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Abstract: The coating of electrical interfaces with reduced graphene oxide (rGO) films and their
subsequent chemical modification are essential steps in the fabrication of graphene-based sensing
platforms. In this work, electrophoretic deposition (EPD) of graphene oxide at 2.5 V for 300 s followed
by vapor treatment were employed to coat gold electrodes uniformly with rGO. These interfaces
showed excellent electron transfer characteristics for redox mediators such as ferrocene methanol
and potassium ferrocyanide. Functional groups were integrated onto the Au/rGO electrodes by
the electro-reduction of an aryldiazonium salt, 4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate (TIPS-Eth-ArN) in our case. Chemical deprotection of the triisopropylsilyl function
resulted in propargyl-terminated Au/rGO electrodes to which azidomethylferrocene was chemically
linked using the Cu(I) catalyzed “click” chemistry.
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1. Introduction

Accurate analysis of the presence of disease-specific biomarkers in biological fluids remains
of great importance in clinical settings [1] and electrochemical sensors can reach that goal by
converting a chemical or a biological response into a processable and quantifiable electrochemical
signal [2]. Graphene and its related derivatives have generated great expectations as a transducing
platform in biosensing, due to their good mechanical properties accompanied by biocompatibility,
electrical conductivity and fast charge transfer kinetics [3-6]. A mandatory step in the production of
biosensors is the modification of graphene-based materials with recognition elements. Covalent and
non-covalent strategies have been employed, including amide bond formation and 7— interactions,
among others [7-9], to integrate surface functionalities and ligands onto graphene-based transducers.
The development of these approaches depends on having robust graphene-coated interfaces at
hand. Next to drop-casting and spin-coating of reduced graphene oxide (rGO) suspensions onto
electrical interfaces, electrophoretic deposition (EPD) has been shown to be an effective technique
for manipulating graphene oxide (GO) suspensions with the aim of producing graphene-related
films [9-13]. The ability of EPD to be applied to different materials and to control the thickness of
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the deposits has been well known for a decade [14,15]. EPD has gained increased interest as an
alternative processing technique for the deposition of various nanomaterials ranging from metal oxide
particles [16] to carbon nanotubes [17]. EPD is also relevant to the development of graphene-based
coatings in a cost-effective manner [13,18]. Its capacity to be used in more complex, integrated electrode
systems is an advantage over drop-casting and other less defined deposition techniques [10,11,19-24].
The group of Boccaccini added intensively to this field by deepening our understanding of EPD
through the investigation of GO-EPD kinetics as a function of deposition time and potential [12].

To design a powerful electrochemical sensor, working with highly reduced graphene oxide
nanosheets formed by EPD is required. Cathodic EPD would be the preferential approach, as it
allows the simultaneous deposition and reduction of GO to rGO [9]. The presence of carboxyl and
hydroxyl functions on GO results in an overall negatively charged material of about —41.3 + 0.8 mV
for aqueous GO suspensions. Migration to the anode rather to the cathode occurs upon applying
a DC voltage [13]. The anodic EPD of GO results in GO with a low degree of reduction during the
deposition process. Thermal or chemical reductions [25] are necessary to restore the aromatic network
in order to obtain a material with good electron transfer properties. This is one of the reasons why GO
is often charged with a cationic polymer (e.g., polyethyleneimine) [8] or metallic cations (Ni**, Cu?*,
etc.) [21-23] to achieve a positively charged GO nanomaterial, which can be deposited by cathodic EPD.
The presence of polyethyleneimine (PEI) has been shown to be advantageous for the integration of
surface ligands and the formation of an immunosensor for the selective and sensitive electrochemical
detection of uropathogenic Escherichia coli [8], the detection of dopamine in meat [20] and Ni?* for the
construction of non-enzymatic glucose sensors operating in a basic medium. However, the formation
of well-reduced rGO by EPD free of metal ions and other surface ligands remains a challenge.

In this study, we evaluate the effect of applied electrical current and applied voltage on the
electrochemical behavior of electrophoretically deposited rGO on gold thin film electrodes. It is shown
that the use of a voltage bias of 2.5 V for 5 min results in rGO thin films of good electrochemical behavior.
These films can also be submitted to further surface modification using diazonium electrochemistry
without altering their adhesion characteristics.

2. Materials and Methods

2.1. Materials

Potassium hexacyanoferrate(Il) ([K4Fe(CN)g]), hydrazine hydrate, phosphate buffer tablets
(PBS, 0.1 M), tetrabutylammonium fluoride (TBAF), ferrocenemethanol, copper(II) sulfate (CuSOy),
L-ascorbic acid, EDTA and N-butylhexafluorophosphate (NBu4PFs) were purchased from
Sigma-Aldrich and used as received. Graphene oxide (GO) powder was purchased from Graphenea,
Spain. 4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate (TIPS-Eth-ArN,*) was
synthesized as reported previously [26].

Azidomethylferrocene was synthesized according to Reference [27].

Au thin film electrodes were prepared by thermal evaporation of 5 nm of titanium and 40 nm of
gold onto cleaned glass slides.

2.2. Electrophoretic Deposition

Before electrophoretic deposition, the gold electrode was cleaned by UV /ozone for 5 min, rinsed
with acetone and water and dried under a nitrogen flow. The deposition took place in a two-electrode
system with a platinum foil (1 cm?) as the cathode and the cleaned gold surface as the anode (0.5 cm?).
The electrodes were placed in parallel to each other at a fixed distance of 1.5 cm. An aqueous GO
solution of 1 mg mL~! was used for the EPD. Voltage biases of 1.25V, 2.5V, 5V or 10 V were applied
using a potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands) for 5 min. The modified
gold electrodes were slowly withdrawn manually from the solution and dried in a horizontal position
under ambient conditions for 1 h. After the deposition was complete, the modified electrodes were
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placed into a Teflon autoclave (45 mL) and sealed with 1 mL of hydrazine hydrochloride. The autoclave
was heated to 80 °C and kept under a constant temperature for 4 h. The interfaces were then removed
and gently washed with water.

2.3. Surface Modification

2.3.1. Diazonium Chemistry

The electrografting of 4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate (TIPS-
Eth-ArN,*) (1 mM) in 0.1 M NBuyPF; in acetonitrile was performed using cyclic voltammetry with a
scan rate of 50 mV s~ ! for five cycles between +0.60 V and —0.75 V vs. Ag/AgCl. The electrodes were
rinsed with copious amounts of acetonitrile and acetone and dried under a stream of argon.

2.3.2. “Click” Chemistry

Before “click” chemistry, the TIPS protection group was removed by the immersion of the
Au/rGO-TIPS surface into tetrabutylammonium fluoride (TBAF, 0.05 M in THF) for 20 min. The Au/
rGO interface was then immersed into an aqueous solution of CuSO4 (10 mM) and L-ascorbic acid
(20 mM) in the presence of azidomethylferrocene (0.83 mM in THF) and left for 1 h under an argon
atmosphere. The interface was then treated with an aqueous solution of EDTA for 10 min to chelate
any remaining Cu?* residues and finally washed copiously with acetone and water and left to dry.

2.4. Surface Characterization Techniques

2.4.1. Scanning Electron Microscopy (SEM)

SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, Paris, France)
equipped with a thermal field emission emitter and three different detectors (EsB detector with
filter grid, high efficiency in-lens SE detector and Everhart-Thornley Secondary Electron Detector).

2.4.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed in a PHI 5000 VersaProbe-Scanning
ESCA Microprobe (ULVAC-PHI, Osaka, Japan) instrument at a base pressure below 5 x 10~ mbar.
Core-level spectra were acquired at a pass energy of 23.5 eV with a 0.1 eV energy step. All spectra
were acquired with 90° between the X-ray source the and analyzer. After the subtraction of the
linear background, the core-level spectra were decomposed into their components with mixed
Gaussian—Lorentzian (30:70) shape lines using CasaXPS software. Quantification calculations were
conducted using sensitivity factors supplied by PHI.

2.4.3. Electrochemical Measurements

Electrochemical measurements were performed with a potentiostat/galvanostat (Metrohm
Autolab, Utrecht, The Netherlands). A conventional three-electrode configuration was employed using
a silver wire and a platinum mesh as the reference and auxiliary electrodes, respectively.

2.4.4. Micro-Raman Analysis

Micro-Raman spectroscopy measurements were performed on a LabRam HR Micro-Raman
system (Horiba Jobin Yvon, Palaiseau, France) combined with a 473 nm laser diode as the excitation
source. Visible light was focused by a 100 x objective. The scattered light was collected by the same
objective in backscattering configuration, dispersed by a 1800 mm focal length monochromator and
detected by a CCD.



Surfaces 2019, 2 196

2.4.5. Atomic Force Microcopy (AFM)

Tapping mode AFM images in air and ambient temperature were recorded using a Bruker
Dimension 3100 AFM (Bruker, Champs-sur-Marne, France). The surfaces were imaged with a silicon
cantilever (AppNano TM300, typical spring constant: 50 N/m) working at a frequency of 369 kHz.
Image treatment and root mean square (RMS) roughness R, were obtained with WSXM software
(Bruker, Champs-sur-Marne, France). Surface roughness of the samples was measured by scanning
overab X 5 um area.

2.4.6. Profilometry

The thickness of the deposited films was determined by using an optical profilometer
(Zygo NewView 6000 Optical Profilometer with MetroPro software). This equipment uses non-contact,
three-dimensional scanning white light and optical phase-shifting interferometry, has vertical z-scan
measurements ranging from 0.1 nm to 15,000 um and has capabilities of 1 nm height resolution with
step accuracies better than 0.75%. Images were taken with a 10 lens with a 14 mm field of view.

3. Results

3.1. Electrophoretic Deposition

The process for the formation of stable electrochemically active reduced graphene oxide (rGO)
thin films on gold thin film electrodes is schematically depicted in Figure 1A. It is based on a two-step
process in which, after EPD at 2.5 V for 5 min, the full reduction of GO to rGO is obtained by immersion
into hydrazine vapor for 4 h. The use of a potential of 2.5 V proved to be of high importance in the
process. Initial investigation revealed that the electrical current signature changes significantly at
voltages greater than 2.5 V (Figure 1B), where the electrical current passing through the interface
increases during the first 25 s before stabilizing. In contrast, at potential biases of 2.5 V and lower,
a decrease of the electrical current is first observed before its stabilization. Indeed, due to the insulating
character of GO, the electrical current should decrease during the deposition process as observed for
a low voltage bias. The current drop at 2.5V is slower than that at 1.25 V. The reason for this is not
well understood, but could be due to a partial electrochemical reduction of GO under these conditions.
A similar behavior was observed by Diba et al. following the deposition of GO at 3 and 5 V [12].

The increase in current at elevated voltages indicates that next to the material deposition an
electrochemical reaction occurs, delaying surface passivation [12]. Visual inspection of the interfaces
(Figure 1C) shows clearly that the deposition occurred. However, a closer visual inspection of the
electrical interfaces (Figure 1D) reveals that the gold thin films were partially destroyed, most likely by
the gas evolution during water hydrolysis occurring in parallel at these voltage biases. This results in
the swelling of the GO deposit and eventual gold film rupture with poor film attachment.

Figure 2A shows SEM images of the different interfaces. While the films formed at 1.25 V display
granular like structures, the films deposited at 2.5 V exhibit the typical rGO-like wrinkle structures
with no evident local surface inhomogeneities and a complete and even coating of the gold thin film
interface. From the cross-section image (Figure 1A), no protrusions and hollow internal structures are
visible, indicating that at a lower potential local inhomogeneities associated with rGO formation are
avoided. The average surface roughness (R,), as determined by tapping-mode atomic force microscopy
(AFM) measurements, changed from R, = 4.1 nm (Au) to R, = 3.5 nm for Au/rGO (2.5 V deposition
potential).
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Figure 1. (A) Schematic illustration of the formation of an electrochemically active reduced graphene
oxide (rGO) thin film by anodic electrophoretic deposition (EPD) from an aqueous graphene oxide
suspensions (GO, 1 mg/mL) at a potential bias of 2.5 V for 5 min, followed by chemical treatment in
hydrazine vapor; cross-sectional SEM image of a gold interface coated with rGO using EPD at 2.5 V
for 5 min. (B) Change of current as a function of deposition time using different applied potentials:
concentration of GO (1 mg/mL) in water (pH 7.5), deposition interface: gold thin film electrode.
(C) Photographic images of gold thin film electrodes before (0.00 V) and after anodic EPD of an aqueous
solution of GO (1 mg/mL, pH 7.5) for 5 min at 1.25, 2.50, 5.00 and 10.00 V. (D) Photographs of the
different interfaces obtained (objective: 10x, numerical aperture: 0.9).
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To estimate the anodic efficiency of the EPD process, the gold interface was weighed before and
after rGO deposition and reduction. To convert the deposited weight (m,go, 10 ng for 2.5V for 5 min)
into a film thickness (d;go), Equation (1) was used:

MyGOx

drgo (nm) = Axp @

where A is the surface area (0.8 cm? in our case) and p is the density of rGO (2.09 g cm~3) [28]. A film
thickness of 59 nm was determined. This is in agreement with profilometry measurements where
a film thickness of about 55 nm was determined (Figure 2B). Samples prepared at 1.25 V for 5 min
had a deposited mass of 3 pg and an estimated rGO film thickness of 20 nm, below the acceptable
accuracy limit of profilometry to be validated. Increasing the potential to 5 V resulted in 120 nm
thick films. The Hamakar model [29] correlates the time-dependent (t = 300 s) amount of deposited
materials (m,go in g) with the electrical field strength (E, 1.6 V m~! in our case), the surface area of the
electrode (0.8 cm?), the electrophoretic mobility of GO (1.97 x 10~% cm?/(Vs) 1), the concentration of
the particle suspension (1 mg mL~!,0.001 g cm~2) and the anodic efficiency factor f (Equation (2)) [29].

MyGo = Cgo X AXUXEXEXf 2)

In the case of f = 1, the amount of deposited rGO should be equal to m;go =47 ug. The determined
rGO amount, however, was only 10 ng, which implies an efficiency factor of f = 0.2.

As a voltage bias of 2.5 V seems to be the best condition for the EDP of rGO films onto the
gold electrodes, these interfaces were investigated in greater detail. The electrochemical behavior
of this interface using ferrocene-methanol redox couple in an aqueous solution is depicted in
Figure 2C. Whereas on a bare gold surface a fully reversible voltammogram was observed, an
irreversible voltammogram with a very small oxidation peak was observed on GO-coated gold
surfaces. To improve the electrochemical behavior of such coated gold surfaces, the interfaces were
further treated with hydrazine vapor, known for its strong reducing power. The cyclic voltammograms
of hydrazine treated surfaces were largely improved, showing a well-defined redox couple with
increased capacitance behavior as expected for rGO materials (Figure 2B, blue curve).

The chemical composition of the deposited graphene matrix was further evaluated using XPS
(Figure 2D). The high resolution Cls core level spectrum of the initial GO suspensions showed
contributions at 284.2 (C=C spz), 285.0 (C-H/ C—Csp3), 286.7 (C-0O) 288.7 (C=0) and a small
contribution at 291.0 (O-C=0). The C1s XPS core spectra of GO-coated gold surfaces revealed similar
contributions with different intensities. In particular, the band at 284.2 eV due to C=C sp? increased
compared to the GO solution, indicating the partial restoration of the sp? network of the deposited
graphene material. The XPS of GO-coated gold showed additional bands at 285.0 and 286.7 eV with
a large band at 288.0 eV due to C=0. The hydrazine reduction of the GO-gold interfaces resulted
in a decrease of the epoxy/ether functions at 286.7 eV, in accordance with a partial reduction of GO
mostly likely due to the elimination of CO by a Kolb-like mechanism [12,13]. The ketone groups
remained preserved.

The Raman spectrum of GO-coated gold surfaces before and after hydrazine reduction (4 h)
is presented in Figure 2E. The increase of the D/G ratio from 0.86 to 0.97 after hydrazine chemical
reduction was observed.

Figure 3A summarizes the electrochemical behavior of a neutral redox species, ferrocene methanol,
on bare and GO-coated gold surfaces after the hydrazine chemical reduction. The electrochemically
active surface area of the different electrodes was determined by plotting the peak current as a function
of the square root of the scan rate (Figure 3B), according to Equation (3) [30]:

A = slope/ (268600 x n*2 x D2 x ¢) (3)
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where n is the number of electrons transferred in the redox event (n = 1), D is the diffusion coefficient of
ferrocene methanol (7.5 x 107% cm? s~1) and c is the concentration of ferrocene methanol (1 107¢ mol
cm~3). Taking into account the experimentally determined slopes (9.265 x 107> AV!/2 s~1/2 for Au
and 9.980 x 1075 AVY/2s=1/2 for Au/rGO), the active surfaces of 0.126 cm? (naked gold) and 0.136 cm?
(Au/rGO) were determined. By plotting the current density vs. potential (Figure 3B), a larger current
density was detected on the EPD coated gold interface due to the excellent electrochemical behavior of
the interface. This is in agreement with the deposition of an electrochemically active 3D rGO material.
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Figure 2. (A) SEM image of gold thin films before and after EPD from an aqueous graphene oxide
suspension (GO, 1 mg/mL) at different potential biases for 5 min. (B) Thickness of reduced graphene
oxide as a function of applied potential (t = 5 min). (C) Cyclic voltammograms recorded on gold
thin film electrodes (black), after EPD from an aqueous graphene oxide suspension (GO, 1 mg/mL)
at a potential bias of 2.5 V for 5 min (red); after further reduction with hydrazine (blue) using
ferrocenemethanol (1 mM)/PBS (0.1 M), scan rate = 100 mV s~1. (D) Cls high-resolution spectra
of GO (black), EPD GO (red) and further reduced GO (blue). (E) Raman spectra of the EPD film formed
at 2.5 V before (red) and after hydrazine reduction (blue).



Surfaces 2019, 2 200

024 Au
AulrGO 07 AWrGO
u/ri
| 354
o O slope=9.980 108
5 < 301
< 00 =
E = 254
-0,14 204 Au
15 slope=9.268 10~5
-0,2-
10

02 -01 00 01 02 03 04 05 06 07 015 020 025 030 035 040 045
E/V vs Ag/AgCI Square root of scan rate/ V2 712

(A) (B)

Figure 3. (A) Cyclic voltammograms recorded on gold thin film electrodes (black) and after EPD and
further reduction with hydrazine using ferrocene methanol (1 mM)/PBS (0.1 M), scan rate = 100 mV
s~ L. (B) Cyclic voltammograms recorded on gold thin film electrodes (black) and after EPD and further
reduction with hydrazine using ferrocene methanol (1 mM)/PBS (0.1 M), scan rate = 100 mV s~ 1.

3.2. Surface Modification Using Diazonium Electrografting

To validate the stability of the formed interface, efficient covalent modification based on the
electroreduction of a triisopropylsilyl-protected ethynyl diazonium salt was performed (Figure 4A).
Covalent surface modification of graphene-based materials using the electroreduction of aryldiazonium
salts is a popular approach as it allows the introduction of different chemical groups. The major
drawback of this approach is the difficulty to control the extent of the reaction—notably, to limit the
reaction to the formation of a functional monolayer. The highly reactive nature of the formed aryl
radical results in the formation of disordered polyaryl multilayers, which in the case of a sensor might
limit the dynamic range of sensing. The introduction of bulky substitutions on the ArN,* moieties
limits radical addition reactions and allows the formation of ultrathin functional layers [26,31,32].
On the basis of this concept, the precursor 4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate (TIPS-Eth-ArN,*) was used for the formation of an organic thin film on Au/rGO.
The layer was obtained by potential cycling in a solution containing TIPS-Eth-ArN," (Figure 4B).
As observed by cyclic voltammetry, the reduction peak of TIPS-Eth-ArN,* at —0.2 V decreased
rapidly after five cycles, indicating the blocking of the Au/rGO electrode. Compared to glassy carbon
electrodes, the reduction peak shifted to more negative potentials [26]. The blocking properties of the
layer was further investigated by recording the cyclic voltammogram of the oxidation of ferrocene
methanol in water before and after the electrografting process (Figure 4C) and was found to be typical
of a totally blocked electrode.

To have access to the acetylene function, the modified Au/rGO-TIP surface was immersed
into tetrabutylammonium fluoride (TBAF, 0.05 M in THF) at room temperature. The success of the
deprotection step was evidenced by the recovery of the ferrocene oxidation signal, being almost
identical to that obtained on Au/rGO (not shown). The deprotected substrate was further treated by
“click” chemistry (Huisgen 1,3-dipolar cyclization) using azidomethylferrocene, as first reported by
Gooding et al. [33]. The success of the integration of ferrocene units onto the Au/rGO electrodes was
seen from the presence of the Fe2p component in the XPS survey spectrum (Figure 5A). In the absence
of copper catalyst, no click reaction took place and no Fe2p component could be recorded. Figure 5B
shows the cyclic voltammogram of the ferrocene-modified electrode examined in electrolytic ethanol
solution. A surface concentration of T' = 2.5x 1079 mol cm~2 of bound ferrocene groups was derived
from these measurements using Equation (4):

I'=Q/nFA 4)

where Q is the passed charge, n is the number of exchanged electrons (n = 1), F is the Faraday constant
and A is the electroactive surface of the electrode determined as 0.136 cm?. Considering the ferrocene
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molecules as spheres with a diameter of 6.6 A, the theoretical maximum coverage for an idealized
ferrocene monolayer can be estimated as I' = 4.8 x 1071% mol cm 2 [34]. In our case, about half of the
full coverage was achieved.
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Figure 4. (A) Covalent modification of Au/rGO electrodes using a silyl-protected diazonium
salt followed by tetrabutylammonium fluoride (TBAF)-based deprotection and “click” reaction
using azidomethylferrocene as a model compound. (B) Electroreduction of 4-((triisopropylsilyl)
ethylenyl)benzenediazonium tetrafluoroborate (TIPS-Eth-ArN;*) on Au/rGO, scan rate 50 mV s~L
(C) Cyclic voltammograms of ferrocene methanol (1 mM)/0.1 M PBS of tGO/ Au before (blue) and
after modification with TIPS-Eth-ArN,*.
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Figure 5. (A) High-resolution Fe2p X-ray photoelectron spectroscopy (XPS) core-level spectrum of
ferrocene modified Au/rGO interfaces. (B) Cyclic voltammograms in acetonitrile/ NBusPFg 0.1 M),
scan rate 100 mV s .
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4. Conclusions

In conclusion, by applying a low EPD voltage of 2.5 V, the deposition of partially reduced
graphene oxide film can be formed on gold thin film electrodes in a homogenous, and mechanically
and chemically stable manner. Further reduction of the films in hydrazine vapor results in reduced
graphene oxide-coated substrates showing excellent electron transfer characteristics. The films proved
to be of high robustness and could be further modified via the electroreduction of aryldiazonium
salts. Using a protection—deprotection approach allows the immobilization of a functional monolayer
which can be further functionalized by Cu(I)-catalyzed “click” chemistry. We have demonstrated that
a densely packed ferrocenenyl monolayer can be efficiently integrated on these rGO-modified surfaces.
Due to the versatility and mild conditions of the “click” chemistry reaction, a wide range of functional
groups can be immobilized on such surfaces. These results pave the way for the use of this technology
for the modification of more complex electrode configuration such as screen-printed or flexible
integrated electrode arrays and the integration of surface ligands for sensing-related applications.
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