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ABSTRACT: Graphene, a single-atom-thick monolayer of sp” carbon atoms 127

perfectly arranged in a honeycomb lattice, is an emerging sensing material because 4]

of its extraordinary properties, such as exceptionally high specific surface area,

electrical conductivity, and electrochemical potential window. In this study, we Z81;

demonstrate that three-dimensional (3D), macroporous, highly conductive, and =]

monolithic graphene foam synthesized by chemical vapor deposition represents a § 25nM Dopamine

novel architecture for electrochemical electrodes. Being employed as an & 41 l e
electrochemical sensor for detection of dopamine, 3D graphene electrode exhibits | < M
remarkable sensitivity (619.6 uA mM ™ cm™) and lower detection limit (25 nM at Elﬁs_

a signal-to-noise ratio of 5.6), with linear response up to ~25 yM. And the 0¥ " pr o o o

oxidation peak of dopamine can be easily distinguished from that of uric acid — a Dopamine Concentration (xM)

common interferent to dopamine detection. We envision that the graphene foam

provides a promising platform for the development of electrochemical sensors as well as other applications, such as energy

storage and conversion.
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B INTRODUCTION

Graphene, a single-atom-thick monolayer of sp* carbon atoms
perfectly arranged in a honeycomb lattice, is an emerging
sensing material because of its extraordinary structural,
electrical, optical, and mechanical properties.' ® In particular,
this new carbonaceous material, which exhibits large specific
surface area, high charge carrier capacity and mobility, and
unique electrochemical properties, has recently attracted
tremendous interest to be employed as the electrode material
in various novel electrochemical sensors.” "' In most of the
current developments, graphene derivative (reduced graphene
oxide, rGO) is used, sometimes hybridizing with other
functional materials, to coat the conventional electrode (e.g.,
glassy carbon electrode).'*™'*

Conventionally, the electrochemical electrode is planar.
Therefore, the active surface area is limited. To tackle this
problem, nanostructure materials (e.g., carbon nanotube) are
used to coat the flat electrode surface in order to increase the
specific surface area, thus, sensitivity of detection.' ™"
However, such surface expansion is still inherently limited by
the two-dimensional (2D) nature of the planar electrodes.
Some attempts have thus been made to construct three-
dimensional (3D) electrodes. For example, electrochemical
electrode based 3D polymeric matrix with embedded enzymes
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and gold nanoparticles has been developed to detect lactic
acid.'® However, nanoporous composites of such kind are not
adequately efficient in charge transfer and mass transport. And
their architecture and morphology cannot be precisely
controlled. Alternatively, photolithographic microfabrication
has been used to make 3D electrode with regular array of
standing nanopillars."” But this method involves sophisticated
lithographic techniques in a clean room.

In the present work, we demonstrate the use of chemical
vapor deposition (CVD) grown three-dimensional (3D)
graphene foam>>*' as a novel free-standing and monolithic
electrochemical electrode. With large specific surface area, 3D
multiplexed and highly conductive pathways, and well-defined
macroporous structure, this new electrode architecture holds
great promise for various electrochemical sensing. To
demonstrate its potential, we used it here for the detection of
dopamine. Dopamine is a critical neurotransmitter, deficiency
of which leads to various neurological diseases, such as
Parkinson’s disease.
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B EXPERIMENTAL SECTION

Fabrication of Freestanding Graphene Foam Electro-
des. As described previously,”** 3D graphene foam was
synthesized by chemical vapor deposition under atmospheric
pressure, with nickel foam as the growth substrate and ethanol
as the precursor.”**® After growth, the nickel substrate was
removed by 3 M HCI at 80 °C overnight. The freestanding of
3D graphene foam (0.5 cm X 0.5 cm, 1 mm thick) was then
fixed onto a glass slide, and an electrical lead was made by silver
paint and insulated with silicone rubber (shown in Figure 1a).
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Figure 1. (a) Optical image of a 3D graphene electrode. (b, c¢) SEM
images of 3D graphene foam at different magnification. (d) Raman
spectra of 3D graphene foam obtained at different positions.

Characterizations. The morphology of 3D graphene foam
was observed by a scanning electron microscopy (SEM, JEOL,
JSM-6700F). The Raman spectra (excited at 488 nm) were
obtained by a confocal Raman microscope (CRM200, WITec).
The specific surface area of 3D graphene foam was determined
by measuring nitrogen adsorption—desorption isotherms at 77
K using a Quantachrome NOVA-3000 system.

Electrochemical Measurements. All electrochemical
measurements were carried out with a three-electrode system
(CHI660D electrochemical workstation, Chenhua, China)

using 0.1 M phosphate buffer solution (PBS, PH 7.2) as the
electrolyte. The 3D graphene foam was used as the working
electrode. Ag/AgCl electrode and platinum plate were used as
the reference electrode and counter electrode, respectively.
Dopamine and uric acid were purchased from Sigma-Aldrich
and used without any further purification.

B RESULTS AND DISCUSSION

The morphology of the 3D graphene foam is characterized by
SEM. As shown in Figure 1b, graphene foam exhibits well-
defined macroporous structure with the pore diameter ~100—
200 pum. And it offers a large specific surface area (~670 m*/g
as determined by Brunauer—Emmett—Teller N, adsorption—
desorption). The thin graphene scaffold has a smooth surface,
assuming the identical surface topology as nickel substrate due
to conformal CVD growth (Figure 1c). The Raman spectra of
3D graphene foam obtained at different positions is
demonstrated in Figure 1d. As shown, the Raman spectra
present two prominent characteristic peaks at ~1560 and
~2700 cm™’, corresponding to the G and 2D band of graphene,
respectively.”® The intensity ratio of G and 2D band indicates
that the graphene foam is composed of single and few layer
graphene domains.”” In addition, the absence of D band at
~1350 cm™! suggests that the resulting graphene foam is of
high quality (ie., no defects), ensuring high electrical
conductivity as compared with the commonly used reduced
graphene oxide sheets. Due to the excellent mechanical
strength of graphene, graphene foam remains free-standing
after etching away the underlying nickel foam despite its
atomistic thin scaffold. Although not visible under SEM, nickel
impurities, however, are left on graphene foam as revealed by
energy-dispersive X-ray spectroscopy (EDX) (see Figure S1 in
the Supporting Information). On the other hand, the nickel
impurities may be beneficial to enhance the electrocatalytic
activities of graphene electrodes.”®

To compare the electrochemical performance of 3D
graphene electrode with the conventional planar glassy carbon
(GC) electrode, their cyclic voltammograms (CV) measured in
the phosate buffer solution (PBS: 0.1 M, pH 7.2) containing 5.0
mM K;[Fe(CN)g] is shown in Figure 2a. The electrochemical
signal from the 3D graphene electrode is several-folds larger
than that from GC electrode. As K;[Fe(CN)g] is a commonly
used mediator in various electrochemical sensors, this
observation suggests the potential of 3D graphene foam
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Figure 2. (a) Cyclic voltammograms of glassy carbon (GC) electrode and 3D graphene foam electrode at a scan rate of 20 mV/s in PBS solution
containing 5.0 mM K;[Fe(CN)4]. (b) Electrochemical impedance spectroscopy (EIS) Nyquist plots obtained from GC and graphene foam
electrodes (frequency ranges from 1 Hz to 100 kHz at open-circuit potential and with a perturbation signal of S mV). The inset shows the enlarged
plot of 3D graphene electrode. The preceding portion of the Nyquist plot is fitted with a semicircle.
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Figure 3. CV plots of 3D graphene electrode (a) and glassy carbon electrode (b) in PBS (i) without and (ii) with 20 M dopamine. Scan rate = 20
mV/s. (c) CV plots of the 3D graphene foam electrode in 20 #M dopamine solution (0.1 M PBS, PH 7.2) at different scan rates: 10, 20, 30, 40, and
50 mV/s. The arrow indicates the increase direction of scan rate. (d) The anodic peak current (top) or catholic peak current (bottom) vs square root

of the scan rate.
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Figure 4. (a) Amperometric response (at 0.177 V) of the freestanding 3D graphene foam electrode upon addition of dopamine to PBS solution. The
background current is subtracted. (b) The average dose—response curve from three electrodes. The error bars indicate the standard deviations. A
linear fitting is shown at low concentration range. And the inset shows the amperometric response to 25 nM dopamine.

electrode for highly sensitive electrochemical detection.
Furthermore, it is noted that the potential separation between
the anodic and cathodic peaks (AE, ~ 0.132 V) of 3D
graphene electrode is larger than that of GC electrode (AE, ~
0.08 V), indicating that the 3D graphene foam electrode has a
much higher charge transfer rate. Electrochemical impedance
spectroscopy (EIS) was used to determine the charge-transfer
resistance as indicated by the diameter of the preceding
semicircle in Nyquist plot (Figure 2b).*” It is found that the
charge transfer resistance of 3D graphene foam (~20.7 Q) is
significantly smaller than that of 2D GC electrode (~69 Q).
This is because of the high electrical conductivity of graphene
and the vastly multiplexed conductive pathways provided by the
3D graphene. These experiments demonstrate the superior
performance of 3D graphene for electrochemical detection.
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Next, we used the 3D graphene electrode to detect dopamine
- a critical neurotranmitter in the central nervous system. As
shown in panels a and b in Figure 3, in the presence of 20 yM
dopamine, the CVs of both 3D graphene electrode and GC
electrode display a pair of redox peaks. But note that the
magnitude of CV response from the 3D graphene foam is much
greater. And the peak-to-peak potential sepration from the 3D
graphene foam is also larger than the GC electrode (0.046 V vs
0.033 V), suggesting a faster charge transfer rate. Furthermore,
panels ¢ and d in Figure 3 demonstrate that both cathodic and
anodic peak currents from the 3D graphene electrode linearly
scale with the square root of scan rate, indicating that the
electrochemical reaction is a reversible and diffusion-controlled
electrochemical process.”® Furthermore, degradation in elec-
trode responses is not observed after repetitive CV scanning,
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Figure S. Linear sweep voltammogram (LSV) plots of the 3D graphene electrode in PBS solution containing, (a) 40 uM uric acid (UA) with
different concentrations of dopamine (DA): 0, 10, 20, 30, 40, 80, 100, and 120 uM; or (b) 10 uM DA with different concentrations of UA: 0, 10, 20,
40, 60, 80, 100uM. Scan rate = SO mV/s. The inset shows the relation of peak oxidative current to DA (or UA) concentration.

indicating that our electrode is not vunlerable to fouling. In
agreement with the previous report,® we also observed pH
dependence of dopamine oxidation. As shown in Figure S2 (see
the Supporting Information), the maximum redox current is
obatined at pH 5.5 while no redox peaks are observed at high
pH. This is because the hydroxyl groups of dopamine whose
deprotonation facilitates dopamine oxidation are already
deprotonated in alkali media. However, as shown in Figure 3,
dopamine can be sensitively detected at physiological pH.

A typical amperometric response (at +0.177 V) of the 3D
graphene electrode to the addition of different concentrations
of dopamine to PBS solution is shown in Figure 4a. The
response to dopamine is sensitive and rapid. The average dose
response (amperometric response vs dopamine concentration)
(Figure 4b) demonstrates that the detection can be made
within a large concentration range, and in the linear response
range (up to 25 yM) an exceptional sensitivity of 619.6 uA
mM™! cm™

amperometric current (signal-to-noise ratio

is achieved. And remarkably, an obvious
5.6) can be
triggered by dopamine at a concentration as low as 25 nM
(Figure 4b, inset). Notably, the performance of our 3D
graphene electrode apparently outperforms the previously

reported graphene modified or carbon nanotube modified
planar electrodes (see Table S1 in the Supporting Informa-
tion).>*%3

Uric acid, which also exists in the extracellular fluid of the
central nervous system and has similar electrochemical
properties as dopamine, complicates the identification of
dopamine. Therefore, we examined whether the 3D grapehene
electrode is able to electrochemically distinguish uric acid and
dopamine. Figure 5 shows the linear sweep voltammogram
(LSV) of the 3D graphene foam electrode in the presence of
both dopamine and uric acid. As seen, the oxidative peaks of
dopamine and uric acid are well separated. And in the presence
(interference) of uric acid (or dopamine), the peak current of
dopamine (or uric acid) increases linearly with increasing
concentration. These experiments suggest that dopamine and
uric acid can be selectively detected. The ability of the 3D
graphene electrode to distinguish dopamine and uric acid is
conceivably because of the unique electronic structure of
graphene and the facilitated electron transfer between
dopamine and graphene as a result of their strong 7—7n
interaction.
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B CONCLUSIONS

In this study, we demonstrate the use of 3D graphene foam as
novel electrode architecture for electrochemical sensing. As an
example, we show that the 3D graphene foam can selectively
detect dopamine with remarkable sensitivity and lower
detection limit. Such excellent performance can be attributable
to (1) large surface (active) area of 3D graphene; (2) high
charge transfer rate ensured by the exceptionally high
conductivity of graphene and 3D multiplexed conductive
pathways of graphene foam; (3) the macroporous structure
of graphene foam which ensures efficient mass transport of the
diffusional redox species; and (4) the intimate interactions
(hydrophobic and #—z interactions) between dopamine
molecules and graphene promotes electron transfer from
dopamine. The 3D graphene promises a wide range of sensing
applications because it can be readily functionalized or
hybridized with other organic (e.g, enzymes) or inorganic
materials with large capacity and it has a large electrochemical
potential window™" to enable detection of molecules with high
oxidation or reduction potential.
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EDX spectrum of 3D graphene and cyclic voltammograms of
3D graphene electrode in the presence of 20 uM dopamine at
different pH values. This material is available free of charge via
the Internet at http://pubs.acs.org.
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