitivity of the biosensor in the sub-millimolar (S.) and millimolar

(Sx) domains was derived from the slopes of the fitting curves in Fig 6.10 (Table 6.3).
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Table 6. 3: Parameters obtained by fitting the average data in the blue insets of Fig 6.10 to straight lines defined by the
equation Y = A + S - [G], with Y being jpa and Ry, A the y-intercept, and S the slope.

Mode [G]/ mM S/pA- cm?2-mM1 A/pA-cm? R?
CcVv 0.025-1 68 732 0.958
CV 1-12 6 694 0.994

[G] / mM S/ Q- mMmt AlQ R?
EIS 0.025-1 262 1004 0.925
EIS 1-12 17 1121 0.997

Under the voltammetric determination, these achieved values of S$,=68
pA-cm2mM?and Su=6 pA-cm?2-mM™. These data suggest a superior sensitivity of the
biosensor in the sub-millimolar range. While the sensitivity of the individual GCE/rGO-
Ni/Chit95/GOx electrodes in the millimolar scale (Sw) were very close to Sy (c.a. 6-7
pA-cm2-mM?), the maximum S, achieved by the biosensor was about twice the S (129
pA-cm2.mM?). In good agreement with these findings, the impedimetric determination
showed to be about 15 times more sensitive in the submillimolar domain (Table 6.3). The
limits of detection (LOD) were evaluated for both methods considering a S/N ratio of 3.
Thus, minimum values of 390 and 254 uM were obtained from the voltammetric and
impedometric methods, respectively. These results suggest that the impedometric
determination is slightly more sensitive. Compared to other enzymatic biosensors based
on GOx and graphene-MNPs/SNPs conjugates (e.g. rGO-Cu*?, rGO-TiO2*3, rGO-Au*3,
GO-Pt?®, and rGO-hydroxyapatite®®, 2"-6™" entries in Table 6.4), the
GCE/rGO-Ni/Chit95/GOx electrode exhibited the highest sensitivity (a close performance
was only achieved by the GCE/GO-Pt/Chit/GOx sensor) 44,

The same conclusion was reached by comparison with other biosensors based on
GOx and undecorated forms of graphene (rGO*43% GO*°®, and graphene nanosheets,
GNS**¢, see Table 6.4).

In fact, the best sensitivity attained by these sensors was 48 pA-cm2-mM?
(GCE/GNS/Nafion/GOx)**®, which is 20 pA-cm?-mM? below the average sensitivity
demonstrated in our results. Non-enzymatic sensors based on graphene-CuO have also
exhibited linear response in the sub-millimolar range and a better combination of LODs
and Sensitivity*>” 48, The few number of non-enzymatic sensors based on the rGO-Ni NPs
hybrid have presented low LODs (0.1-1 puM)?#34 435,448, 459,460 Qn the other hand, while the
GCE/rGO-Ni sensors reported by Y. Zhang et al.**®* and Z. Wang et al.*®* exhibited
sensitivities around 10°pyA-cm?2-mM?, the other three were less sensitive than the
GCE/rGO-Ni/Chit95/GOx biosensor.
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Table 6. 4: Sensitivity (S), limit of detection (LOD), and linear dynamic range (LDR) reported in the literature for the

electrochemical detection of glucose using different graphene-based sensors.

Sensor Type Method S LOD/ um LDR/ mM Ref.
GCE/rGO- Ea Ccv 129 pA-cm2-mm?t 390 0.025-1 This
Ni/Chitosan/GOx EIS 497 Q-mM1 254 ' work
GCE/rGO- 2. ML 452
Cu/Nafion/GOx E cv 34 pyA-cm<-mM 5.00 0.05-12
GCE/rGO- 2. 1 _ 453
TiO2/Nafion/GOXx E cv BlaEE 1 Upto8
GCE/rGO- a2 . 1 _ 308
Hap®/GOXx E CcVv 17 pA-cm=-mM 30.0 0.1-11
GCE/GO' c . -2, -1 454
P/Chitosan/GOx E CA 113 pA-cm?-mM 0.6 0.001-2.25
Au/rGO- . 1 433
Au/Chitosan/GOx E cv 0.55 pJA-mM 180 2.0-10
285/ TEeiEEny g cv 38 pA-cmZmM® 200 0.08-12 454
GCE/rGO/GOx E CA 1.85 pA.cm?2-mM1 - 0.1-27 395

rr——

GCE/GNSY/Nafion/ £ oV 48 pA-cr2-mM ~ 0214 156
GOx

Pt/GO/GOx E CA 8 pA-cm2-mMmt - 0.1-20 455
CPE®/rGO-Ni NE f CA 1.1 pA-cm2-mMm1 0.47 0.001-1 e
AERY /rGO-Ni NE CA 82 pA-cm2-mm1 1.05 0.001-1 448
GCE/rGO-Ni NE CA 1020 pA-cm?2-mM1 0.1 0.002-2.1 =0
GCE/rGO/PANIM/Ni NE CA 30 pA-cm2-mm1 0.1 0.0001-1 460
GCE/rGO-Ni NE CA 813 pA-cm2-mM-1t - 0.001-0.110 ==
GCE/rGO-CuO NE CA 2221 pA-cm2-mM? 0.1 0.0004-3 457
GCE/SG-CuO NE CA 1299 pA-cm2-mM-1t 0.08 0.1-10.5 s

2 Enzimatic; ® Hydroxyapatite; © Chronoamperometry; ¢ Graphene Nanosheets; ¢ Carbon Paste Electrode; f

Non-enzymatic; 9 Anion Exchange Resin Microspheres; " Polyaniline; | Sulfur-Doped Graphene

From this broad comparison it is concluded that non-enzymatic graphene-
MNPs/SNPs sensors, which are based on different working and detection principles and
operate at pHs well above the physiological level, present enhanced electroanalytical
performance compared to their enzymatic counterparts. Beyond the good electrocatalytic
properties of MNPs/SNPs, the results unavoidably evoke the idea of a still limited
stability/loading of enzyme in those systems (further investigation will be required to
ascertain this point). In any case, the presented results demonstrate an important
improvement in the stability of GOx when supported on Chit95 and, as a result, the
achieved sensitivities are amongst the finest reported for glucose biosensors based upon
GOx and graphene. In fact, good responsiveness was not only noticed for the lowest [G]
studied in these experiments (25 uM), which is close to the detection limit reported for
GCE/rGO/Chitosan/GOx (20 uM) “%4, but even at a much lower [G] of 100 nM as shown in
Fig 6.11. The progressive hindering of the redox response in Fig 6.10, as opposed to the

enhanced current densities evidenced in Fig 6.7, is a clear indication that the activity of
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GOx is not the only phenomenon making part of the sensing mechanism. We must recall
that the adsorption of glucose on bare GCE was demonstrated in Fig 6.9. Hence, a hybrid
enzymatic/non-enzymatic detection mechanism is proposed to explain the net response
in Fig 6.10. The progressive blockage of uncovered GCE surface sites in presence of
increasing amounts of glucose molecules, may counter-balance the enhanced response
of the biosensor due to the activity of GOx. Hence, a net deterioration of the ET kinetics is
observed in the interrogation tests. Although further research is required to confirm this
point, the behaviour in Fig 6.10 is strongly suggested to be controlled by the progressive
adsorption of glucose (in fact, the shape of the Ri/jpa vs [G] plots remind a typical two-step

adsorption isotherm).

6.7. Reproducibility and Stability Studies

The errors presented in Table 6.2, correspond to relative standard deviations
(RSD) in the range 4-6%. In good agreement, the RSD of the jea registered in 1 mM
glucose for three electrode samples was 4.9%. Taking into account the variety of synthetic
and assembly steps involved in the preparation of the biosensor, these results evidence a
good degree of reproducibility. The RSD of five consecutive measurements taken with a
freshly prepared electrode fell below 1.3% (see the curves in Fig 6.12) which indicates an
excellent repeatability. The stability of the biosensor towards continuous cycling was
judged upon collecting 100 consecutive CVs. Although the jepa followed an important

decrease, the biosensor was still operative.

1,0

1004
0,54

0,04

j/ mAcm?
-Z/ocem’

-0,54 254
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Fig. 6. 12: CVs (A) and Nyquist plots (B) recorded for a GCE/rGO-Ni/Chit95/GOx in PBS 0.05 M (150 mM NaCl; pH 7.3) +
2 mM [Fe(CN)g]®* + 1 mM D-glucose. The first five CVs/Nyquist plots consecutively registered for this electrode, are
presented as black curves: 1% (solid), 2" (dashed), 3" (dash dotted), 4" (dash dot dotted), and 5" (dotted). From the
additional 95 voltammograms and impedance spectra registered, only the curves for the 100" are shown (solid red). The
CVs for other freshly prepared electrodes stored for three weeks at 4°C under either dry (blue solid curves) or wet conditions
(blue dashed curves) are also included. The scan rate was 50 mV- s and the impedance spectra were taken at +0.15 V

(oscillation amplitude: 10 mV).
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Its durability was evaluated for a period of one month. After 3 weeks storage, a
dramatic decrease of the electroactivity was observed (Fig 6.12). At first glance, the
electrode surface looked like cracked and scaly. This evidence suggests that the drying of
the hydrogel film results in a great loss of performance (indeed, as also seen in the figure,
the situation improved when storage was performed under appropriate conditions of

hydration).

6.8. Interference Studies

Ascorbic acid (AA) and uric acid (UA) are some of the most important species
interfering in the electrochemical detection of glucose in plasma samples (although ten
times more diluted, these oxidize in simultaneous with H,O:in first generation biosensors).
To investigate this effect, additional interrogation tests were conducted in PBS 0.05 M +
2mM [Fe(CN)s]*’* + 1 mM glucose after successive additions of AA and UA to
concentrations of 50, 75, and 100 uM (Fig 6.13).
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Fig. 6. 13: CVs Interference tests in presence of ascorbic acid (AA) and uric acid (UA) (blue lines). (A) CVs registered for
the GCE/rGO-Ni/Chit95/GOx biosensor in PBS 0.05 M (pH 7.3) + 2 mM Fe(CN)s*** + 1 mM D-glucose (red line) after addition
of AA to final concentrations of 50 (solid), 75 (dashed), and 100 uM (dotted). The voltammetric profile obtained in absence
of glucose is also included for comparison (black line). The impedance spectra obtained under identical conditions are
included in the blue inset. (B) Analogous experiments were carried out by addition of UA (same line styles and color keys

apply). The scan rate was 50 mV-s in all cases.

The addition of AA, led to total variations in jea and AEp within the measurement error
(1.7% and 1%, respectively) and to negligible changes in the Nyquist plots. Oppositely,
UA induced a decrease in jea Of ca. 6.6% and AEp increased more than 10% (the changes
in the Nyquist also became more evident as seen in the inset of Fig 6.13B). These results

indicate that while AA has a negligible effect in the response of the biosensor, UA poses
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a significant interference which may slightly overestimate the analytical signal. Since the
oxidation of AA and UA in bare GCE occurs at E>0.35 V vs Ag/AgCl,%' competitive

adsorption is suggested as a possible interference mechanism.

6.9. Conclusions

Sheets of reduced graphene oxide (rGO) decorated with clusters, or isolated NPs, of
Ni were synthesized through the one-pot reduction of GO and Ni?*. rGO-Ni/Chit95/GOx
nanocomposite films, constituted by a base layer of the conjugate and a GOx-containing
chitosan hydrogel on top, were deposited onto a GCE. The interrogation of the modified
electrode in dilute glucose solutions demonstrated a significant activity of the enzyme
supported on Chit95. Further interrogation in a wider range of [G], demonstrated the
feasibility of the system as a second generation electrochemical biosensor with good
linearity found in the millimolar and sub-millimolar scales (both under voltammetric and
impedimetric mode). Good reproducibility and short-term repeatability upon consecutive
measurements were also demonstrated. Tests in presence of AA and UA showed a
negligible effect of the first and a small (and likely manageable) interference of the latter
in the response of the biosensor. The stability towards continuous cycling and storage

under dry conditions were limited.
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Perspectives

In this chapter the main conclusions and remarks regarding the whole work carried
out during this PhD thesis are presented. Besides, suggestions for future work are also
provided.
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7.1. Concluding Remarks

The aim of this thesis was to study the role of the assembly of GNMs on solid
surfaces for application as electrochemical biosensors. The results reported in this work
described the preparation, characterization, and optimization of thin films of GNMs
deposited onto glassy carbon for the enzyme-mediated electrochemical determination of
BPA and Glucose.

The results reported in Chapter 4 described the preparation, physical
characterization and electron transfer properties of solid electrodes modified with thin films
of 2D GNMs, namely GO, rGO and RGO-NPs. The films were assembled in a wide range
of concentrations and subsequently studied by AFM, SEM, and electrochemical
techniques in the presence of Fe(CN)s*’* redox probes. The results unveiled the
continuous hindering of the ET of the probes while increasing the surface density of GO
at the solid-liquid interface. This behaviour might be assigned to the contribution of both
steric and electrostatic-type phenomena. The modification of the electrode surface with
either rGO or rGO-NPs denoted a couple of changes in the redox response of the
electrodes. However, contrary to that was observed for the GCE/GO electrodes, the
increase in the concentration of rGO from 0.1 to 500 pg-mL* promoted a progressive
enhancement in the reversibility of the system. Moreover, the deposition of additional
material (above 500 pg-mL?) hindered the ET processes and the system became more
irreversible. The deposition of rtGO-FesO4 NPs in the range 0.2-10.0 mg-mL* improved the
ET process. The excellent electroanalytical efficacy found for 10.0 mg-mL™? of rGO-Fe304
NPs had been explored for the detection of BPA via electrochemical techniques.

In the chapter 5, the assembly of a graphene-nanomagnetite conjugate with a high-
DD chitosan and TvL (GCE/rGO-Fes;04/Chit95/TvL) composite was explored for the
electrochemical detection of BPA at low potential (<0.2 V). Under these conditions, the
GCE/rGO-Fes04/Chit95/TvL biosensor exhibited an ultrahigh sensitivity (minimum LOD of
4 ppb BPA), wide linearity and rapid response. Good reproducibility, durability, and an
excellent operational stability have been registered. Among all the investigated interfering
species, only glucose interferes significantly with the biosensor response, although in a
very limited and likely manageable way. Applications in real samples of water stored in
PC-bottles proved feasible with recoveries in the range between 107-124%. The results
demonstrated that the biosensor could detect harmful levels of BPA in this kind of sample.

The results in the Chapter 6 showed the construction of rGO-Ni/Chit95/GOx

nanocomposite films encompassing a base layer of rGO sheets decorated with clusters,
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or isolated Ni-NPs and a GOx-containing chitosan hydrogel on top. The rGO-
Ni/Chit95/GOx nanocomposite films were deposited onto a GCE and interrogated in dilute
glucose solutions. The results demonstrated a significant activity of the enzyme supported
on Chit95. The interrogation in a wider range of [G], demonstrated the feasibility of the
system as a second generation electrochemical biosensor with good linearity found in the
millimolar and sub-millimolar scales. A good reproducibility and short-term repeatability
upon consecutive measurements of the biosensor were registered. The results of stability
towards continuous cycling and storage under dry conditions were limited. The
interferences’ studies showed a negligible effect in the presence of AA and a small

interference of UA in the response of the biosensor.

7.2. Future Perspectives

The preliminary results presented in the Chapter 4 for the assembly of different
kind of GNMs on solid surfaces need further studies. It is generally recognised that the
amazing properties of graphene might enhance the effects of NPs in the composite
material. To this end, the immobilization of nanopatrticles (metal and metal oxide) on the
two simple forms of 2D graphene (GO & rGO) via different methods should be further
explored. The immobilization of metallic nanoparticles on a surface of GCE modified with
GO and RGO via drop casting method has already started (these results were not
presented in this thesis because the study was at a very early stage). Other strategies
such as electrochemical reducing a metal salt in the presence of GO need be further
explored too.

Finally, this thesis highlighted the need to continuously investigate the impact of
assembling solid electrodes modified with 2D GNMs for the successful application of these

materials as biosensors.
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