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Three-dimensional Au0.5/RGO/Au0.5/RGO/CF 

electrode and its high catalytic performances toward 

ethanol electrooxidation in alkaline medium 

Caiqin Wang,a Huiwen Wang,a Chunyang Zhai,a Fangfang Ren,a Mingshan Zhu,*b 
Ping Yanga and Yukou Du*a 

A three-dimensional Au nanoparticles/graphene/carbon fibers hybrid electrode was fabricated by a 

layer-by-layer method, denoted as Au0.5/RGO/Au0.5/RGO/CF. The as-formed composite was 

characterized by Raman spectroscopy, X-ray diffraction (XRD), scanning electron microscope 

(SEM) and X-ray photoelectron spectroscopy (XPS). It was found that two layers of reduced 

graphene oxide (RGO) sheets and two layers of Au nanoparticles were assembled alternately on 

carbon fibers. The catalytic performances of as-prepared electrode were evaluated via the cyclic 

voltammetry (CV) and chronopotentiometry (CA) measurements. It was demonstrated that the as-

synthesized 3D Au0.5/RGO/Au0.5/RGO/CF electrode exhibited highly efficient electrocatalytic 

activity toward ethanol oxidation in alkaline medium and Au NPs was not affected by the covered 

graphene layers. The synergetic interaction between RGO sheets and Au nanoparticles enhanced 

the catalytic activity of the electrode. Meanwhile, the excellent electron conductivity of RGO 

sheets benefited to the electron transfer and the oxidation removal of the intermediate species 

during the ethanol electrooxidation, which was good to the catalytic activity. Because of the effects 

of the above multiple factors, the Au0.5/RGO/Au0.5/RGO/CF electrode exhibited well catalytic 

performances. 

1. Introduction 

Due to the shortage of future energy source, the concerns about 
the search for alternative energy sources have increasingly 
appealed to the worldwide scientists’ attention in the last 
decades. Directed ethanol fuel cells (DEFCs) can be considered 
as one of the most promising technologies because of less toxic, 
higher energy densities, easy storability and refueling of 
ethanol fuels.1-3 Traditionally, platinum and platinum-based 
materials have been extensively studied as active catalysts for 
ethanol electrooxidation in DEFCs.3-5 However, the large-scale 
commercialization of DEFCs has been hindered by the sluggish 
reaction dynamics, the high cost and limited supply of platinum. 
In recent few decades, a number of studies have focused on 
non-platinum electrocatalysts.6-9 

Au is one of the interesting candidates. Traditionally, Au is 

once considered to be chemically inert. But recent studies show 

that Au nanoparticles exhibit high catalytic activity.10-13 Au in 

nanoscale has exhibited a series of fascinating aspects such as 

their assembly of multiple types involving materials science, 

the behavior of the individual particles, size-related electronic, 

magnetic and optical properties (quantum size effect).12,13 

Compared with Pt, Au is not prone to get poisoned by CO.10 

And Au nanoparticles could exhibit unusual activity and 

selectivity in a wide array of reactions, such as the CO 

oxidation, water gas shift reaction and alcohols 

electrooxidation.13-18 Based on these fascinating properties, Au 

maybe be an interesting candidate to replace Pt in somehow. 

More recently, the electrooxidation of ethanol on gold 

nanoparticles has been the focus of many research studies.13,18 

Typically, Koper et al.3 have applied gold as a model 

electrocatalyst to study the pathway of ethanol oxidation. They 

further deduced that the ethanol oxidation reaction on gold in 

alkaline media is mainly via C2-pathway (oxidation of ethanol 

to acetaldehyde and ultimately to acetic acid/acetate) but not 

the C1 pathways with the carbon–carbon bond break. Also they 

investigated the effect of electrolyte pH on the ethanol 

oxidation reaction on gold, concluding that ethanol oxidation 

does not take place on Au at an appreciable rate when pH value 

is less than 6. And as pH value is higher than 6, the oxidation of 

ethanol on Au apparently increased with pH value. Rodriguez 

and Koper19 also indicated that the electrocatalysis of redox 

reactions on gold is highly pH dependent, often preferring 

alkaline media. They pointed out that the high activity of gold 

for the oxidation of alcohols in alkaline media is related to the 

favorable reaction conditions in solution combined with the low 

tendency of gold that was poisoned by either CO or surface 
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oxides, due to the fact that gold does not bind the neutral 

intermediates strongly enough. 

DFT studies suggest that the high catalytic activity of Au 

nanoparticles is associated with the presence of atoms with very 

low coordination number, and the supporting material also 

seems to play important role in the process.20,21 Metal oxides 

such as TiO2, CeO2, ZnO and Mn3O4, are a species of 

traditional supporting materials which are widely used in 

catalytic field.21-24 For example, Holz et al.23 and Sobolev et 

al.24 investigated the gas-phase oxidation of ethanol over the 

Au/TiO2 catalyst. In Idriss’s report, the reaction of ethanol has 

been investigated on the surface of Au/CeO2.
25 It is generally 

agreed that the combination of Au-NPs on certain metal oxide 

supports should be responsible for the enhanced activity.16  
Graphene, as a novel supporting material with the sp2-

bonded carbon atoms arraying hexagonally, has been 
extensively studied in physics, chemistry and materials fields 
due to its excellent properties such as large surface area (∼2600 
m2 g-1), high electrical conductivity (105-106 S m-1), rapid 
heterogeneous electron transfer and outstanding mechanical 
properties.26-29 Inspired by its novel properties, graphene is 
widely used to improve the activity of metal nanoparticles in 
recent years. And a lot of noble metal nanoparticles/graphene 
composites have been synthesized.30-33 Zhu et al.34 fabricated 
graphene–Au NPs hybrid films and studied its high-
performance surface-enhanced Raman scattering substrates for 
detecting organic molecules such as rhodamine-6G. Huang et 
al.35 synthesized the Au–RGO nanocomposite using UV 
irradiation assisting Au–reduced graphene oxide, and its 
electrochemical sensing performance toward TNT had been 
investigated. In our previous work36, the N-Pt/RGO/CF 
electrode was synthesized via a layer-by-layer method and used 
for the electro-oxidation of methanol. The N-Pt/RGO/CF 
electrode showed good electrochemical properties and 
enhanced electrocatalytic activity toward methanol 
electrooxidation. Besides the excellent properties of graphene, 
the functional groups on the graphene oxide precursor could 
provide favorable sites for anchoring the effective metal 
catalyst components as well as adsorbing the reaction species, 
resulting more interaction states, transmission channels 
generated between them.37-39 These collective factors ultimately 
promote the catalytic performances of catalyst. 

In this work, we fabricated the three-dimensional (3D) Au 
nanoparticles/graphene/carbon fibers hybrid electrode and used 
it for ethanol electrooxidation in alkaline medium. The aim of 
the present study is to elucidate the influence of the 
introduction of graphene sheets covered on the Au 
nanoparticles layers on the electrocatalytical oxidation of 
ethanol. The following questions have been addressed in this 
work: Can the effective 3D electrode be constructed by the 
simple layer-by-layer method? What is the role of graphene in 
the 3D electrode? Covered by layers of graphene, if the activity 
of the Au nanoparticles toward ethanol electrooxidation will be 
inhibited? Are there synergetic effects between Au 
nanoparticles and graphene? Can the particular structure 
enhance the catalytic activity towards ethanol oxidation? To 
answer the questions, a series of electrodes have been designed, 
fabricated and characterized. 

2. Experimental section 

2.1. Materials and apparatus 

Carbon fibers (CF, length 15mm) were purchased from the 
commercial carbon cloth company (WOS 1002 CeTech CO., 
Ltd., China). HAuCl4 (Shanghai shiyi Chemicals reagent Co., 
Ltd., China) was used as precursors for the preparation of Au 
nanoparticles. C2H5OH, H3PO4, and KOH were all of analytical 
grade and used without further purification. Doubly distilled 
water was used throughout the experiments. Na-PBS 
(Na2HPO4/NaH2PO4, 0.01 M, pH = 4.2) was prepared to use as 
electrolyte in the electrochemical reduction of graphene. The 
electrolytes of 1.0 M KOH and 1.0 M C2H5OH/1.0 M KOH 
solution were prepared previously for use in the 
electrochemical experiments. 

All electrochemical experiments were performed in a 
conventional three–electrode–cell system at room temperature 
on a CHI 760E potentiostat/galvanostat (CH Instrumental Co., 
Ltd., China). The CF and modified CF were fixed onto the 
electrical wires to use as working electrodes. Platinum wire was 
used as counter electrode and the saturated calomel electrode 
(SCE) was used as reference electrode. The electrochemical 
measurements such as cyclic voltammetry (CV), 
chronoamperometry (CA), and electrochemical impedance 
spectroscopy (EIS) were performed in 1.0 M KOH and/or 1.0 
M CH3OH/1.0 M KOH solution. The EIS was recorded 
between 0.1 Hz and 105 Hz with the AC voltage amplitude 5.0 
mV.  All potentials reported in this paper have been converted 
to RHE scale. The solutions were deaerated by purging with 
dry nitrogen stream, and a slight nitrogen overpressure was kept 
during electrochemical experiments. 

2.2. Preparation of Au0.5/RGO/Au0.5/RGO/CF electrodes 

The schematic representation of preparation processes of the 
electrodes was shown in Scheme 1. Specifically, for 
Au0.5/RGO/Au0.5/RGO/CF, 10 µL graphene oxide (GO) 
aquaous solution (0.5 mg mL–1) that was prepared by a 
modified Hummers’ method,36,40 was dripped onto the CF 
electrodes and dried in an oven at 70 °C. Then the GO on the 
surface of CF electrode was electrochemically reduced into 
reduced graphene oxide (RGO) by a potentiostatic method at 
0.15 V (vs. RHE) for 1000 s in Na-PBS solution. The RGO 
sheets were considered as the first layer of the 
Au0.5/RGO/Au0.5/RGO/CF electrode. After that, Au 
nanoparticles were electrodeposited onto the RGO modified CF 
electrode in 3 mM HAuCl4/0.5 M H3PO4 solution at a constant 
potential of 0.85 V  with electrodeposition charge of 2.5 × 10–3 
C. This was the second layer of the electrode. Subsequently and 
similarly, another 10 µL graphene oxide (GO) aquaous solution 
was dripped onto the modified electrode and electrochemically 
reduced to obtain RGO sheets, which constructed the third layer 
of the Au0.5/RGO/Au0.5/RGO/CF electrode. Finally, Au 
nanoparticles were electrodeposited again with 
electrodeposition charge of 2.5 × 10–3 C via the same method as 
before, which constructed the forth layer of the modified 
electrode. Then the as-obtained Au0.5/RGO/Au0.5/RGO/CF was 
rinsed with doubly distilled water for use in the following.  

For Au/RGO/CF, 20 µL GO solution were dripped onto the 
CF electrode by drop. After it was dried, the GO on the 
modified electrode was electrochemically reduced as similarly 
as before. Then Au particles were electrodeposited by the same 
method in 3 mM HAuCl4/0.5 M H3PO4 solution with charge of 
5.0 × 10–3 C. And for Au/CF, Au particles were directly 
electrodeposited onto the bare CF electrode with 
electrodepositing charge of 5.0 × 10–3 C.  

For the comparative electrodes, such as 
Au0.25/RGO/Au0.75/RGO/CF and Au0.75/RGO/Au0.25/RGO/CF, 

Page 2 of 10Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

the overall amounts of loading Au particles and/or RGO were 
kept in correspondence with the Au0.5/RGO/Au0.5/RGO/CF 
electrode. Based on the integrated charge of gold electro-

deposition and assumed a 100% current efficiency, the overall 
amount of loading Au was estimated to about 3.4 µg according 
to the Faraday’s Law. 

 Scheme 1  A schematic representation for the Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF electrodes. 

2.3. Characterization 

Scanning electron microscope (SEM, S–4700, Japan) was 
performed to obtain the morphology of samples. Raman spectra 
were collected on a micro–Raman spectroscopy (LabRam 
HR800) system equipped with 514.5 nm laser. X-ray diffraction 
(XRD) analysis was carried out on PANalytical X'Pert PRO 
MRD X-ray diffractometer (PANalytical Company, Holland) 
with Cu Ka radiation (λ=1.54056 Å) operated at 40 kV and 30 
mA. X-ray photoelectron spectroscopy (XPS) was obtained on 
an ESCALab220i-XL electron spectrometer from VG Scientific 
with 300 W Al Kα X-ray radiation as the X-ray source for 
excitation.  

Inductively coupled plasma emission spectrometer (ICP, 
Vista MPX, Varian Medical Systems, USA) was investigated to 
determine the actual Au loadings after digestion of samples in a 
3:1 HCl/HNO3 mixture. The results were shown in Table 1. As 
seen, the values obtained by ICP are rather closed to that 
calculated according to the electrodepositing charge. Given that 
the total electrodepositing charges of Au on the comparative 
electrodes are the same, and in order to make the comparative 
basis uniform among the electrodes, the Au amounts in the 
whole manuscript were unified with the calculated value via the 
electrodepositing charge according to the Faraday’s Law.  

Table 1  Summarized amount of Au determined by ICP analysis and 
amount of Au calculated using the electrodepositing charge on 
different electrodes. 

Electrodes 
The amount of Au 

determined by 
ICP/ µg 

The calculated amount 
of Au according to the 

electrodepositing 
charge/ µg 

Au0.5/RGO/Au0.5/RGO/CF 3.33 3.40 
Au/RGO/CF 3.36 3.40 

Au/CF 3.34 3.40 

 

3. Results and discussion 

3.1. Morphological and structural characterization of electrodes 

Typical SEM images of bare CF and RGO/CF electrodes are shown 
in Fig. 1A and B, respectively. As is observed from Fig. 1A, the tiny 
carbon fiber exhibits smooth surface with a diameter of about 10 µm. 
After coated with RGO (Fig.1B), it can be seen that the surface of 
CF was wrapped by the wrinkled RGO sheets. The RGO sheets with 
wrinkles would supply more active sites for nuclei and growth of the 
following Au deposition and/or the adsorption of reaction species.  

 
Fig. 1  SEM images of bare CF (A) and RGO modified CF (B); 
and (C) Raman spectra  of bare CF, GO/CF and RGO/CF 
nanostructures. 

Raman spectroscopy can give some important analytical 
information about the characteristics of the inner structure (e.g. 
defects) of the carbonaceous materials.41-43 The Raman spectra of 
bare CF, GO/CF and RGO/CF are presented in Fig. 1C. As seen, all 
samples display a similar Raman spectrum in terms of the shapes 
and positions of the Raman peaks. The appearance of two prominent 
peaks at around 1351 cm-1 and 1597 cm-1 are ascribed to the D and G 
bands of carbon materials, respectively.30,36 The D band is associated 
with the out-of-plane vibrational modes and the disordered structural 
defects or edge areas, and the G band is related to the in-plane 
vibration of sp2 bonded carbon atoms.44 In addition, the intensity 
ratio of the D and G bands (ID/IG) can provide extraordinary 
information because it is proportional to the average size of sp2 
domains and the structural disorder of graphene sheets. As 
estimated, the ID/IG of bare CF is about 1.08. After coated with GO, 
the ID/IG of GO/CF was reduced to 0.98, indicating the decrease of 
disordering degree because of the presence of defects in GO. As GO 
was electrochemically reduced into RGO, the ID/IG ratio increased 
from 0.98 (on GO/CF) to 1.02 (on RGO/CF), which implied the 
reduction in the plane sp2 domains, or the realization of 
deoxygenation during the reduction of GO.30,45  

Fig. 2(A-C) shows the SEM images of Au0.5/RGO/CF, 
RGO/Au0.5/RGO/CF and Au0.5/RGO/Au0.5/RGO/CF that was 
prepared by a layer-by-layer method, respectively. From these 
images, the mophorlogy of Au0.5/RGO/Au0.5/RGO/CF electrode 
during fabrication can be clearly observed. After RGO sheets 
covered the CF electrode as the first layer of the modified electrode 
(Fig. 1B), the Au particles were electrodeposited onto the RGO 
modified CF as the second layer, shown in Fig. 2A. It can be seen 
that the Au nanoparticles with sharp tips were dispersed well on the 
RGO sheets modified CF. Then the other layer of RGO sheets was 
coated onto the modified electrode, shown in Fig. 2B. The Au 
particles could be observed through the gauze-like RGO sheets. 
Finally, the Au particles were again elecrodeposited onto the 
modified CF electrode with the same electrodepositing charge as 
before. As can be seen in Fig. 2C, the outer-layer Au nanoparticles 
uniformly disperse on the surface of modified electrode and present 
the needle-like structure with sharp tips. And it is worth noticing that 
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the inner-layer Au particles could be distinguished as well through 
the coating RGO layers (Fig. 2C). These results indicate that the as-
prepared Au0.5/RGO/Au0.5/RGO/CF electrode exhibits particular 
three-dimensional (3D) structure.  

 
Fig. 2  SEM images of Au0.5/RGO/CF (A), 
RGO/Au0.5/RGO/CF (B), Au0.5/RGO/Au0.5/RGO/CF (C), 
Au/CF (D), and Au/RGO/CF (E); and (F) XRD patterns of bare 
CF and Au0.5/RGO/Au0.5/RGO/CF. 

 
Fig. 3  XPS spectra of Au0.5/RGO/Au0.5/RGO. (A) Survey scan 
of the spectral region from 0 to 1300 eV; (B) Au 4f region; (C) 
C 1s region; and (D) O 1s region. The spectra were obtained by 
calibration based on C 1s peak at 284.5 eV. 

Fig. 2D and E display the SEM images of the comparative 
electrodes, Au/CF and Au/RGO/CF, respectively. For Au/CF, as 
seen in Fig. 2D, Au nanoparticles accumulate obviously on bare CF. 
While on the surface of Au/RGO/CF (Fig. 2E), the Au nanoparticles 
dispersed better compared with that on Au/CF. This may be due to 
the fact that the RGO sheets with wrinkles increase the surface area 
of electrode and supply more active sites, which are beneficial to the 
deposition of Au nanoparticles. 

XRD analysis was performed to further study the structure of the 
Au0.5/RGO/Au0.5/RGO/CF electrode (Fig. 2F). The diffraction peaks 
located at the 2θ values of 26° and 42° on both bare CF and 
Au0.5/RGO/Au0.5/RGO/CF are assigned to the C(002) and C(110), 
respectively. The 2θ peak at around 38.5° on 
Au0.5/RGO/Au0.5/RGO/CF is attributed to the diffraction of Au 
(111). And the average size of the Au nanoparticles was calculated 
from the half-width of the Au (111) diffraction peak using the 
Debye–Scherrer equation,44,46,47 which was estimated to be about 
17.6 nm. 

The XPS analysis has been performed on Au0.5/RGO/Au0.5/RGO 
to obtain information about the oxidation state of Au nanoparticles 
and their interaction with RGO sheets. The XPS spectra of 
Au0.5/RGO/Au0.5/RGO (Fig. 3A) show the presence of Au 4f, C 1s, 
and O 1s peaks. Fig. 3B displays the Au 4f spectrum of Au 
nanoparticles loaded on RGO sheets. The spectra could be resolved 
to two typical well-separated doublets at 84.6 and 88.3 eV binding 
energy (BE), which is assigned to the binding energy of Au 4f7/2 and 
Au 4f5/2 in zero-valent state, respectively.48,49 According to the 
reports in literatures,50,51 the Au0 peaks were shifted toward a higher 
BE with respect to the BE for bulk Au (83.9 and 87.4 eV), attributed 
to the Au bonded to O remaining in the reduced GO. The C 1s XPS 
spectrum for Au/RGO/Au/RGO is presented in Fig. 3C. The C 1s 
peaks can be fitted into three different components of oxygen-
containing functional groups: (a) non-oxygenated C at 284.8 eV, 
corresponding to the graphite-like sp2 hybridized carbon (C–C); (b) 
epoxy carbon (C–O) at 286.8 eV; and (c) carbonyl carbon (O–C=O) 
at 288.7eV.31,48,49 As shown in Fig. 3D, the O 1s binding energy is 
located at 532.4 eV, which is assigned to the chemisorbed oxygen 
species (O2-) remaining in reduced GO sheets.52 

3.2. The catalytic performances of as-prepared electrodes 

Fig. 4A presents the CVs of Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF 

and Au/CF electrodes in 1.0 M KOH aqueous solution. The CVs of 

these electrodes do not present obvious hydrogen 

adsorption/desorption peaks during the scan in the range between 

0.55 and 0.8 V. And there is an oxidation peak between 0.9 and 1.2 

V in the forward scan, which is probably attributed to the formation 

of gold oxides on the gold surface.53 In the reverse scan, this oxide 

film was reduced, releasing the active sites on Au surface.54,55 The 

current consumed to reduce the surface oxide in the peak can be used 

to determine the electrochemically active surface area (ECSA, cm2 

mg–1
Au) of Au according to the equation ECSA = Q/0.386×[Au],54-56 

where Q (mC) is the total charge for the reduction of AuO; 0.386 

(mC cm−2) is a constant assuming that a monolayer of AuO was 

formed on Au surface; and [Au] is the mass of loading Au on 

electrode. The ECSA was estimated to be 2.1, 0.8, 0.7 cm2 mg–1
Au 

for Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF, 

respectively. The large ECSA indicated that the 

Au0.5/RGO/Au0.5/RGO/CF has a higher number of available metallic 

surfaces to reaction takes place, in other words, even more sites, 

which can be used by the reaction. On the other hand, it is apparently 

in Fig. 4A that the background current of Au0.5/RGO/Au0.5/RGO/CF 
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is the highest, suggesting the greatest capacitive behaviour on 

Au0.5/RGO/Au0.5/RGO/CF compared with that on both Au/RGO/CF 

and Au/CF electrodes.57 Also it implies that the 

Au0.5/RGO/Au0.5/RGO/CF electrode has the relatively large surface 

area.58  

 
Fig. 4  (A) Cyclic voltammograms (CVs) of 
Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF in 1.0 M 
KOH solution at a scan rate of 50 mV s–1, respectively; (B) 
cyclic voltammograms (CVs) and (C) chronoamperograms 
(CAs) of Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF 
at 0.65 V (vs. RHE) in 1.0 M C2H5OH/1.0 M KOH solution. 
The inset in Fig. 4C is the partial magnification pattern of CAs. 

The catalytic activity of Au0.5/RGO/Au0.5/RGO/CF, 
Au/RGO/CF and Au/CF electrodes toward ethanol 
electrooxidation was measured by cyclic voltammetry (CV) in 
1.0 M C2H5OH/1.0 M KOH solution, shown in Fig. 4B. As to 
keep the comparative basis to be uniformed, the specific 
activities of ethanol electro-oxidation in all electrochemical 
experiments were represented according to the current densities, 
which were normalized by per milligram of Au ladings 
calculated via the electrodepositing charge. As seen, the peaks 
in the forward scan are ascribed to the oxidation of freshly 
chemisorbed species resulting from ethanol adsorption.59 The 
peak current density on Au0.5/RGO/Au0.5/RGO/CF electrode 
was 100.5 mA mg–1

Au, which was about 1.7 and 4 times higher 
than that on Au/RGO/CF (58.7 mA mg–1

Au) and Au/CF (24.6 
mA mg–1

Au), respectively. Additionally, we calculated the 
surface area normalized current density (mA cm–2) based on 

electrochemical active surface area of Au, which are 47.6, 73.4 
and 35.1 mA cm−2 for Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF 
and Au/CF, respectively. It should be noted that the ECSA 
normalized peak current density of Au0.5/RGO/Au0.5/RGO/CF 
is lower than that of Au/RGO/CF electrode. Meanwhile, 
compared with the reported results, the ECSA normalized peak 
current density of Au0.5/RGO/Au0.5/RGO/CF electrode (47.6 
mA cm−2) is higher than that of some similar materials.56,60 For 
example, it is over 14 times as high as the Au-PANI 
nanocomposite modified electrode (3.36 mA cm−2) reported in 
Pandey’s work,60 and nearly 4 times as high as the Au 
NFs/CFC electrode (about 12 mA cm−2) prepared by Yang.56 
Besides, it can be seen that the potential of oxidation peak on 
Au0.5/RGO/Au0.5/RGO/CF (1.18 V) is more negative than that 
on Au/RGO/CF (1.33 V) and Au/CF (1.48 V). The notably 
large peak current density and the relatively negative peak 
potential indicated that the Au0.5/RGO/Au0.5/RGO/CF electrode 
has good catalytic activity and enhanced kinetics toward 
ethanol electrooxidation reaction.61  

The long-time stability of Au0.5/RGO/Au0.5/RGO/CF, 
Au/RGO/CF and Au/CF electrodes toward ethanol electrooxidation 
was also measured via the chronoamperometry (CA) measurement in 
1.0 M C2H5OH/1.0 M KOH solution. The chronoamperograms 
(CAs) were carried out at 0.65 V (vs. RHE), recorded in Fig. 4C. As 
seen, the current densities at initial stage on these three electrodes 
were low, which is possibly due to the low oxidation kinetics at the 
applied potential. Despite this, the current density on 
Au0.5/RGO/Au0.5/RGO/CF is higher than that on the other two 
electrodes, which indicated that the relatively high reaction kinetics 
on Au0.5/RGO/Au0.5/RGO/CF. Subsequently, the current densities on 
all electrodes undergo an inevitable decrease at the initial stage. This 
is probably due to the unavoidable formation of Au-oxides and/or 
the decrease of active sites that were occupied by reaction 
intermediates (e.g. alkoxide and acetaldehyde species) generated 
during ethanol electrooxidation. Then the current densities tend to be 
steady gradually. After scanning for 4000 s, as seen clearly in the 
inset, the final current density on Au0.5/RGO/Au0.5/RGO/CF is still 
the highest in comparison with that on Au/RGO/CF and Au/CF 
electrodes. This suggests that Au0.5/RGO/Au0.5/RGO/CF electrode 
possesses the great stability toward ethanol oxidation. The above CV 
and CA results demonstrate that the Au0.5/RGO/Au0.5/RGO/CF 
electrode has better catalytic performances than Au/RGO/CF and 
Au/CF electrodes. It is probably attributed to the particular 3D 
structure of Au0.5/RGO/Au0.5/RGO/CF. The alternately assembled 
RGO layers and Au nanoparticles layers on 
Au0.5/RGO/Au0.5/RGO/CF boosted more interaction states, 
transmission channels as well as nanoscale junctions between Au 
nanoparticles and RGO sheets compared with Au/RGO/CF and 
Au/CF electrodes, which promoted the catalytic properties of 
electrode. 

3.3. The effects of the distributions of Au nanoparticles and 

RGO sheets on catalytic performances for ethanol oxidation 

In order to investigate how the different distribution of Au 
nanoparticles in the 3D electrodes effects on their catalytic activities, 
a series of electrodes were prepared, including 
Au0.25/RGO/Au0.75/RGO/CF, Au0.5/RGO/Au0.5/RGO/CF, and 
Au0.75/RGO/Au0.25/RGO/CF. The total Au electrodeposition charges 
of these three electrodes were fixed to be 5 × 10–3 C. And their 
catalytic performances toward ethanol electrooxidation were 
evaluated by cyclic voltammetry and chronoamperometry 
measurements, respectively. Fig. 5A records the cyclic 
voltammograms (CVs) of these electrodes in 1.0 M KOH solution 
containing 1.0 M C2H5OH. As seen, the peak current densities on the 
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Au/RGO/Au/RGO/CF electrodes are almost equal, which is possibly 
due to the same amount of total Au loadings on the 
Au/RGO/Au/RGO/CF electrodes. While there are obvious shifts 
among the oxidation peak potentials, which increase in the following 
order: Au0.5/RGO/Au0.5/RGO/CF (1.18 V) < 
Au0.75/RGO/Au0.25/RGO/CF (1.46 V) < Au0.25/RGO/Au0.75/RGO/CF 
(1.57 V). The relatively negative oxidation peak potential on 
Au0.5/RGO/Au0.5/RGO/CF suggests that it has low overpotential, 
which is owing to its low mass-transfer resistance.62, 63 Meanwhile, it 
can be seen that the onset oxidation potential (Eonset) on 
Au0.5/RGO/Au0.5/RGO/CF is 0.75 V, which is lower than that on 
Au0.75/RGO/Au0.25/RGO/CF (0.84 V) and 
Au0.25/RGO/Au0.75/RGO/CF (0.89 V). The lower Eonset indicates that 
the Au0.5/RGO/Au0.5/RGO/CF electrode has better catalytic activity 
toward ethanol electrooxidation in comparison with 
Au0.75/RGO/Au0.25/RGO/CF and Au0.25/RGO/Au0.75/RGO/CF. The 
low oxidation peak potential and Eonset on Au0.5/RGO/Au0.5/RGO/CF 
are possibly owing to its relatively well-proportioned distribution of 
Au nanoparticles, which increases the mass transfer among the RGO 
sheets and Au nanoparticles in the electrode, and ultimately 
promotes the catalytic properties of electrode. Fig. 5B exhibits the 
chronoamperograms (CAs) of Au0.25/RGO/Au0.75/RGO/CF, 
Au0.5/RGO/Au0.5/RGO/CF, and Au0.75/RGO/Au0.25/RGO/CF 
electrodes in 1.0 M C2H5OH/1.0 M KOH solution. It can be seen 
that the profiles of the curves on these three electrodes are similar to 
each other, and the current densities on the electrodes during the 
whole scanning test are closed. The closed current densities in both 
CVs and CAs indicated that the current densities in the 
Au/RGO/Au/RGO/CF electrodes do not affected severely by the 
different distribution of Au nanoparticles among the RGO layers. 
Hence, in comprehensive view of the above results, the 
Au0.5/RGO/Au0.5/RGO/CF electrode is determined to be applied for 
the ethanol electrooxidation in this work.  

 
Fig. 5  (A) Cyclic voltammograms (CVs) and (B) 
chronoamperograms (CAs) of Au0.25/RGO/Au0.75/RGO/CF, 
Au0.5/RGO/Au0.5/RGO/CF, and Au0.75/RGO/Au0.25/RGO/CF in 
1.0 M C2H5OH/1.0 M KOH solution, respectively. 

As to study the role that the second RGO layer plays in the 3D 
electrode, ten Au/RGO/CF and RGO/Au/RGO/CF electrodes were 
prepared, respectively, and four of them were randomly selected to 
test their electrocatalytic performance. The cyclic voltammograms 
(CVs) of these electrodes were carried out in 1.0 M C2H5OH/1.0 M 
KOH solution at the same condition, respectively. The peak current 
densities on each electrode are shown as histogram in Fig. 6. It can 
be seen that the average of the current densities on 
RGO/Au/RGO/CF and Au/RGO/CF are closed to each other, which 
suggests that the catalytic activity of RGO/Au/RGO/CF is near to 
that of Au/RGO/CF for ethanol electrooxidation. While the current 
densities on RGO/Au/RGO/CF kept relatively steady compared with 
that on Au/RGO/CF. According to the results, it can be inferred that 
the 3D structure of the as-prepared electrode was not closed. And the 
covered RGO sheets on the surface of electrode act not as an 
obstructor that blocks the active sites of Au nanoparticles but as 
frameworks to construct the 3D structure of electrode, so that the 
reaction species can still cross over the RGO sheets to adsorb and 
react at the active sites on Au nanoparticles. 

 
Fig. 6  Histograms of current densities on four different 
Au/RGO/CF and RGO/Au/RGO/CF electrodes toward ethanol 
electrooxidation, respectively. 

 
Fig. 7  Nyquist plots of ethanol electrooxidation on 
Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF electrodes 
in 1.0 M C2H5OH/1.0 M KOH solution at electrode potential of 
1.15 V (vs. RHE). 
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3.4. The electrochemical impedance spectroscopy study 

The electrochemical impedance spectroscopy (EIS) can be used to 
investigate the interfacial processes and kinetics of electrode 
reactions and evaluate the electrochemical properties of as-prepared 
catalysts.64 EIS on Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and 
Au/CF electrodes were investigated at electrode potential of 1.15 V 
(vs. RHE) in 1.0 M C2H5OH/1.0 M KOH solution, respectively. The 
Nyquist plots were recorded in Fig. 7. The impedance arc at high 
frequencies is generally corresponding to the charge-transfer 
resistance in the electrode.65,66 It can be seen from Fig. 7 that the 

diameter of impedance arc (DIA) on Au0.5/RGO/Au0.5/RGO/CF, 
Au/RGO/CF and Au/CF rises in the following order: 
Au0.5/RGO/Au0.5/RGO/CF < Au/RGO/CF < Au/CF. The smaller 
DIAs on Au0.5/RGO/Au0.5/RGO/CF and Au/RGO/CF suggests that 
they have better charge transport performance compared with Au/CF 
electrodes. This is probably attributed to the fact that the RGO sheets 
with excellent electrical conductivity play vital roles in electron 
transfer in electrode reaction.66,67 On the other hand, the particular 
3D structure of Au0.5/RGO/Au0.5/RGO/CF actuates more nanoscale 
junctions between Au nanoparticles and the RGO sheets, benefiting 
to the electrons transfer, too. 

Fig. 8  Nyquist plots of ethanol electrooxidation on Au0.5/RGO/Au0.5/RGO/CF (A, B, C), Au/RGO/CF (D, E, F), and Au/CF (G, H, 
J) electrodes in 1.0 MC2H5OH /1.0 M KOH solution at electrode potentials from 0.75 to 1.55 V (vs. RHE). The fitting lines in (A–
C) are representative simulations based on the equivalent circuits in Fig. 9 A and B, respectively. 

 
Fig. 9  Equivalent circuits used for simulating the impedance 
spectra for ethanol electrooxidation on 
Au0.5/RGO/Au0.5/RGO/CF at different potentials: (A) at 0.75 to 
0.95, and 1.35 ~ 1.55 V (vs. RHE); (B) at 1.15 V (vs. RHE). 

The electron transfer kinetics of ethanol oxidation on 
Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF were further 
studied by selected electrochemical impedance spectroscopy (EIS) at 
various potentials in the range from 0.75 to 1.55 V (vs. RHE). Fig. 8 
shows the Nyquist plots of ethanol oxidation on 
Au0.5/RGO/Au0.5/RGO/CF, Au/RGO/CF and Au/CF in 1.0 M 

C2H5OH/1.0 M KOH solution at different electrode potentials, 
respectively. Generally, the ethanol oxidation on different electrodes 
shows different impedance behaviours at different electrode 
potentials.65,68-70 For example, for Au0.5/RGO/Au0.5/RGO/CF (Figs. 
8A, B, C), the diameters of the impedance arcs (DIA) in Fig. 8A 
minished with the increase of the applied potential from 0.75 to 1.1 
V. This suggests that the oxidation rate on electrodes is accelerated 
because of the oxidation removal of intermediates (e.g. alkoxide and 
acetaldehyde species etc.) that generated during the ethanol 
dehydrogenation at low potentials occurs, and more and more active 
sites are available for ethanol oxidation. As the potential continue 
increasing (Fig. 8B), it can be seen that the DIA starts to increase, 
which is due to the poisoning and oxidation of Au catalyst at higher 
potentials. Then the arc begins to reverse obviously at the potential 
of 1.2 V, and it reverses to the second quadrant at 1.25 V. This is 
mainly due to the recovery of the catalytic active sites because of the 
oxidation removal of reaction intermediates by OHads adsorbed on 
Au nanoparticles.62,65 At the potential range between 1.3 V and 1.55 
V (Fig. 8C), the arc flips back to the first quadrant with large DIA. 
This is probably due to that the intermediate species are absent at 
high potential and the surface of Au is possibly covered by the Au 
oxides, inhibiting the oxidation of ethanol. As seen from Fig. 8(D, E, 
F) for Au/RGO/CF, the impedance behaviours is similar to that on 
Au0.5/RGO/Au0.5/RGO/CF. However, the arc begins to reverse until 
the potential is at 1.25 V for Au/RGO/CF. And the DIA of the 
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reversed arc on Au/RGO/CF is larger than that on 
Au0.5/RGO/Au0.5/RGO/CF. This implies that the oxidation removal 
of reaction intermediate species on Au/RGO/CF is slower compared 
with that on Au0.5/RGO/Au0.5/RGO/CF. By contrast, the EIS 
behaviours presented on Au/CF (Fig. 8G, H, J) present many 
differences with the other electrodes. The arcs on Au/CF in the 
whole potential range remain in the first quadrant, which indicates 
the poor activity of oxidation removal of absorbed intermediate 
species on Au/CF. Herein, the results of the Nyquist plots confirm 
that the Au0.5/RGO/Au0.5/RGO/CF possessed highest catalytic 
activity for ethanol oxidation compared to Au/RGO/CF and Au/CF. 

The equivalent circuit is used to fit the EIS data.65,71,72 On the 
basis of the above impedance measurements in Fig. 8(A-C), 
two equivalent circuits for Au0.5/RGO/Au0.5/RGO/CF are 
proposed in Fig. 9. Here Rs represents the solution resistance 
from the relative electrode and the working electrode, Rct is the 
charge-transfer resistance, and CPE (constant phase element) is 
the electrode double layer capacitance used instead of a 
capacitor to account for some complex element in the whole 
system. In addition, in Fig. 9B, CPE1 and resistor (Re) are 
added in series to fit the high frequency impedance data, which 
are attributed to a charge-transfer process at the outermost 
surface of the electrode. And Co and Ro represent the 
capacitance and resistance of composite materials on the 
surface of electrode during the oxidation of adsorbed 
intermediates species, respectively. Some representative fittings 
for the Au0.5/RGO/Au0.5/RGO/CF electrode are shown as solid 
lines in Fig. 8(A-C), which show good agreement with the 
corresponding experimental data. 

On the basis of the above results and analysis of all the 
measurements, the enhanced catalytic performances toward 
ethanol oxidation on Au0.5/RGO/Au0.5/RGO/CF in alkaline 
media can be explained as the following reasons. Firstly, it 
should be attributed to the extraordinarily excellent catalytic 
activity of Au in alkaline media.13,19 Although Au is 
traditionally considered to be chemically inert, recent studies 
show that Au nanoparticles exhibit high catalytic activity. Even, 
it can surpass platinum in terms of total oxidation current. 
Meanwhile, Au as catalyst can efficiently perform electron 
transfer but interacts weakly with reactants and intermediates, 
and it has low propensity to form surface oxides, so that it does 
not get poisoned readily.19 Secondly, the RGO sheets play 
important roles in the improvement of the catalytic activity of 
the electrode. The RGO sheets with particular properties (such 
as large surface area, excellent electron conductivity, etc.) 
benefit to the electron transfer, and the remaining oxygen-
containing groups of RGO are helpful for the oxidation removal 
of intermediate species during the ethanol oxidation, which 
were confirmed by the electrochemical impedance spectroscopy 
study. Thirdly, the interaction between RGO sheets and AuNPs 
has been confirmed by the XPS analysis, which can enhance 
the catalytic activity of the electrode. Fourthly and 
indispensably, due to the particular 3D structure of 
Au0.5/RGO/Au0.5/RGO/CF electrode, the layer-by-layer 
distribution of Au nanoparticles on Au0.5/RGO/Au0.5/RGO/CF 
electrode enables the Au particles to disperse more uniform 
with smaller particle size and to expose more active sites. 
What’s more, there are more interaction states, transmission 
channels and nanoscale junctions between the Au nanoparticles 
and RGO sheets as compared with Au/RGO/CF and Au/CF, 
which is desirable in electrocatalytic reaction. Because of the 
effects of the above multiple factors, the 
Au0.5/RGO/Au0.5/RGO/CF electrode exhibits the highest 
activity compared with the other two electrodes. 

4. Conclusions 

The questions presented in the last of introduction section can 
be answered as the conclusions. The Au0.5/RGO/Au0.5/RGO/CF 
electrode with 3D structure was successfully fabricated by the 
simple layer-by-layer method. The role of graphene in the 3D 
electrode is important, which acts as frameworks to construct 
the 3D structure of electrode. And the electrocatalytic activity 
of RGO/Au/RGO/CF is not inhibited by the covered RGO 
sheets on the surface of electrode. It is found that synergistic 
effects between Au nanoparticles and grapheme exist and 
benefit to improve their catalytic activity. The 3D structure of 
Au0.5/RGO/Au0.5/RGO/CF electrode enhances the catalytic 
activity towards ethanol oxidation. In summary, these multiple 
factors contribute to the enhanced catalytic performances 
observed on the 3D Au0.5/RGO/Au0.5/RGO/CF electrode. 
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Graphical Abstract 

 

 

Highly efficient catalytic activity for ethanol electrooxidation on three-dimensional 

layer-by-layer Au0.5/RGO/Au0.5/RGO/CF electrode in alkaline medium. 
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