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A B S T R A C T

This article reports a study of electrochemical cycling effects on hydrogen evolution catalytic activity of
gold nanoparticles in sulfuric acid. We found that after cycling within the double layer regime, up to
0.64 V vs RHE, there is a dramatic effect on the HER activity of gold nanoparticles: 128 mV drop of the
overpotential, a decrease of 23 mV/dec for the Tafel slope as well as a nearly twenty times increase of the
turn-over frequency (TOF). This enhanced activity is tentatively assigned to the formation of stepped like
structures by the consecutive electrochemical cycling in the double layer region.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

To sustainably consider the globally rapid increasing demand of
energy, tremendous efforts are being devoted to advance the
technologies for clean and renewable energy conversion [1–11].
Among these green energy approaches, the hydrogen evolution
reaction (HER) is attracting significant attention due to its role in
electrochemical water splitting and the subsequent use of the
generated hydrogen in fuel cells [9,11–13].

In the classic HER reaction model, the first reaction always
involves an intermediate of adsorbed hydrogen atoms on the
electrode surface, which is the Volmer step shown in Eq. (1). It is
followed either by the Tafel step (Eq. (2)) or the Heyrovsky step
(Eq. (3)) depending on the nature of the electrode material
[1,2,6,8–10,14,15].

H+(aq) + e�! H* (Volmer) (1)
* Corresponding author. Tel.: +65 6592 3170.
E-mail address: xuzc@ntu.edu.sg (Z.J. Xu).

http://dx.doi.org/10.1016/j.electacta.2016.05.095
0013-4686/ã 2016 Elsevier Ltd. All rights reserved.
2H* ! H2 (gas) (Tafel) (2)

or,

H+(aq) + H* + e�! H2 (gas) (Heyrovsky) (3)

*surface adsorbed species
A good catalyst for HER should increase the process efficiency

by minimizing the overpotential required. Due to the nature of this
adsorptive mechanism, the catalyst is required to possess the
ability to form a sufficiently strong bond with H* to further the
proton reduction while a weak enough bond to assure release of
the gas phase hydrogen from the electrode surface [9]. This is also
described in the classic volcano plot by Nørskov which presents the
correlation of exchange current density with the adsorption energy
of H* [16]. By this analysis, gold is a poor catalyst for the HER due to
the weak bond with H*.

Here, we employ continuous electrochemical cycling with
different upper limit cycling potentials to “modify” 10 nm gold
nanoparticles (Au-NPs) modified glassy carbon electrodes (Au-
NPs/GCE) and then investigate the HER activity in 0.5 M sulfuric
acid. This electrochemical cycling method is commonly used by
researchers to electrochemically polish/clean gold electrodes
surface [17,18]. It consists of two steps with the initial oxidation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.05.095&domain=pdf
mailto:xuzc@ntu.edu.sg
http://dx.doi.org/10.1016/j.electacta.2016.05.095
http://dx.doi.org/10.1016/j.electacta.2016.05.095
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


Fig. 1. Side view of the most stable binding configuration of H chemisorption (pink dot) on plane and stepped Au surfaces.

Table 1
H binding energy and bond length on plane and stepped Au surfaces.

Surface Au(111) Au(211) Au(221) Au(320) Au(331)

dH-Cu (Å) 1.89 1.78 1.79 1.77 1.78
Binding energy (eV) 0.25 0.08 0.17 0.12 0.14
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of gold in the forward scan and the reduction process to metallic
gold in the reverse scan. By repetitively applying this process, the
gold electrode is believed to go through an “electrochemical
polishing” procedure, therefore, to reach a “refreshed” surface.
However, it is also widely accepted that this electrochemical
cycling process will cause surface atom reorientation and/or
changes of the metal-solution interface [19,20], thus, altering
electrochemical behavior to some inner-sphere electron transfer
processes like oxygen reduction reaction [18] and CO oxidation
[20]. Consequently, considering the nature of the HER, the
electrochemical cycling process might also have an influence on
the electrochemical response of the gold surface. Through this
work, we study this hypothesis and investigate the cycling effect on
HER.

2. Experimental

2.1. Electrochemical Experiments

The gold nanoparticles employed in this work was synthesized
by mixing 100 mg HAuCl4�xH2O (>99%, Sigma-Aldrich) with
10 mL1-Octadecene (>90%, Sigma-Aldrich) and 10 mL oleylamine
(>70%, Sigma-Aldrich) under 120 �C for 45 minute. The surfactants
of the gold nanoparticles were removed by burning at 250 �C for
30 min in box furnace under air condition. Then “ink” of 2 mg/mL
was prepared in ethanol with 20% wt of surfactant removed gold
nanoparticles and carbon black (GasHub Technology, Singapore).
Prior to the electrochemistry measurement, 5 mL of the as-
prepared “ink” was drop-casted on to a glassy carbon macro
electrode and dried under lab atmosphere. All the solutions were
prepared using Milli-Q water (18 MV�cm).

All the electrochemical experiments were carried out with SP-
150 potentialstat (Bio-Logic SAS, France) under the room
temperature. A platinum wire was employed as the counter
electrode and a saturated calomel electrode (SCE, Tianjin Aida
Hengsheng Technology Development Co. Ltd, China) was used as
the reference electrode. All the results reported in this work have
been converted to the reversible hydrogen electrode. A bare or
modified glassy carbon electrode (GCE, 5 mm diameter, Tianjin
Aida Hengsheng Technology Development Co. Ltd, China) or a bare
gold macro-electrode (Au, 3 mm diameter, Tianjin Aida Hengsheng
Technology Development Co. Ltd, China) was employed as working
electrode. The glassy carbon electrode was polished with 0.05 mm
alumina lapping compounds (Tianjin Aida Hengsheng Technology
Development Co. Ltd, China) for 20 minutes and sonicated in an
ultrasound bath prior to use. The amount of the hydrogen was
determined from the gaseous product in the headspace of the
sealed cell using gas chromatography (Agilent 7890 A) with TCD
detector.

2.2. First Principle Calculation

The density functional theory (DFT) calculations were carried
out by using the Vienna Ab-initio simulation package [21] with the
projector augmented wave [22]. The revised Perdew–Burke–
Ernzerhof [23] was chosen to describe the electron exchange
and correlation effects. An energy cut-off of 350 eV was used for
plane wave basis expansion. The electronic relaxation was carried
out by applying the Monkhorst-Pack [24] grids of 3 � 3 � 1 k-points
and the convergence criterion of the electronic self-consistent field
iteration was set to be 10�5 eV.

The electronic binding energy was calculated as the difference
between the bonding system and the clean slab together with the
adsorbate,

DEH ¼ EslabþH � Eslab � 1=2EH2

Where, Eslab+H is the total energy of the H bonding system, Eslab is
the electronic energy of the slab and EH2 is the energy of gas phase
hydrogen molecule. The configuration of the most stable binding
system and the corresponding binding energy are shown in Fig. 1
and Table 1, respectively.



Table 2
Zero point energy of H chemisorption on plane and stepped Au surfaces.

Surface Au(111) Au(211) Au(221) Au(320) Au(331)

Zero point energy (eV) 0.13 0.15 0.15 0.16 0.15
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The H chemisorption free energy was then calculated by adding
the zero point energy and entropy corrections to the electronic
binding energy, which can be defined as following

DGH� ¼ DEH þ DEZPE � TDSH

Where, DEH is the electronic binding energy, DEZPE is the difference
of zero point energy between the adsorbed hydrogen atom and half
the gaseous hydrogen molecule and DSH is the corresponding
entropy difference. The calculated zero point energy of gas phase
hydrogen molecule in this work was 0.28 eV, in good agreement
with the 0.27 eV value in reported publication [25]. The zero point
energies of chemisorbed H atom on the perfect and stepped Au
surfaces were summarized in Table 2. Taken into consideration
that the entropy of an adsorbed H atom was very little and can be
neglected [26], the entropy correction was treated as DSH = 1/2 SH2,
where SH2 is the entropy of gaseous hydrogen molecule at standard
conditions. The TS of 0.41 eV at 300 K of H2 in the gas phase, taken
from standard molecular Table [27], was applied in this work.

3. Results and Discussion

3.1. Electrochemical Cycling

The cyclic voltammetry (CV) of the Au-NPs/GCE in 0.5 M sulfuric
acid is firstly examined. Fig. 2 shows CV scans using the different
upper limit potential employed for this study, which ranged from
the double layer region, where no faradaic current observed, (A:
0.64 V vs. RHE and B: 1.04 V vs. RHE) to the commonly used
potential applied for the electrochemical polishing process (D:
Fig. 2. Cyclic voltammery of the electro-chemical oxidation/reduction of Au-NPs/GCE w
saturated 0.5 M sulfuric acid solution, 298 K, 100 mVs�1.
1.74 V vs. RHE). Fig. 1.d shows the “fingerprint” of the 1st scan and
10th scan (dotted line) for the Au-NPs/GCE from 0.24 V until 1.74 V
vs. RHE in argon saturated 0.5 M sulfuric acid solution at 298 K at a
scan rate of 100 mVs�1. Clearly, the oxidation process on Au-NPs/
GCE initiates at around ca. 1.10 V with the formation of AuOH
[28,29]. This is followed by further formation of gold oxide
monolayers, like AuO or Au2O3 [18,28,30]. Application of a
potential larger than 1.74 V vs RHE is avoided to prevent
detachment of gold nanoparticles [31] from the electrode and
aggressive growth of multi-oxide layers on the surface [28,32]. In
the reverse scan, a major cathodic peak appears at 1.14 V vs. RHE
corresponding to the reduction of gold oxide to metallic gold
[18,30,33–35].

In the 10th scan in Fig. 2d, it can be observed that a small anodic
peak (OA1) becomes more apparent compared to that in the 1st
scan. The formation of this OA1 peak is complicated. Some reports
[18,34,35] have associated it with an increase of the surface defects
[36,37] while others suggest the electrodeposition of OH and O
species on the anion free surface of the electrode [30,38]. In a paper
by Compton [18], decreased electroactivity of the ORR was
observed on gold nanoparticles with an increased intensity of
this peak. They associated it with a possible poisoning effect
resulting from an increased composition of surface defects
generated in the cycling process. Here, we hypothesize that this
OA1 process will also alter the electroactivity of gold nanoparticles
towards the HER. Therefore, as shown in Fig. 2c, a upper limit
potential of 1.39 V vs RHE, which is just after this process, is chosen
in order to study the HER performance of Au-NPs/GCEs cycled with
this potential.

3.2. The HER on the Au-NPs/GCEs after Electrochemical Cycling

A comparison of the HER performance on Au-NPs/GCEs cycling
with A: 0.64 V (red line), B: 1.04 V (blue line), C: 1.39 V (green line),
D: 1.74 V (purple line) and O: without cycling process (black line) in
0.5 M sulfuric acid at 100 mVs�1 and 298 K is shown in Fig. 3a. The
ith different upper limit potential: a. 0.64 V; b. 1.04 V; c. 1.39 V and d. 1.74 V in argon
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current densities calculated here are based on the real surface area
of gold nanoparticles, which is derived from the reduction peak of
gold. Similar to the report by Sun et al. [39], when cycled in the
double layer region, the onset potential of the HER shifts positively
with the increased number of potential cycles; the results shown
here are the steady value. A comparison of the overpotential,
(h = Eonset� E0, where Eonset is the potential when HER occurs, Eo is
the standard potential of the HER), of the HER needed for
Au-NPs/GCEs cycled under different potentials is made in the
insert in Fig. 3a. As shown, the overpotentials of the HER reaction
on the Au-NPs/GCEs after continuous cycling in the double
layer regions (A and B) have considerable decreases in over-
potentials of 125 mV and 99 mV, respectively, compared to those
without cycling. This suggests a dramatic drop of the energy
required in order to initiate the HER process. This electrocatalytic
Fig. 3. (a).The HER in argon saturated 0.5 M sulfuric acid solution on Au-NPs/GCEs
cycling with A: 0.64 V(red line), B: 1.04 V (blue line), C: 1.39 V (green line), D: 1. 74 V
(purple line), and Original: without cycling (black line), 298 K, 100 mVs-1, and the
insert is the comparison of overpotential needed for the HER on Au-NPs/GCEs after
electrochemical cycling with different upper limit potential; (b) tafel analysis for
hydrogen evolution reaction on Au-NPs/GCE treated with different upper limit
potentials: 0.64 V (A, red line), 1.04 (B, blue line), 1.39 (C, green line), 1.74 (D, purple
line) and Au-NPs/GCE without cycling (O, black line). The error bars are obtained by
three independent measurements. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
activity is also suggested by the turn-over frequencies

TOF ¼ #total hydrogen turn overs=cm2 geometricarea
#activesites=cm2 geometricarea

� �
[12] calculated at

�0.35 V, as there is a nearly twenty times increase in the
turnover frequencies for the Au-NPs/GCE under condition
A (4.43 � 10�4 s�1) compared to those without cycling
(2.82 �10�5 s�1). On the other hand, it seems that the OA1 process
has a minor effect towards the HER activity since the over-
potentials and the shape of the voltammograms from Au-NPs/GCE
cycled at an upper limit potential at 1.39 V vs RHE are similar to
those without cycling. Nevertheless, a clear increase of the over-
potential is found from Au-NPs/GCE cycled with upper limit
potential at 1.74 V vs RHE, suggesting a more sluggish kinetics for
HER compared to the rest.

The Tafel slope (shown in Fig. 3b) obtained from the Butler-
Volmer equation [40] is analyzed to allow a further understanding
of the results. This value for those Au-NPs/GCEs without cycling (O)
is 100.6 � 5.0 mV/dec, which is in agreement with literatures
[41,42]. The smallest Tafel slope value of 76.6 � 1.9 mV/dec was
obtained on the Au-NPs/GCE cycled under condition A; this value is
23.4 mV smaller than for uncycled nanoparticles. This decrease of
the Tafel slope indicates a faster adsorption of the H* on the cycled
nanoparticles, and also suggests that the rate determining factor
may not due to a single step [43]. The Tafel slopes for Au-NPs cycled
under condition B and C are 91.5 � 3.9 mV/dec and 110.3 � 1.5 mV/
dec, respectively. The most sluggish value of Tafel slope,
120.2 � 5.7 mV/dec, is again obtained on the group D indicating
that the Volmer step is the rate determining step in the HER
process.

Although the HER activity is still not as good as Pt [44] due to
the nature of the poor adsorption of H* on gold materials [26], a
significant improvement of the performance is obtained through
electrochemical cycling under varied “upper limit cycling poten-
tial”. To explore the origins of this catalytic effect could be able to
shed some lights on how to design catalysts for the HER in the
future. It might be correlated with the complicated gold oxidation
process in sulfuric acid which involves chemical adsorption,
electro-oxidation, possible gold dissolution and a potential
induced surface reconstruction process [18,28,30,31,33–37,
45–50]. Based on the studies on the bulk gold electrode [46,51],
under the condition A, a step like structure is believed to be formed
with the “lifting” effect of some surface gold atoms from the
change of surface energy due to specific adsorbed anions on the
gold surface [52]. With the increasing of the upper limit potential
to condition B, via STM, Kolb et al. observed that the step-like
structures start to vanish due to the instability under higher
potential [45] and these structures will be removed completely
when the potential reaches the condition C. This reported
phenomena correlates well with what we observed for the
electrocatalytic effects for the HER on the Au-NPs/GCE and bulk
Au (Fig. 4). However, the electrocatalytic effect seems to be more
apparent on the nanoscale compared to the macro-scale, which
might due to that there is more structural defects on the gold
nanoparticles compared to the bulk material. We thus suspect that
stepped structural surface defects may explain the catalytic
activity observed, and DFT calculation was employed to explore
this possibility.

Fig. 5 presents the free energy for hydrogen adsorption on the
terrace Au(111) (solid line) and few commonly studied stable
stepped gold surfaces [53,54] (non-solid lines). The DGH* on the
terrace Au(111) surface is calculated to be 0.45 eV following the
work of Nørskov [16]. As shown, there are decreases of the DGH* on
the stepped Au leading to a stronger bonding between hydrogen
atom and the gold surface [39]. Gold is generally recognized to be a
poor HER catalyst due to the weak adsorption of atomic hydrogen
while a good HER catalyst should present a thermoneutral



Fig. 4. The hydrogen evolution reaction in argon saturated 0.5 M sulfuric acid
solution on bulk gold electrodes cycling with A: 0.64 V (—), B: 1.04 V (. . . . . .), C:
1.39 V (— � �), D: 1. 74 V (– � –), and Original: without cycling (– –), 298 K, 100 mVs�1

.
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adsorption free energy, that is to say DGH* = 0 [55]. Hence, the
reduced DGH* points out an enhanced adsorption of hydrogen
atom on the stepped gold, which suggests a decrease of the energy
barrier for the HER and this yields an electrocatalytic effect.

Several reasons can be considered for the inhibited electro-
chemical activity of HER on those under condition C and condition
D. Firstly, the sluggish electrochemistry responses on both groups
are in line with the reported disappearance of the step structures
when the potential reaches 1.0 V vs SCE (1.24 V vs RHE) [45].
Secondly, Au-NPs/GCEs under condition D also experience a “RTO”
Fig. 5. Free energy diagram for the hydrogen evolution reaction on terr
(replacement turnover) process normally occurs after the OA1
peak shown in Fig. 2 [18,30,56]. This will lead to a more severe
surface reconstruction process which might have an influence to
the electrochemical response for inner-sphere electron transfer
process like HER. Accordingly, the HER signal could be expected to
be worse on Au-NPs/GCEs under condition D compared to that of
condition C. Last but not least, the bigger particle size after the
more aggressive cycling process with higher upper limit potential
(See Fig. 6) might be another reason for the “negative” electro-
catalytic effect. Size dependent electrocatalytic effect is not a new
concept as it has found on many inner-sphere electron transfer
systems, like CO2 reduction [57] and the CO oxidation [58].

3.3. The Stability Test and Regeneration Experiment

The stability of the cycled Au nanoparticle catalysts was also
investigated. As shown in Fig. 7a and b, the gross amount of the
generated hydrogen and the generation rate are investigated and
compared between the best performed Au-NPs/GCEs (condition A,
open circles) and the Au-NPs/GCEs without cycling (open
diamonds). In agreement with the former results, both the gross
hydrogen production and generation rate are much larger on the
Au-NPs/GCEs cycled under condition A. However, there is a
remarkable drop of the generation rate for Au-NPs/GCE cycled
under condition A in the first 30 minute displayed in Fig. 7b.
Various factors might be blamed. Firstly, it could be the blocking of
the active site owing to the strong adsorption of the accumulated
intermediates generated during the proton reduction process.
Secondly, the gold surface is well known to be reconstructed at
negative potential. As reported, this surface is less active towards
the HER compared to the one reconstructed at the positive
potential [59]. Last but not least, these islands structures might
experience a suppressing process with the increased amount of the
generated hydrogen molecule which might destroys the “active”
structure.
ace Au surface (solid line) and Au with different stepped surfaces.



Fig. 6. Size distributions and TEM images for Au-NPs/GCE treated with upper limit potential of 0.64 V (a and a-1), 1.74 V (b and b-1) and without treatment (c and c-1). Noted
that the results obtained are based on at least 100 nanoparticles.
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Since the “modified gold electrode” will be deactivated in a
short time period, we designed a regeneration protocol. The
Au-NPs/GCEs were again electrochemically cycled for another 200
cycles under condition A after deactivation was observed. As it can
be seen in Fig. 7c, the enhanced HER activity can be recovered after
the electrochemical cycling process. The deactivation/regeneration
cycle was repeated 6 times, with nearly complete recovery of the
enhanced HER activity after the regeneration step. The recovery of
the activity for the hydrogen evolution reaction shown in Fig. 7c
suggests that the active structures can be reformed through
electrochemical cycling process under condition A after the
activity drop. Also, this further proves that the electrocatalytic
effect observed in the group A is due to the “modification” from the
electrochemical cycling process.

4. Conclusion

In summary, the electrochemical response of the HER can be
altered on the Au-NPs/GCEs after electrochemical cycling with
different upper limit potentials. The HER activity is enhanced on
the gold nanoparticles after cycled with upper limit potential of
0.64 V vs RHE. The overpotential is 86.6 � 10.9 mV which is 128 mV
smaller than that on those without cycling process. A decreased
Tafel slope of 76.6 � 1.9 mV/dec is also obtained while it is
100.6 � 5.0 mV/dec on the unmodified one. Additionally, this
behaviour can be regenerated by electrochemically cycled in the
same region after deactivation.
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Fig. 7. Gross production (a) and generation rate of hydrogen (b) on Au-NPs/GCE
cycled with upper limit potential of A: 0.64 V (open circle) and O: Au-NPs/GCE
without cycling process (open diamond) at �0.31 V for 170 minutes in argon
saturated 0.5 M sulfuric acid solution at 298 K, inserted are the enlarged dashed box
region. (c) The regeneration of the Au-NPs/GCE.
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