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Graphene is a promising support for nanosized electrocatalysts, while conventional stacking
arrangement of graphene sheets substantially decreases the catalytic sites on the catalysts. We report
here the fabrication of graphene/Cu electrocatalyst by simple cyclic voltammetric electrolysis of
graphene oxide (GO) and copper ethylenediamine tetraacetate (Cu-EDTA), and find that the
electrochemically reduced GO (RGO) and Cu nanoparticles can be sequentially self-assembled into
layer-by-layer, 3D sandwich-type, and homogenous architectures as the concentration ratio of Cu-
EDTA/GO increases. The 3D sandwich-type RGO/Cu composite (S-RGO/Cu) shows that the RGO
sheets decorated with Cu nanoparticles nearly stand on the electrode, leading to a significant increase
of electrochemically accessible surface area (0.685 cm?) relative to those of the horizontal layer-by-
layer RGO/Cu composite (0.147 cm?) and the homogenous RGO/Cu composite (0.265 cm?).
Stemming from its high electrochemical surface area, the S-RGO/Cu composite exhibits a high
electrocatalytic activity to hydrazine oxidation in terms of current density and overpotential.
Mechanistic analysis of the electrode reactions reveals the reaction pathways of hydrazine on
RGO/Cu are closely related to the electrochemical surface area of the RGO/Cu electrocatalyst. The
correlation between the architectures and their performances in electrocatalysis presented can guide

the design of the novel structures with enhanced properties.
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1. Introduction

Electrocatalysts are the key component in the applications such as electrochemical sensors, fuel cells,
and electrochemical hydrogen evolution reactions.'™ Supporting materials with a large specific
surface area have been widely used to effectively disperse and stabilize the catalyst nanoparticles.*”
Meanwhile, maximizing the electrochemically active area of the catalyst is pursued to enhance the
catalytic activity.®” Recently graphene (mainly reduced graphene oxide, RGO) has quickly emerged
as a superior catalyst support™ because of its unique structure and properties, including high specific
surface area, excellent electrical conductivity, great mechanical and chemical stability, strong
nanoparticle anchoring, and also good electrocatalytic activity.!'>'] Up to now, although tremendous
progress has been achieved in preparation of RGO/metal (Au, Ag, Pt, Pd, bi-/multi-metallic)

12715 most of them obtained by chemical solution methods macroscopically exist in powder

catalysts,
aggregates, so they have to be coated onto an electrode substrate under the assist of a polymeric
binder. As a result, the catalytic activity may be severely impaired by the binder due to the
entrapment of a substantial amount of catalytic sites.

Electrodeposition enables a facile fabrication of firmly adherent binder-free electrocatalysts on a
conductive substrate in only one step and moreover an easy control in morphology/structure, making
it a favourable method for -electrocatalyst fabrication.'®'” We recently proposed direct

18,19

electrodeposition of RGO from graphene oxide (GO) aqueous solutions and then we

demonstrated facile functionalization of the RGO films by co-depositing RGO with materials of

2023 opening a new opportunity for a simple, rapid, and environmentally

interest onto electrodes,
friendly production of functional graphene-based nanocomposites for use in various fields including

electrocatalysis.**?’ The performance of RGO as a catalyst support, however, has yet to be

significantly improved because the RGO sheets tend to horizontally stack on electrodes™***’ due to

2
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the intersheet van der Waals attractions, which may result in a significant loss in the electrochemical
surface area of the electrocatalysts because of their confinement within the RGO layers.

In this work, we demonstrate that RGO sheets not only can horizontally stack but also can stand
on an electrode during a simple one-step cyclic voltammetric (CV) electrodeposition in the presence
of metal, herein copper nanoparticles. Copper (Cu) is an important catalyst/co-catalyst in

electrochemical sensors (e.g., detection of glucose,” hydrazine,* etc.) and fuel cells*®

owing to its
low cost. Just by varying the initial concentrations of the cupreous precursor during CV
electrodeposition of the RGO/Cu, three architectures: layer-by-layer (L-), sandwich-like (S-), and
homogeneous (H-) structures are obtained (Scheme 1). In the S-RGO/Cu composite, the RGO sheets
act as scaffolds to support Cu nanoparticles to form sandwich-like RGO/Cu sheets nearly standing
on the electrode surface, preventing the stacking of RGO and providing a high surface
electrochemically accessible to electrolytes. The growth mechanisms are tentatively given for the

three nanoarchitectures of RGO/Cu and the correlations between the nanoarchitectures and the

performances in hydrazine (N,H4) electro-oxidation are investigated.

2. Experimental section

2.1 Electrochemical preparation of RGO/Cu composite

Graphite oxide was prepared according to our previous work.”' The synthesized graphite oxide
powder was exfoliated in a 0.067 M pH=8 phosphate buffer solution (PBS) by ultrasonication for 3 h
to form a homogeneous GO dispersion. Equimolar quantities of CuSO4 and disodium
ethylenediamine tetraacetate (Na-EDTA) were mixed to obtain a Cu-EDTA solution. For
electrodeposition preparation of RGO/Cu, dispersions containing 0.3 g L™' GO and Cu-EDTA with
varied concentrations were prepared. The electrodeposition was carried out under magnetic stirring
using cyclic voltammetry on a CHI 660C electrochemical workstation (CH Instruments, Shanghai,

3
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China) with a three-electrode system: a glassy carbon electrode (GCE) (3 mm in diameter, 0.071 cm?
in geometric area) as the working electrode, Pt foil as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. Prior to use, the GCEs were carefully polished with 0.3
and subsequently 0.05 pum alumina slurry, and then cleaned by ultrasound in double-distilled water
and ethanol for 2 min, respectively. The scans were performed between —1.4 and 0.6 V at the rate of
50 mV s ' for 10 cycles. After electrodeposition, the working electrode was thoroughly washed with
double-distilled water and dried at room temperature. For comparison, neat RGO and neat Cu
nanoparticles on GCEs were separately prepared under the same conditions.

2.2 Characterizations

Scanning electron microscopic (SEM) images were acquired using a Hitachi S-4800 field emission
electron microscope. Transmission electron microscopic (TEM) images were obtained using a JEM
3010 TEM system. Powder X-ray diffraction (XRD) patterns were obtained on a M21X X-ray
diffractometer with Cu Ko radiation (A = 1.54 A). Raman spectra were measured using an
Advantage 200A Raman spectrometer with a 632.8 nm laser (DeltaNu). X-ray photoemission
spectroscopy (XPS) data were recorded on a Thermo Fisher Scientific K-Alpha 1063 system with a
monochromatic Al Ka source (1486.6 eV).

2.3 Electrochemical tests

The tests of electrocatalytic activity were performed using 10 mM N;H4 in 0.1 M KOH solution
without being purged with N, (the result is not affected by the aeration of N, or not). The cyclic
voltammograms of N,H, electro-oxidation at the catalytic electrodes were adopted when the current
responses stabilized (generally the second or more cycle). All the electrochemical tests were

recorded on the CHI 660C electrochemical workstation at room temperature.

3. Results and discussion
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3.1 Synthesis and structural characterization

The one-pot electrochemical synthesis of RGO/metal composites from GO and metallic precursors
requires GO and the corresponding metallic precursor forming a homogeneous dispersion. We
previously showed®® that metallic anion species could stably coexist with GO due to the negative
electrostatic repulse between them, but metallic cations, such as Ni2+, Cu2+, and Zn*" could combine
with negatively charged GO through strong electrostatic attraction to induce the agglomeration of
GO in water, which disables the electrodeposition of RGO and thus the fabrication of corresponding
RGO/metal composites. Herein, this problem is solved by introducing a chelating agent,
ethylenediamine tetraacetate (EDTA), to chelate Cu”" before its mixing with GO. As a result, the
positive charge of free Cu”” ionized from the CuSO, precursor is eliminated by EDTA and the
resulting electrically neutral Cu-EDTA complex can well co-exist with GO in aqueous solutions at
any concentration. EDTA chelates with metal ions in a 1:1 ratio regardless of the charge of the
cation™ and therefore in each electrolysis experiment, an electrolytic solution containing equimolar
quantities of CuSO4 and EDTA followed by GO addition (achieving a final GO concentration of 0.3
g L") was prepared for fabricating RGO/Cu composite, where the concentrations of CuSO, were
varied to investigate the morphologies of the RGO/Cu composite.

The SEM image in Fig. la displays the pure RGO film with a few wrinkles lying flat on a GCE,
where the electrochemical reduction of GO to RGO has been well documented in our previous
work."®° Raman and XPS spectra also confirmed the efficient removal of the oxygenated groups of
GO during the electrodeposition process (Fig. S1 in Electronic Supplementary Information (ESI) 7).
Cu nanoparticles prepared from 1 mM Cu-EDTA without GO are shown in Fig. 1b, demonstrating
an average diameter of about 22 nm and densely spreading on the electrode surface. RGO/Cu
composite presented three typical morphologies depending on the concentration of Cu*” ([Cu?")). Fig.
lc shows the SEM image of the RGO/Cu composite electrochemically deposited from 1 mM [Cu®']

5



Journal of Materials Chemistry A Page 6 of 27

and 0.3 g L' GO, demonstrating ultrathin and flexible RGO sheets covering the dense Cu
nanoparticles. The flat RGO sheets as the topmost layer was always observed for this RGO/Cu
composite irrespective of the electrodeposition cycle numbers (Fig. S2, ESIf). This reminds us that a

layer-by-layer structure revealed in our earlier work*%?!

is also present here (illustrated in Scheme
la), which was attributed by us to the independent deposition of the two components due to no
attractive interaction between them as well as their significantly different electrodeposition
potentials. Here the reduction peak potentials for GO and Cu®" also differ greatly to be —1.2 and —0.3
V (versus SCE), respectively (Fig. S3, ESIT) and the attractive interaction between the negatively
charged GO and the neutral Cu-EDTA at lower concentrations could be neglected. According to our
previous work,”**! the growth mechanism for the layer-by-layer structure is illustrated in Scheme 2a.
During the negative scan from 0.6 to —1.4 V the Cu nanoparticles first deposit alone at about —0.3 V
and till to about —1.2 V the RGO deposition occurs, resulting in planar RGO sheets like blankets
covering the predeposited Cu nanoparticles. Since the positive scan (from —1.4 to 0.6 V) results in no
deposition, the repeated CV scans give rise to multiple RGO/Cu bilayers, as if layer-by-layer
assembly of RGO and Cu nanoparticles, where RGO always constitutes the topmost layer as was
observed in the experiments (Fig. S2, ESIt). Indeed, the layered structure was verified by cross-
sectional SEM examination (Fig. 1d).

However, the layer-by-layer RGO/Cu (L-RGO/Cu) composite only can be found at low
concentrations of Cu>” up to about 3 mM. As the [Cu®’] further increases, a choppy morphology
different from the flat L-RGO/Cu composite is observed (Fig. 1e), and a magnified SEM image (Fig.
1) reveals RGO sheets sandwiched by dense Cu nanoparticles are nearly vertically standing on the
electrode surface (as illustrated in Scheme 1b), forming a three-dimensional (3D) nanoarchitecture.

Obviously, the electrodeposition mechanism for the 3D sandwich-type RGO/Cu (S-RGO/Cu)

changed, and differing from the independent deposition of RGO and Cu inferred for the L-RGO/Cu
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structure, simultaneous deposition of the two components could take place in this case. We deduce
that, as illustrated in Scheme 2b, at the higher [Cu2+], each GO sheet was surrounded by Cu-EDTA
and therefore GO would be entrained during the Cu-nanoparticle deposition at around —0.3 V, and
meanwhile the 2D GO sheets that have various oxygen functional groups (e.g., hydroxyl and
carboxyl groups) provided anchor sites for nucleation and growth of Cu nanoparticles at the GO

34,35

surfaces. The GO scaffolds were subsequently electrochemically reduced to RGO at the cathodic

potential of around —1.2 V. To our best knowledge, though 2D sandwich-like graphene-based

3637 the in situ assembly of the

nanocomposite sheets have been chemically prepared in solutions,
sandwich units on a solid support has never been reported. The RGO/nanoparticle sandwich sheets
standing on the electrode surface constitute a 3D architecture, overcoming the consistent horizontal
stack of RGO induced by intersheet van der Waals attractions, which will endow the composite with
not only a large interface to facilitate the fast charge transport between the nanoparticles and the
electrically conductive RGO but also a large electrochemically accessible surface area propitious to
reactions. The binder-free, open structure and higher electrochemically accessible surface are great
advantages for any electrocatalytic applications.*®*’

Further increasing the [Cu’'] to above 8 mM, a flat morphology with only close-packed Cu
particles is observed from the top-view SEM image (Fig. 1g), and the cross-sectional SEM image
reveals that RGO sheets are still sandwiched between Cu nanoparticles (Fig. 1h), indicating that such
a structure was developed from the S-RGO/Cu shown in Fig. le and Fig. 1f. It is thought that in the
electrolyte solution the GO sheets were surrounded by a crowd of Cu-EDTA due to the higher
concentration ratio of Cu-EDTA to GO than that in the case of S-RGO/Cu preparation, and as
illustrated in Scheme 2c¢, upon the negative scan to around —0.3 V, a mass of Cu®" instantly reduced

to form Cu nanoparticles and during their deposition onto the electrode the GO sheets were

entrained, leading to the embedment of GO in the Cu-nanoparticle matrix. In this case, the high-
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density Cu nanoparticles not only completely saturated the anchor sites on the GO sheets but also
nucleated and grew on the electrode substrate. The GO sheets were then reduced to RGO as the
potential went negatively to the potential of —1.2 V, giving birth to the RGO/Cu composite. And in
this sense, RGO sheets play a role of nano-fillers that homogeneously distribute in the continuous
Cu-nanoparticle matrix (H-RGO/Cu composite, hereafter).

The TEM images of the three types of RGO/Cu composites are shown in Fig. 2a—c, all revealing
Cu nanoparticles with a diameter of 20 to 30 nm (comparable to that of the neat Cu nanoparticles in
Fig. 1b) on a flexible and transparent substrate ascribed to RGO sheets that most likely contain more
than one RGO monolayer. The Cu nanoparticles are anchored on the RGO sheets but they are sparse
for the L-RGO/Cu (Fig. 2a), dense for the S-RGO/Cu (Fig. 2b), and crowded for the H-RGO/Cu (Fig.
2¢), consistent with the successively increased concentrations of the cupreous precursor used for
their preparations. The RGO/Cu composites were characterized by XRD (Fig. 2d—f). Besides the
diffraction peaks at 20 values of 43.30°, 50.44°, and 74.20° characteristic of cubic Cu (JCPDS file
no. 85-1326),**" diffraction peaks indicative of Cu,0 (JCPDS file no. 05-0667) and CuO (JCPDS
file no. 05-0661) are also present, suggesting partial oxidation of the Cu nanoparticles, especially in
the S-RGO/Cu and H-RGO/Cu composites because they have most of the Cu nanoparticles exposed,
so that the peaks for the oxides of copper in S-RGO/Cu and H-RGO/Cu is prominent relative to L-
RGO/Cu. XPS also confirmed the partial oxidation of Cu in the three types of RGO/Cu composites
(Fig. S4, ESIY). It has been reported that the oxides of copper (i.e., Cu,O and CuO), which normally
form on the outer layer of Cu nanoparticles, are not harmful but favorable for the electrocatalytic

activity of Cu nanoparticles.***

3.2 Electrocatalytic activity to N,H,

The electrocatalytic activities of L-RGO/Cu, S-RGO/Cu, and H-RGO/Cu composites towards NoHy
were examined using cyclic voltammetry. The CV curves of the GCEs of equivalent geometric areas

8
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(0.071 cm?) loaded with L-RGO/Cu, S-RGO/Cu, and H-RGO/Cu catalysts in 0.1 M KOH containing
10 mM N,Hj at the scan rate of 100 mV s~ are displayed in Fig. 3, and at the same time a bare GCE
and the GCEs separately loaded with Cu nanoparticles and RGO were also investigated for
comparison. On the forward positive potential sweep, it is found that the bare GCE gives no anodic
peak, while the anodic current at RGO starts to increase at 0.1 V (versus SCE, similarly hereinafter)
and then achieves the maximum peak current at approximately 0.63 V, indicating an electrocatalytic
activity of RGO towards N,H, oxidation, agreeing with the report by Wang et al.** Nevertheless,
compared to RGO, Cu nanoparticle is more effective for the electrocatalytic oxidation of N,H4
deducing from the remarkable negative shift of the oxidation peak potential to 0.34 V and the
distinct increase of oxidation peak current density at the Cu catalyst. The electrocatalytic activities
differ significantly for the three types of RGO/Cu composites, where the L-RGO/Cu composite
exhibits a similar electrocatalytic NoHy4 activity to that of Cu nanoparticles in terms of the peak
current density (about 9.1 mA cm* for both), which suggests that the electrocatalytic activity of
RGO toward N,Hj is negligible when in the presence of Cu nanoparticles. Still and all, the fact that
the oxidation peak potential at L-RGO/Cu (0.27 V) is lower than that at Cu (0.34 V) imparts
accelerated charge-transfer kinetics in L-RGO/Cu contributed by the electrically conductive RGO
that facilitates electron transport.***> The peak current density observed for the S-RGO/Cu
composite is 15.0 mA cm?, nearly two times that for the L-RGO/Cu, and moreover, the peak
potential negatively shifts to 0.26 V. On the other hand, despite its higher Cu-nanoparticle content
than that in the S-RGO/Cu composite, the H-RGO/Cu composite shows a decreased peak current of
11.0 mA cm™ and an increased peak potential of 0.29 V. The results clearly indicate facile NoH,
electro-oxidation reaction on S-RGO/Cu compared to both L-RGO/Cu and H-RGO/Cu, which is
supposed to be ascribed to the unique nanoarchitecture of the S-RGO/Cu composite. In S-RGO/Cu,

the nearly standing RGO sheets acting as the scaffolds to support Cu nanoparticles maximizes the
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surfaces of catalytical Cu nanoparticles available to N,Hs molecules. In the reverse negative
potential scan, no cathodic peak is observed, suggesting irreversible oxidation of N,H4 on all the
electrodes.

3.3 Effective surface area and electron transfer number

The electrochemically effective surface area of the electrodes can be estimated using K3[Fe(CN)g] as
a model complex according to the general Randles—Sevcik equation (Eq. 1):*

ip :(2.69X105)n3/2ACD1/2v1/2 N

where i, n, 4, ¢, D and v are the peak current (in A), the number of electrons (1 for K3[Fe(CN)¢])
involved in the reaction, the electrochemically effective surface area of working electrode (in cm?),
the concentration of the reactant (in mol cm™), the diffusion coefficient (7.6 x 10° cm? s™' for
Ks[Fe(CN)]*®), and the scan rate (in Vs™), respectively. In consideration of that Cu nanoparticles in
the RGO/Cu composite electrodes can react with K;[Fe(CN)s], we only estimated the effective
surface areas of the bare GCE and the RGO/GCE according to Eq. 1. From the slop of the anodic 7,
versus V2 plot (Fig. S5, ESIT) the electrochemically effective surface areas of the bare GCE and the
RGO/GCE are calculated to be 0.059 and 0.135 cm®. It is known that the electrical double layer

capacitance of an electrode is proportional to its effective electrode area according to Eq. 2:*~*

C=7 (2)

where C is the capacitance, ¢ is permittivity of the electrolyte, d is effective thickness of the
electrical double layer, and A4 is surface area of the electrode accessible to the electrolyte. Therefore,
the effective surface areas of the RGO/Cu composite electrodes (A4x) can be evaluated according to

Eq. 3 using the effective surface area (4, 0.135 cm?) of the RGO/GCE electrode as a standard:

C A
G A

(3)

10
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C, and Cy can be evaluated based on cyclic voltammetry measurements using Eq. 4:°°2

c-11

VA—VJ-IdV (4)

where v is the potential scan rate, AV is the potential variation range, / is the instantaneous current,
and JIdV is the voltammetric charge, which is numerically equal to the surrounded area of the
voltammetric curve. Fig. S6 in the ESI{ shows cyclic voltammograms for the bare GCE, RGO/GCE,
Cu/GCE, L-RGO/Cu/GCE, S-RGO/Cu/GCE, and H-RGO/Cu/GCE in 0.1 M KOH without N,H, at
the scan rate of 0.1 V s™' in the potential range of —0.4—+0.7 V. On the basis of the value of 4; (0.
135 cm?) for RGO/GCE, according to Eq. 3 and 4, the calculated effective area of bare GCE is 0.059
cm?, in excellent agreement with the value obtained using Eq. 1, meaning the proposed method for
the evaluation of effective areas of the electrodes is reliable. Hence, the effective areas for the Cu-
containing electrodes, Cu/GCE, L-RGO/Cu/GCE, S-RGO/Cu/GCE, and H-RGO/Cu/GCE, are
similarly calculated to be 0.121, 0.147, 0.685, and 0.265 cm?, respectively. The results reveal that the
effective surface of GCE increases obviously after the electrode modification, and particularly the S-
RGO/Cu composite electrode has the electrochemically effective surface area 4 times larger than that
of the L-RGO/Cu composite electrode and 2 times larger than that of the H-RGO/Cu composite
electrode.

The effect of scan rate (v) was then investigated in the range of 50-250 mV s™' using 10 mM
N,H4 in 0.1 M KOH for getting insight into the oxidation mechanism of N Hy4 on the three composite
electrodes (Fig. 4al—a3). For comparison, the same investigations were conducted on the RGO and
the Cu electrodes as well (Fig. S7al and a2, ESIf). In all the cases, the peak potentials shifted
toward positive direction with increasing v, again indicating the oxidations of N,H,4 on the electrodes
are irreversible processes. The linear relationship between the anodic peak current (i) and the square

root of scan rate (vl/ 2) demonstrates that the oxidation of NoH4 on each of the electrode materials is a

11
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diffusion-limited process (insets in Fig. 4al-a3 and Fig. S7al and a2). In addition, a linear
relationship is also found between E, and the natural logarithm of scan rate (lgv) for all the
electrodes (Fig. 4b1-b3 and Fig. S7bl and b2 in ESI{). For a totally irreversible diffusive process,

E, and i, can be expressed as**>> ™’

E - 2.3RT

1
—————lov + constant 5
P2l F T (5)

ip =3.01><losn[(l_a)na]l/ZAch/zvl/z (6)

where « is the electron transfer coefficient, n, is the electron number in the rate-determining step, n
is the total number of electrons involved in the oxidation of N,Hy4, and other symbols have their
usual meanings. On the basis of the electrode areas (4) calculated above, from the slopes of the
linear plots E,~lgv and i,—v'?, n was calculated to be 4.07, 3.99, 2.77, 1.12, and 2.01 for the RGO,
Cu, L-RGO/Cu, S-RGO/Cu, and H-RGO/Cu electrodes, respectively, using the parameters R = 8.314
C mol™' (Gas constant), 7 = 298.18 K (Room temperature), F = 96485 Pa m> K' mol™' (Faraday
constant), ¢ = 10 mM, and D = 2.1 x10™> cm? s (diffusion coefficient for N,H,%*3)). The results
demonstrate that anodic oxidation of N,Hs on both the RGO and the Cu nanoparticle proceed

31,43]

through a four-electron process as have been reported by others,! which means completely

electro-oxidation of N,Hs on the catalysts to produce only nitrogen according to the chemical

formula: %’

N2H4 +40H — Nz + 4H2O + 4e” (7)

Three-electron, one-electron, and two-electron pathways were obtained for the L-RGO/Cu, S-
RGO/Cu, and H-RGO/Cu composites, respectively, which indicates generation of certain products

such as hydrogen or ammonia from chemical decomposition of NoH; on the catalysts.”® The

12
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hydrogen or ammonia resulted from the N,H4 decomposition were not electro-oxidized (as is usually

>89 causing the number of electrons less than 4.%

the case on non-noble metals

Because of the similar composition and size of the catalyst nanoparticles, the electrocatalytic
current density by the RGO/Cu composites depends on the loading of Cu catalyst, the active surface
area, and the total electron transfer number involved in the reaction. Due to copper oxide formation
and possible dissolution of Cu in the CV fabrication process, determining the amount of Cu
deposited from the -electrochemical charge consumed is difficult, and consequently the
electrocatalytic activities were compared (see Fig. 3) based on qualitative analyses. Generally, the
loading of Cu catalyst increases with increasing initial cupreous precursor when the deposition
cycles for fabrication are the same. H-RGO/Cu, for example, should contain more Cu particles
deduced from the higher initial [Cu®"] for the H-RGO/Cu preparation and the SEM/TEM
observations. On the other hand, the total electron transfer number (two-electron) on H-RGO/Cu is
larger than that on S-RGO/Cu (one-electron). So, the lower catalytic current for N,Hs oxidation on
H-RGO/Cu than that on S-RGO/Cu can exclusively be attributed to the fewer exposed active sites,
which are closely related to the small electrochemically effective surface area of H-RGO/Cu (0.265
cm?) relative to S-RGO/Cu (0.685 cm?). This agrees with the fact that large electrochemically active
surface area of a catalyst contributes to its high electrocatalytic activity. However, little attention has
been paid to the correlation between the active surface area and the electrocatalytic mechanism. Here,
in view of the total electron transfer numbers the catalytic decomposition reaction of N,H, seems to
occur more dominantly than the electro-oxidation reaction with increasing the effective surface area
of the anode electrocatalyst through comparing the Cu-containing materials (L-RGO/Cu, S-RGO/Cu,
H-RGO/Cu, and the neat Cu nanoparticles). Similar phenomenon was discovered by Yamada and
coworkers.®' Both the complete electro-oxidation pathway and the chemical decomposition pathway

58-61

can find their uses (for example the former in direct hydrazine fuel cells and the latter in

13
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hydrogen production through N>H, decomposition®®

). This work reveals that the catalyst
architecture or rather its active surface area can potentially modulate the electrocatalytic reaction
pathways, whereas the control of reaction pathways on electrocatalyst surface has been a
challenge.®*® Further, we found that the CV electrodeposition is a general synthetic approach to
RGO/metal nanoparticle composites involving the unique layer-by-layer and 3D sandwich-type
nanoarchitectures given that the concentration ratios of the metallic precursor to GO are appropriate.
This, one hand, confirms our proposed mechanisms about the concentration-dependent
electrochemical self-assembly processes. On the other hand, it presents the hope that the precise
control over the architecture of selected catalyst compositions using the electrochemical self-
assembly method will develop more selective and efficient electrocatalysts, and the studies are under
way by us.

3.4 Stability

The stability of the RGO/Cu composites as electrocatalysts for NH4 oxidation was evaluated. The
test was carried out using cyclic voltammetry in the potential range of —0.4—+0.7 V at the scan rate
of 100 mV s™' in 0.1 M KOH solution containing 10 mM N,H, (Fig. S8, ESIt), and the plots of
anodic peak current density versus the number of CV cycles are shown in Fig. 5. It is observed that
the electrochemical responses of L-RGO/Cu, S-RGO/Cu, and H-RGO/Cu stabilize after 100 cycles
and have the retentions of 81%, 88%, and 67% over 400 consecutive cycles, respectively. We
believe that the stability of the RGO/Cu composite electrocatalysts can be further improved by
adjusting the structure parameters such as the size of catalyst particles and the thickness of the

catalyst layer.

4. Conclusions

14
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We have discovered that the arrangement of RGO sheets in RGO/metal hybrid can be easily
regulated using the one-step CV electrodeposition technique. Well-defined layer-by-layer, 3D
sandwich-type, and homogeneous structures are obtained for the RGO/Cu composite. In all the three
cases, the Cu particles as spacers prevent the restacking of RGO sheets. However, different from the
conventional horizontally stacking on conductive substrates, for the first time, we observe that in the
3D sandwich-type RGO/Cu composite, the RGO sheets acting as scaffolds to support Cu
nanoparticles growing on their two sides nearly stand on the electrode. Such an architecture should
be paid more attention because of the open structure and highly exposed catalytic sites, which indeed
endow the RGO/Cu with excellent electrocatalytic activity to N>Hs oxidation in the alkaline
electrolyte in terms of a higher current density and lower overpotential. Also note that increasing the
surface area of catalysts may alter the reaction pathway. This work not only explores a simple
electrochemical method for designing well-controlled architectures of multifunctional
graphene/metal nanocomposites, but also offers insight into the structure-performance-catalytic
mechanism relationships which can guide the development of more efficient and selective

electrocatalysts.
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Scheme 1 Fabrication processes for the RGO/Cu composite, obtaining (a) layer-by-layer, (b)
sandwich-type, and (c) homogeneous structures depending on the initial concentrations of the

cupreous precursor.
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Fig. 1 Typical top-view SEM images of (a) RGO, (b) Cu nanoparticles with diameter distribution

inset, (¢) L-RGO/Cu, (e, f) S-RGO/Cu, and (g) H-RGO/Cu. (d) and (h) are cross-sectional SEM

images of (c¢) and (g), respectively.
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Scheme 2 Electrochemical self-assembly mechanisms for (a) layer-by-layer, (b) sandwich-type, and

(c) homogeneous RGO/Cu composites during the CV scanning between —1.4 and 0.6 V.
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Fig. 2 TEM images and particle size distributions of (a) L-RGO/Cu, (b) S-RGO/Cu, and (c) H-
RGO/Cu. (d—f) XRD patterns for L-RGO/Cu, S-RGO/Cu, and H-RGO/Cu, respectively. The
samples for XRD characterization were electrodeposited on Ti foils and the diffraction peaks marked

with * come from the Ti substrate (JCPDS file no. 05-0682).
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Fig. 3 Cyclic voltammograms at a bare GCE and the GCEs loaded with RGO, Cu, L-RGO/Cu, S-
RGO/Cu, and H-RGO/Cu in 0.1 M KOH containing 10 mM hydrazine at the scan rate of 100 mV
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Fig. 4 Cyclic voltammograms at the GCEs loaded with (al) L-RGO/Cu, (a2) S-RGO/Cu, and (a3)

H-RGO/Cu in 0.1 M KOH containing 10 mM hydrazine at various scan rates of 50, 60, 70, 80, 90,

100, 120, 140, 160, 180, 200, and 250 mV s!. Insets represent the dependence of the peak current (ip)

on the square root of the scan rate (v

in (al)—(a3), respectively, on the natural logarithm of the scan rate (Igv).

172

). (b1)—(b3) represent the dependence of the peak potential (Ep)
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Fig. 5 Plots of anodic peak current density versus the number of CV cycles, where the anodic peak

currents were acquired from the cyclic voltammograms of the RGO/Cu composites loaded GCEs in

the potential range of —0.4—+0.7 V at the scan rate of 100 mV s™' in 0.1 M KOH solution containing

10 mM hydrazine.
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