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In this work, a gold nanodendrites-CuMgFe layered double hydroxide composite (AuNDs@LDH) was
introduced as a bifunctional electrocatalyst for hydrogen and oxygen evolution reactions (HER and OER,
respectively) in alkaline media. AUNDs@LDH/GCE was prepared by the coating of the surface of a glassy
carbon electrode using the CuMgFe-LDH suspension, and followed by Au electrodeposition. Field
emission scanning electron microscopy (FE-SEM) images and energy dispersive X-ray spectroscopy
(EDX) analysis showed that nanodendrite-like structures of Au are formed on the LDH film, while Au is
electrodeposited as nanoparticles on the GCE (AuNPs/GCE). The performance of the catalysts for HER
and OER was investigated using polarization curves, Tafel plots and electrochemical impedance
spectroscopy (EIS). AuNDs@LDH/GCE exhibited the lowest onset potential and highest current density in
comparison with AuNPs/GCE and LDH@AuUNPs/GCE for both the OER and HER. The lower values of
Tafel slope and charge transfer resistance indicated that the kinetics of charge transfer for the
AuNDs@LDH are faster than those for the other studied electrodes. A durability test was performed using

. 4 18th May 2017 chronopotentiometry method that reveals the highest durability of the AuNDs@LDH for both of the
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be major parameters for enhanced catalytic performance of the AuNDs@LDH. As a result, this strategy
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1. Introduction

The electrochemical splitting of water in alkaline media, which
consists of the cathodic hydrogen evolution reaction (HER) and
the anodic oxygen evolution reaction (OER), is one of the most
promising methods for the large-scale and cost-effective
production of hydrogen.' This process is environmentally
friendly, doesn't emit carbon dioxide, and allows the use of
inexpensive non-noble metals as catalysts. Nevertheless, one of
the main problems in the commercial exploitation of this
technique is the potential required to split water, which is
substantially greater than the thermodynamic value, due to the
high overpotential of the OER and the slow kinetics of the HER
with non-noble catalysts.” Although noble metal based catalysts
(e.g., Pt, Pd, Au, Ru, and Ir) provide more catalytic efficiency,
they are expensive and their availability is scarce, which has
severely restricted the large scale applications of these mate-
rials.®> Therefore, the development of inexpensive, more-
efficient, durable and earth-abundant electrocatalysts plays
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LDHs, which can be used as a catalyst in water electrolyzers.

a critical role in the commercialization of the water electro-
lyzers. One of the interesting strategies to create such catalysts
is the dispersion of costly catalysts onto a non-noble metal
support material. This way can minimize the cost of the
production of commodity catalysts owing to the decrease of
metal dosage. Moreover, the supports and catalytic active
components can interact and function through a synergistic
effect, which leads to a remarkable enhancement in the catalytic
efficiency.*®

Layered double hydroxides (LDHs) are typical
layered  materials with the general formula of
M —x> "M, > (OH),J* (A" )" yH,0, where M>* and M*" cations
occupy octahedral holes in a brucite-like layer and A"~ is located
in the hydrated interlayer anion.” LDHs have been proved to be
inexpensive, highly active and versatile materials with tunable
properties. They have been investigated as catalyst for OER and
HER.* ' Moreover, they have the ability to immobilize the metal
nanostructures, which makes them good supports in many
catalytic reactions.”™® To the best of our knowledge, there are
few studies about the investigation of catalytic activity of LDHs-
supported metal nanostructures in OER and HER, especially; it
was found no report for LDH-supported Au nanostructures. Au
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nanostructures have high active surface area, excellent electrical
conductivity and superior catalytic activity.' Due to these
unique characterizations, they (alone or in combination with
other materials) have been investigated as good catalysts or
electrocatalyst supports for OER*>*® and HER."*®

In this work, Au is electrodeposited on CuMgFe-LDH coated
on the glassy carbon electrode. Electrodeposition is a direct,
simple, quick and inexpensive approach for fabrication of
nanostructures on a support.” Then, the surface characteriza-
tion was performed using field emission scanning electron
microscopy (FE-SEM), energy dispersive X-ray spectroscopy
(EDX) and cyclic voltammetry (CV). The catalytic activity and
durability of the Au nanodendrites-like structures supported on
CuMgFe-LDH (AuNDs@CuMgFe-LDH) were studied for both of
the OER and HER in alkaline media, and then were compared
with those of the electrodeposited Au and CuMgFe-LDH cata-
lysts using electrochemical methods.

2. Experimental

2.1. Chemicals

All chemicals were of analytical grade and were purchased from
Merck. All solutions were prepared just before use with doubly
distilled water.

CuMgFe-LDH was synthesized according to the procedure
reported previously.* Briefly, a solution of 0.4 mol NaOH in
100 mL deionized water was added dropwise into a solution
containing Cu(NOs);-6H,0, Mg(NO;),-6H,0 and Fe(NO3)s;-
-9H,0 (the molar ratio of Cu: Mg : Feis1:2:1)in 200 mL of
deionized water with vigorous stirring at 65 °C until the final
PH = 9 was obtained. Then, the product was transferred into
the stainless steel autoclave for 24 h at 120 °C. The product was
washed with deionized water several times and dried at 80 °C.
Finally, the obtained powder was analyzed using X-ray diffrac-
tometer (XRD) and an energy dispersive X-ray spectrometer
(EDS). The results** were in good agreement with those previ-
ously reported,* which showed the successful synthesize of the
CuMgFe-LDH. X-ray photoelectron spectroscopy (XPS, Bestec
Company, Germany) was used to show the interaction between
LDH and Au nanostructures.

2.2. Preparation of modified electrodes

To obtain a flat surface and remove surface contaminants, the
GCE surface was polished with alumina powder slurry (5 um)
and then, washed ultrasonically in a mixture of ethanol/distilled
water (1 : 1 v/v) for 10 minutes and finally, dried in air. In the
next step, 0.10 mg of the synthesized LDH was dispersed
ultrasonically in 10 mL distilled water to obtain a partial
suspension. Then, 5 puL of the LDH suspension was dropped on
the GCE surface and allowed to dry in air at room temperature.
Then, Au was electrodeposited on the electrode surface by
applying 40 continuous cycles cyclic voltammetry in a potential
range of —1.5 to 0 V with a scan rate of 50 mV s~ in a solution
containing 0.10 mol L' KNO; and 4.0 x 10> mol L™’
HAuCl,-3H,0. Finally, to increase the adhesion of the coating
to the surface, 10 uL of Nafion solution (2.0% w/v) was dropped
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onto the electrode. The prepared electrode was named
AuNDs@CuMgFe-LDH/GCE.

The same procedure was used to prepare the other catalysts
including AuNPs, CuMgFe-LDH and CuMgFe-LDH@AuNPs on
the GCE by changing the electrode preparation sequence. It
should be noted that the number of cyclic voltammetry in the
step of Au electrodeposition was controlled to load the same Au
amounts on all of the above-mentioned electrodes.

2.3. Surface characterizations

A field emission scanning electron microscope (FESEM, Hitachi
S4160) operated at an accelerating voltage of 25.0 kV equipped
with an energy dispersive X-ray spectrometer (EDS) was
employed to examine the surface morphology and determine
the chemical composition of the prepared electrodes.

2.4. Electrochemical measurements

Most electrochemical experiments were performed using
a Metrohm instrument, Model 797 VA processor. An Autolab
potentiostat-galvanostat, Model PGSTAT302, was used to record
chronoamperometric curves and electrochemical impedance
spectroscopy (EIS) plots. A conventional three-electrode elec-
trochemical cell consisting of a coated or uncoated GCE with
a geometric surface area of 0.0314 cm? as the working electrode
and a platinum wire counter electrode and a reference electrode
(Ag/AgCl, KCI 3.0 M) was employed to perform all electro-
chemical measurements. However, all the reported potentials in
this work were referenced to the reversible hydrogen electrode
(RHE). The geometric surface area of the as-prepared electrodes
was used to normalize the current densities. The electrocatalytic
activity of the electrode was evaluated in deaerated 1.0 M KOH
solution at room temperature.

3. Results and discussions

3.1. Morphological and surface characterizations

To compare the surface morphology of the electrodes, FE-SEM
images of their surface were taken. As shown in our previous
work,”* Au is electrodeposited on the GCE as Au nanoparticles
(AuNPs) with an average diameter of 75 nm. AuNPs cover
uniformly whole the GCE surface. The CuMgFe-LDH film on the
GCE is composed of agglomerates of fine nanoparticles and
macropores between them. Fig. 1A shows that the CuMgFe-LDH
film casted on the AuNPs/GCE has a similar morphology to the
CuMgFe-LDH casted on the GCE. The FE-SEM images from the
CuMgFe-LDH/GCE surface after the Au electrodeposition
(Fig. 1B) show that nanodendrites-like structures are formed on
the LDH film. Moreover, nanoparticles with the diameter of
about 23 nm are seen at some places. The investigation of EDX
spectrums shows that the peaks of Au appear after the Au
electrodeposition. This indicates the formation of AuNDs on the
LDH/GCE. The peaks of Cu, Mg and Fe elements shown in
Fig. 1C are also seen before the Au electrodeposition and are
attributed to the LDH film. Fig. 1D shows the EDX maps of the
SEM image taken from the surface of AuNDs@CuMgFe-LDH/
GCE. Dislike Mg and O, Fe and Cu are distributed uniformly

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 FE-SEM images of LDH@AuUNPs/GCE (A), and AuNDs@LDH/GCE (B); the EDX spectrum (C), and EDX map (D) from AuNDs@LDH/GCE

surface.

on the whole of the surface. The dots related to Au have been
gathered where there are nanodendrites, and have been
distributed in accordance with them, which demonstrates the
dendrites-like nanostructures are of Au. The Au dotes seen in
other places, where nanodendrites are not present, can be
related to Au nanoparticles. As it is clearly seen, Mg covers
mainly parts that are lack of Au nanodendrites. Therefore, it is
concluded that AuNDs are formed mainly on LDH sites where
a few amount of Mg is present. Although the used electrode-
position  procedure and condition are same for
AuNDs@CuMgFe-LDH/GCE and AuNPs/GCE, their morphology
are very different. This reveals that the use of CuMgFe-LDH as
the substrate induces the formation of AuNDs and reduces the
size of AuNPs.

3.2. Electrochemical characterizations

The cyclic voltammogram (CV) of the studied electrodes was
recorded at scan rate of 50 mV s ' in the potential range of
0.63 to 2.23 V (Fig. 2). The CuMgFe-LDH/GCE exhibits

This journal is © The Royal Society of Chemistry 2017

a cathodic peak related to the conversion of Fe**/Fe*" associated
with OH™ at about 1.13 V.** As Au electrodeposited on the
CuMgFe-LDH/GCE, strong anodic peaks in the potential ranges
of 1.10 to 1.60 V and cathodic peaks in the potential ranges of
0.63 to 1.30 V appear, which are related to the Au oxidation and
Au oxides/hydroxides reduction reactions, respectively. All of
these peaks are also seen for the AuNPs/GCE. However, their

3

a: GCE
2| b: LDH

c: AuNPs
11 d:AuNDs@LDH
0

j(mA.cm?)

0.5 1.0 1.5 2.0 2.5
E(V) vs(RIIE)

Fig. 2 Cyclic voltammograms of the electrodes in 1.0 M KOH at the
scan rate of 50 mV s,
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current density for the AuNDs@LDH is higher than that for the
AuNPs catalyst. Moreover, the onset potential of the cathodic
peak at the range of 1.0 to 1.3 V is significantly decreased when
Au is electrodeposited on the CuMgFe-LDH substrate in
comparison with AuNPs electrodeposited on the GCE, indi-
cating Fe hydroxides facilitate the reduction of Au oxide species.
This may be due to the higher electronegativity of Au with
respect to Fe. Therefore, Au oxide species affinity electrons from
the CuMgFe-LDH and hence, are reduced at lower potentials.*
As it is evident in the figure, the onset potential (Eopser) of
oxygen evolution reaction for the AuNPs/GCE is lower than that
for the CuMgFe-LDH/GCE. After the electrodeposition of AuNDs
on the CuMgFe-LDH/GCE, OER occurs at much lower Egnget
than the AuNPs/GCE and CuMgFe-LDH/GCE.

3.3. Oxygen evolution reaction

To evaluate the catalytic performance of the electrodes toward
OER, the polarization curves of all the prepared electrodes were
recorded at a slow scan rate of 5 mV s ' to minimize the
capacitive current, and then corrected for the solution resis-
tance. As shown in Fig. 3A, the AuNDs@LDH/GCE and
LDH@AuUNPs/GCE exhibit the lower onset potential and the
higher current density for OER in comparison with the AuNPs
and LDH catalysts. This indicates that there is a synergistic
effect between the Au nanodendrites and the CuFeMg-LDH. For
a better comparison, the current densities of the electrodes at
a fixed potential of 1.80 V vs. RHE were summarized in Fig. 3B.
As can be seen, the current density is 32 mA cm > for
AuNDs@LDH/GCE, which is 82, 48 and 5 times higher than
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those for the LDH, AuNPs and LDH®@AuNPs catalysts, respec-
tively. Moreover, the potential required to reach j = 10 mA cm >
is 1.76 V for AUNDS@LDH/GCE, while it is 1.89 and 2.22 for the
LDH@AuUNPs/GCE and AuNPs/GCE, respectively. Therefore, it
indicates that AuNDs-decorated the CuFeMg-LDH have a higher
catalytic activity toward OER than the LDH@AuNPs/GCE and
the AuNPs deposited on the GCE.

Tafel plots of the electrodes were obtained to study the OER
electrochemical kinetics. As shown in Fig. 3C, the Tafel slopes
are reduced when both of the Au nanostructures and LDH are
inserted on the electrode surface. The AuNDs@LDH/GCE with
the Tafel slope of 53 mV dec ' exhibits much faster electro-
chemical kinetics toward the OER in comparison with
LDH®@AuUNPs/GCE, AuNPs/GCE and LDH/GCE with slope of
110, 249 and 294 mV dec ™, respectively.

The durability of the electrodes during OER was evaluated
using chronopotentiometry test. A constant current density of
3.2 mA cm > was applied to the electrode and the plot of
potential versus time was recorded. As shown in Fig. 3D, the
AuNDs@LDH/GCE exhibits the lowest operating potential. For
the AuNPs/GCE, the operating potential increases by some
millivolts after 300 min testing, while it is nearly constant
within 2000 s for the AuNDs@LDH and LDH@AuNPs catalysts.
It indicates that the synergistic effect of the Au and CuMgFe-
LDH results in an increase in the durability of the catalysts.

3.4. Hydrogen evolution reaction

Fig. 4A depicts the HER polarization curves for all the electrodes
at a scan rate of 5 mV s~ '. HER doesn't occur significantly at the
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Fig.3 OER polarization curves of the electrodes at a scan rate of 5 mV s~* (A), current densities of the electrodes at a fixed potential of 1.80 V vs.
RHE (B), OER Tafel plots (C), and chronopotentiometric curves at 0.032 mA cm™2 (D), in 1.0 M KOH solution.
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Fig.4 HER polarization curves of the electrodes at a scan rate of 5mV s~ (A), current densities of the electrodes at a fixed potential of —0.58 V
vs. RHE (B), HER Tafel plots (C), Nyquist plots at —1.60 V (D), and chronopotentiometric curves under a constant current density of —0.016 mA

cm™2 (E), in 1.0 M KOH solution.

unmodified GCE and the GCE modified with the CuMgFe-LDH
in the potential range from —0.67 to —0.27 V. Both of the
AuNDs@LDH/GCE and LDH@AuNPs/GCE exhibit much lower
HER onset potential values and higher current density than that
of the AuNPs-modified GCE. The AuNDs@LDH/GCE shows
cathodic current density of 31 mA cm > at the potential of
—0.58 V, which is about 1.9 and 6.2 times higher than those of
LDH@AuUNPs/GCE and AuNPs/GCE, respectively (Fig. 4B). The
potential at the current density of 10 mA cm ™~ for AuNPs/GCE,
LDH®@AuNPs/GCE and AuNDs@LDH/GCE is —0.66, —0.49 and
—0.44 V, respectively, which shows the AuNDs@LDH/GCE
exhibits the lowest value. All of the above results indicate that
the AuNDs@LDH catalyst has a higher electrocatalytic activity
toward HER in comparison with the other studied catalysts.

The comparison of Tafel plots in Fig. 4C reveals that Tafel
slope reduces significantly when both of the Au nanostructures
and CuMgFe-LDH are present in the catalyst. Moreover, it is
found that the AuNDs@LDH has lower Tafel slope than
LDH®@AUuUNPs, indicating the higher kinetics of HER at the
AuNDs@LDH. The Tafel slope for all the catalysts is close to
120 mV dec ', indicating that the rate determining step for HER
is the proton discharge electrosorption (known as Volmer
reaction: M + H,O + e <> M — H,qs + OH ).**

To further investigate the electrode kinetics under HER
process, the EIS measurements were carried out from 10° to
102 Hz at the AC voltage of —1.60 V with amplitude of 10 mV.
As can be seen in Fig. 4D, all of the catalysts exhibit one semi-
circle, which shows charge transfer process is the rate deter-
mining step (RDS). The diameter of semicircles, which is related

This journal is © The Royal Society of Chemistry 2017

to charge transfer resistance, reduces in the order AuNDs@LDH
< LDH@AuUNPs < AuNPs < CuMgFe-LDH. A lower value corre-
sponds to a faster reaction rate. As a result, HER occurs at the
AuNDs@LDH with the highest rate.

The durability of the electrodes during HER was studied
using chronopotentiometry method. A constant current density
of —0.016 mA cm™ > was applied to the electrode for 2000 s. As
can be seen in Fig. 4E, in comparison with the other catalysts,
AuNDs@LDH exhibits lower potential with negligible oscilla-
tion and hence, the higher durability.

3.5. Effective parameters

As found from the obtained results in the previous sections, the
LDH@AuNPs and AuNDs@LDH exhibit higher catalytic
performance for OER and HER as compared with the AuNPs
and CuFeMg-LDH. It is well known that LDHs are potential
candidates to catalysis OER and HER.****® However, they suffer
from their inherent low electrical conductivity. Despite LDHs,
Au has good electrical conductivity. Moreover, it is accounted as
an appropriate catalyst that has strong affinity to oxygen and/or
oxygen-containing groups (e.g. OH,q ).>”?® Therefore, the Au
nanostructures at the LDH@AuNPs and AuNDs@LDH, in
addition to the increase of electrical conductivity, can catalysis
OER and HER. Moreover, since Au is the most electronegative
metal, it affinities strongly the electrons of CuMgFe-LDH and
thus facilitates the oxidation of the metal oxides. This leads to
a promotion in the formation of transition-metal ions at higher
oxidation states, which are accounted as active sites for OER
and HER.'**

RSC Aadv., 2017, 7, 47049-47055 | 47053
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Fig. 5 Cyclic voltammograms of the AUNDs@LDH/GCE with different amounts of LDH in 1.0 M KOH at scan rate of 50 mV s~ (A); and XPS

spectrums for Au (B), Cu (C), and Fe (D).

The electronic interactions within the CuFeMg-LDH and Au
nanostructures can be observed experimentally using cyclic
voltammetry method. Some electrodes with different amounts
of LDH and constant amount of Au were fabricated. Cyclic
voltammogram of each electrode was obtained (Fig. 5A). It is
observed that the cathodic peaks related to the Au oxides/
hydroxides reduction reactions in the range of 0.20 to 1.0 V
are shifted to more positive potentials as LDH loading is
increasing. Moreover, the overpotential of OER decreases by
increase in LDH amount. All of these results suggest an elec-
tronic interaction between the LDH and Au nanostructures.*>*
Moreover, X-ray photoelectron spectroscopy (XPS) was
employed to determine the valence state and interaction of
metals/metal ions. Fig. 5B shows the XPS spectrums of Au 4f
before and after the Au electrodeposition on the LDH/GCE.
After electrodeposition, two main peaks are observed at
83.3 and 87.0 eV, corresponding to the binding energies of Au
4f,,, and Au 4f;),, respectively. The XPS characteristic peaks for
metallic Au® appear at 84.0 and 87.7 eV.* Therefore, this
suggests that the Au nanostructures are electrodeposited as Au®
on the LDH/GCE. The negative shift (0.7 eV) indicates that the
electron transfer is done from the LDH to the AuNSs. XPS
spectrums of Cu 2p and Fe 2p before and after the Au electro-
deposition are also compared in Fig. 5C and D, respectively.
Binding energies at 930.7 (Cu 2ps,,) and 951.6 eV (Cu 2p;,,) are
related to Cu(OH), species. Two main peaks at 711.7 (Fe 2ps/,)
and 724.1 eV (Fe 2p;), indicating the presence of the Fe®*
cation.*® After Au electrodeposition, these peaks shift to the
higher energies, demonstrating the electron transfer from the
LDH to AuNSs. All of these results confirm the presence of an
electronic interaction between the LDH and AuNSs, which

47054 | RSC Adv., 2017, 7, 47049-47055

induces the synergistic effects of the Au nanostructures and
CuFeMg-LDH in OER and HER. Therefore, it results in
a decrease in E s and an increase in the current density and
hence, an enhancement in catalytic activity and durability of the
catalysts.

To find why the catalyst performance of AuNDs@LDH is
better than LDH@AuUNPs, the electrochemically active surface
area provided using AuNDs and AuNPs (S,) for each electrode
was calculated using S, (cm?) = Q/390, where the value of 390uC
cm” refer to the charge required to reduce AuO monolayer on
the unit surface area of the electrode and Q is the total charge
corresponding to the reduction of AuO monolayer formed on
the electrode surface.*> The value of Q was obtained by
recording cyclic voltammetry of each electrode in 0.10 M H,SO,
and then, the estimation of the area of the peak related to the
reduction of Au oxide species. The value of S, is obtained to be
0.029, 0.025 and 0.052 cm? for the AuNPs, LDH@AuUNPs and
AuNDs@LDH, respectively. Due to the coating of the AuNPs
active sites via the LDH, S, for the LDH@AuUNPs is lower than
that of the AuNPs. S, for AuUNDs@LDH is much higher than that
of AuNPs, due to the nanodendrite-like structure of Au elec-
trodeposited on the LDH. Indeed, the nanodendrites provide
higher accessible active sites for the reactions, which results in
higher current density for the AuNDs@LDH catalyst with
respect to the LDH@AUNPs.

4. Conclusion

Gold nanodendrites were fabricated simply on CuMgFe-LDH
film-coated GCE (AuNDs@LDH/GCE) through electrodeposi-
tion method and then, its catalytic activity for OER and HER was

This journal is © The Royal Society of Chemistry 2017
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investigated in 1.0 M KOH. The results showed that the LDH
substrate plays a critical role to electrodeposit Au as nano-
dendrites. The AuNDs@LDH catalyst has higher catalytic
performance and durability when compared with AuNPs/GCE
and LDH@AuNPs/GCE. This enhancement in catalytic activity
could be related to synergistic effects between the LDH and
AuNDs and high active surface area provided by AuNDs.
Accordingly, the AuNDs@LDH can be used as a bifunctional
electrocatalyst for the overall water-splitting. This strategy could
be extended for the preparation of other metal-coupled LDH
materials for a broad range of technological applications.
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