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There have been several studies on the catalytic activity of the hydrogen evolution reaction (HER) using

ultralow loading of Pt catalysts or even Pt single atom catalysts. However, Pt single atom deposited on

the surface of the carbon or metal oxide material has some drawbacks, such as high possibility of Pt

desorption from the supported material in the electrolyte. Besides, from the reaction mechanism

perspective, each Pt atom in this type of catalyst is too far to achieve high HER efficiency via the Tafel

reaction pathway. In this work, gold nanodendrites (Au NDs) with high facet surface were chosen as the

supported materials for studying the relation between the low loading amount of Pt atoms and the

reaction mechanism of the HER activity. The atomic deposition of Pt atoms on the surface of Au NDs

can be controlled effectively using a constant-current synthetic method. It was found that the HER

electrocatalytic activity of ultralow Pt loading catalyst, with Pt atoms to total surface atoms of Au NDs

(O-Pt on Au NDs) of 5.5%, could achieve high efficiency via the Tafel reaction pathway, showing a low

overpotential of �18 mV at a current density of 10 mA cm�2 and a small Tafel slope of �31 mV dec�1,

which is close to that of commercial Pt/C with 20 wt% Pt. As confirmed by Inductively Coupled Plasma

Mass Spectrometry(ICP-MS), the Pt loading amount of O-Pt on Au NDs was �3.8 � 0.2 mg cm�2 on

a physical area of carbon fiber paper. The turnover frequency (TOF) of O-Pt on Au NDs was found to be

40.1 � 2.5 H2 per s at 50 mV. This work provides a feasible approach to control the atomic deposition of

Pt on a specific substrate as an active catalyst for various catalytic applications.
Introduction

Hydrogen has been considered as an encouraging chemical fuel
that is a clean, sustainable, and feasible carrier candidate for green
energy. The hydrogen produced from water electrocatalysis as an
alternative to the cracking process of fossil fuels has exhibited the
advantage of zero carbon emission. To date, noble metal catalysts,
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such as platinum (Pt) catalysts, are identied as the most effective
water electrocatalysts, having the best kinetics for the hydrogen
reduction reaction (HER) with a Tafel slope of 30 mV dec�1 and
a low overpotential (0 V vs. RHE) in acidic media.1–4 Recently, the
development of low Pt content electrocatalysts is an efficient
approach to reduce the amount of Pt while still maintaining its
high activity.5,6 Pt single-atom catalysts for HER were fabricated by
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decorating the surface of the supporting material with isolated Pt
atoms.7–10 Each Pt atom acts as active sites to adsorb the proton for
HER with increased H2 turnover frequency (TOF). For example, Pt
atom-supported onion-like carbon catalyst (0.27 wt%of Pt loading)
exhibited good HER performance with an overpotential of 38 mV
(@10 mA cm�2) and a TOF of 40.87 H2 per s at 100 mV.11 Also,
different approaches to prepare single atom Pt-based catalysts
have also been demonstrated and have exhibited good HER
activity12–14 However, single atom deposited on the surface of the
supporting material tends to undergo aggregation to form clusters
or dissolve in the solution during the long-term catalytic process,
hampering the advantages of single atom toward HER.7,15–17

Besides, Pt in Pt single-atom catalysts easily forms a chemical
bondwith oxygen atom, showing that it could have hindered the Pt
atom from adsorbing the proton to form the Pt–H bond.11,18–22

Besides, the reaction mechanism of single atom Pt-based catalysts
for HER is almost impossible to be achieved using the Tafel
reaction because Pt atom in this kind of a catalyst was far too
separated to carry out the reaction of the two adsorbed atomic
hydrogen on adjacent Pt atoms and then combine to form
molecular hydrogen.12,17 Therefore, it is still challenging to develop
an active surface with the lowest Pt loading to achieve stable HER
activity via the Tafel reaction pathway.

Owing to an abundance of terraces, steps, kinks, and
vacancies covering the surface, metal nanostructures with
a high surface index can be considered as highly active catalysts.
They also possess higher surface energy, which enhances the
adsorption of the reactant and improves the catalytic
activity.23–29 However, the active sites of the high index surface
can also be occupied by contaminations such as those by salt
ions or surfactants during the preparation process or electro-
chemical reaction, resulting in diminished catalytic perfor-
mance. Therefore, the deposition of lower Pt atoms on themetal
support with high index surface can be considered as a poten-
tial approach to achieve high HER activity.
Fig. 1 Schematic representation of the proposed mechanism of (a)
a controllable-minimum amount of Pt deposition on its surface in two s

22902 | J. Mater. Chem. A, 2021, 9, 22901–22912
Herein, we present the ingenious fabrication of minimum Pt
atom-deposited Au nanodendrites (NDs) with high index
surface by the electrochemical deposition method. Two steps of
the electrochemical protocol (Fig. 1) were constructed,
including step 1 involving the cyclic voltammetry (CV) scan in
0.5 M KOH and step 2 involving long-term amperometric (i–t)
curve in 0.5 M H2SO4 electrolyte with a potentiostatic function.
In step 1, the CV scan was carried out in the potential window
from +0.4 V to �0.8 V in 0.5 M KOH at a rate of 10 mV s�1 with
the as-prepared Au NDs, a carbon rod, and saturated calomel
electrode as the working, counter, and reference electrodes,
respectively. The CV scan in KOH was intended to effectively
remove the contaminants such as sulphate and cysteine mole-
cules from the surface of the as-prepared Au NDs to form
pristine Au NDs with a clean high facet surface. It was followed
by the deposition of Pt atoms on the Au NDs by applying
a constant potential (�0.10 V vs. RHE, without iR compensa-
tion) over 5.5 h. According to detailed structural analysis
including CV studies, X-ray photoemission spectra (XPS), and in
situ X-ray absorption spectra (XAS), the deposition amount of Pt
atoms on the surface is only 5.5% in comparison with Au atoms
on the surface of the Au nanodendrites. As analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS), the Pt
loading amount on the Au NDs is only 3.8 � 0.2 mg cm�2.
Interestingly, very few Pt atoms on Au NDs manifested superior
catalytic activity toward HER by achieving a Tafel slope of
�31 mV per decade, which is very close to that of the
commercial Pt/C electrode. The characterization and results are
discussed in the subsequent sections.
Results and discussion

Fig. 2a shows the schematic representation of the electro-
chemical three-electrode system with Pt wire as the counter
electrode, SCE as the reference electrode, and pristine Au NDs
the formation of Au NDs with a clean high-index surface and (b)
teps.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Schematic representation of the three-electrode system for the controllable fabrication of Pt atoms deposited on Au NDs. (b) Long
term i–t curve of the Au NDs with an applied constant potential of �0.10 V (vs. RHE, without IR compensation) in 0.5 M H2SO4 solution was
maintained and an in-site schematic illustration of the Au NDs with different deposition amounts of the Pt atoms over different time intervals has
been included.
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as the working electrode. The deposition amount of the Pt
atoms on the surface of the Au NDs can be controlled by the
chronoamperometric (i–t) method in 0.5 M H2SO4 by applying
a voltage of �0.10 V. Fig. 2b shows the long-term i–t curve for Pt
deposition on Au NDs. The current density was found to be
improved with an increase in the reaction time, meaning that
the HER activity is improved during this process. To ensure that
the Pt ions are oxidized and dissolved slowly from the counter
electrode into the acid electrolyte, ICP-MS measurements were
carried out to detect the concentration of Pt ions in the elec-
trolyte during the reaction. The concentration of Pt ions existing
in the electrolyte was measured to be �100 ppb. Therefore, the
improved effect of the current density can be ascribed to the
gradual and slow deposition of the Pt atom on the surface of the
Au NDs. The schematic illustration of the deposition amount of
Pt atoms on the Au NDs over different time intervals is shown in
Fig. 2b. At the beginning, when the current started to increase,
few Pt atoms were loaded onto the Au NDs (F-Pt on Au NDs).
Aer that, the current density was continually increased with
time and reached saturation, meaning that the optimized
amount of the Pt atoms deposited on the Au NDs was achieved
(O-Pt on Au NDs). At the end of the reaction (40 000 s), excess of
Pt atoms were loaded onto the Au NDs (E-Pt on Au NDs). Further
characterization and reactions were carried out using these
samples. Aer the completion of the electrochemical deposition
method, the working electrode was carefully removed from the
system and placed in another cell using carbon rod as the
electrode containing 0.5 M H2SO4 solution for conducting
further catalytic reactions.

Fig. 3a displays the scanning electron microscopy (SEM)
image of representative O-Pt on Au NDs on the CFP. The results
showed that there was a wide range of dendrite-like structures
on the electrode surface. The structure consists of many
micrometer-grade main stems and side branches as well as
numerous small protrusions, high-curvature edges, and tips.
This structural feature can create highly specic surface area
and many high-aspect active sites. The transmission electron
microscopy (TEM) image further illustrated the hyper-branched
This journal is © The Royal Society of Chemistry 2021
hierarchical structure of O-Pt on the Au NDs in Fig. 3b. Fig. 3c
and d present the scanning transmission electron microscopy
(STEM) images of O-Pt on the Au NDs. The result showed that
the single crystal structure of the branch of O-Pt on the Au NDs
was found to have a highly ordered continuous fringe pattern,
which exposed the {111} facet. Further, high-index facets
(pointed by the red spot) exposed on the surface of the branch
was also revealed. The Fast Fourier Transforms (FFT) image
(Fig. 3e) indicated that O-Pt on the Au NDs also revealed several
index facets including {111}, {200}, {220}, and high-index {311}
facets. The overall results conrmed the formation of highly
branched O-Pt on the Au NDs with highly oriented homoge-
neous phases and edges.

To investigate the loading amount of the Pt atoms on the Au
NDs, the mapping of time-of-ight secondary ion mass spec-
trometry (TOF-SIMS) and ICP-MS analysis were carried out, as
shown in Fig. 4 and Table S1†, respectively. For the as-prepared
Au NDs, there are obvious and uniform signals of Au and S
found in the as-prepared Au NDs (Fig. 4a), meaning that there
is containment of cysteine on the surface of the as-prepared Au
NDs before KOH treatment. Aer being treated with KOH,
there was nearly no S signal observed in the pristine Au NDs
(Fig. 4b). Fig. 4c shows the mapping of the Au and Pt elements
of O-Pt on the Au NDs. Few signals of Pt were also observed
along with Au NDs, conrming the loading of few Pt atoms
over the Au NDs. The corresponding schematic diagrams are
provided as the insets in Fig. 4. Furthermore, ICP-MS analysis
indicated that the Pt loading amount of F-Pt on Au NDs, O-Pt
on Au NDs, and E-Pt on Au NDs is 0.061%, 0.19%, and
0.51%, respectively.

X-ray absorption ne structure (XAFS) spectroscopy has been
widely applied in studies related to catalytic materials.30–33 X-ray
absorption near edge structure (XANES) reveals the orbital
hybridization between the absorbing and the coordinate atoms,
while the extended X-ray absorption ne structure (EXAFS) gives
the local structure parameters such as coordination number,
bond length, and Debye–Weller factor in materials. Although
the atomic distribution of bimetallic nanoparticles can be
J. Mater. Chem. A, 2021, 9, 22901–22912 | 22903
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Fig. 3 (a) SEM image and (b) TEM image of O-Pt on the Au NDs structures grown on the CFP electrode. (c) STEM image of O-Pt on Au NDs and
(d) the higher magnification of the STEM image recorded from the branch of O-Pt on the Au NDs shown in (c). (e) FT patterns of O-Pt on the Au
NDs surface indicates that the branch was enclosed by (111), (200), (220), and high index (311) facets.
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evaluated through the total coordination number from EXAFS
analysis, it is not easy to resolve the core–shell structure in the
case with high concentration ratio of different elements in the
structure. In addition, the similar scattering amplitude of Pt
and Au atoms leads to poor species resolution of the rst
coordination atoms using the EXAFS method. However, the
elemental resolution of EXAFS spectroscopy still provides
a revelation of the heteroatomic interaction on Pt and Au atoms.
Fig. 5 displays the normalized XANES spectra at Au and Pt L3-
edge of pristine Au NDs, F-Pt on Au NDs, O-Pt on Au NDs, E-Pt
on Au NDs, and the reference standards of Pt and Au. The high
overlapping of the spectra at the Au L3-edge XANES spectra of
the Au NDs samples and the standard Au foil indicate that the
Au atom of each sample is in the metallic state (Fig. 5a). In the
Pt L3-edge XANES spectra (Fig. 5b), the increased white-line
(WL) intensity and the energy shi of the WL peak position is
associated with the interaction between the Pt and Au atoms.9,34

This phenomenon is not obvious as the Au L3-edge XANES
spectra is due to the much larger concentrations of the Au
atoms in comparison with that of the Pt atoms. The Fourier-
transform (FT) EXAFS spectra of the pristine Au NDs, F-Pt on
22904 | J. Mater. Chem. A, 2021, 9, 22901–22912
Au NDs, O-Pt on Au NDs, and E-Pt samples on the Au NDs at the
Au L3-edge (Fig. 5c) indicate that the Au atom of each sample is
in the metallic state, which is consistent with the results of the
Au L3-edge XANES spectra. The major different feature at 2.2 Å
of the FT-EXAFS spectra at the Pt L3-edge (Fig. 5d) corresponds
to the nearest-neighbor (Pt–Au and Pt–Pt bond) contributions.
The intensity of the FT-EXAFS spectra for the Pt–Au and Pt–Pt
bonds is proportional to the diameter of the structural size;
therefore, it can be utilized to evaluate the distribution range of
Pt atoms on the Au NDs.11,12,18,35,36 The increased intensity of the
peak (�2.2 Å) at the Pt L3-edge FT-EXAFS spectra indicates the
increase in the distribution range of the Pt atom on the NDs
samples with the electrochemical deposition time. The overall
results represent that the distribution size of the Pt atoms
deposited on the surface of O-Pt on the Au NDs is smaller than
2 nm.

To analyze the surface composition and oxidation state of
pristine Au NDs, F-Pt on Au NDs, O-Pt on Au NDs, and E-Pt on
Au NDs, the XPS spectra using an incident X-ray source of
250 eV were used to observe about 0.7 nm-depth according to
the estimation of the inelastic mean free path of the
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ta07066e


Fig. 4 TOF-SIMS mapping images of (a) as prepared Au NDs, (b) pristine Au NDs and (c) O-Pt on Au NDs. The signals were collected from
different ions, including Au+, cysteine cation and Pt+ and emitted from an area of 10 � 10 mm2.
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electrons.37 In Fig. 6a, the XPS spectrum analysis of Au 4f
shows that the binding energy of Au 4f7/2 in each sample is the
same as that of the standard sample, which is located at
84.0 eV, meaning that the Au element in all the samples
remained in the metallic state. Fig. 6b shows the XPS spectra of
Pt 4f7/2 of F-Pt on Au NDs, O-Pt on Au NDs, and E-Pt on Au NDs.
A less intense signal of Pt was observed in F-Pt on the Au NDs,
indicating that the deposition amount of Pt on the surface of
the Au NDs is much less than 1%. There is an obvious Pt signal
found for the other two samples. There are doublet peaks
found at 70.9 eV and 74.8 eV, which can be deconvoluted into
two peaks. The deconvoluted peaks at 70.9 eV and 74.8 eV,
71.6 eV and 74.5 eV can be ascribed to the surface Pt atoms
deposited on the low index facet surface and partially oxidized
Pt deposited on the high index faceted surface, respectively.34

There is no obvious metallic state of Pt observed in these Pt
deposited on the Au NDs samples. Although the signals of Au
5p and Pt 4f5/2 overlap each other, the low intensity of Au 5p
can be ignored, meaning that the signal of Pt 4f7/2 is not
affected. To investigate the ratio of Pt and Au on the surface of
O-Pt on Au NDs and E-Pt on Au NDs, the integrated areas of the
deconvoluted peaks in the Pt 4f and Au 4f XPS spectra were
quantied and the results are presented in Table 1. The area
corresponding to Pt on the surface of O-Pt on Au NDs and E-Pt
on Au NDs is 5.5% and 20.3%, respectively. The overall results
indicated that the O-Pt on Au NDs has only 5.5% of Pt atoms
deposited on the surface of the Au NDs and its Pt atoms have
two kinds of chemical environments, including the reduced
state of the surface metal (Pt 4f7/2 ¼ 70.8 eV) and the partially
oxidized state (Pt 4f7/2 ¼ 71.7 eV).

In order to test the electrochemical catalytic performance of
the catalysts in HER, linear sweep voltammetry (LSV) of the as-
This journal is © The Royal Society of Chemistry 2021
prepared Au NDs with cysteine contaminant, pristine Au NDs, F-
Pt on Au NDs, O-Pt on Au NDs, E-Pt on Au NDs, and commercial
Pt/C with 20 wt% Pt was carried out in 0.5 M H2SO4 solution at
a sweep rate of 5 mV s�1 using a three-electrode system
including SCE as the reference electrode and carbon rod as the
counter electrode. Additional iR compensation was applied
during the LSV measurement to remove the external resistance
of the electrode/electrolyte system. In Fig. 7a, the overpotential
of the as-prepared Au NDs for HER is 240 mV at a current
density of 10 mA cm�2. This result can be attributed to the
structural characteristics of dendritic gold. Aer removing
cysteine, the overpotential of pristine Au NDs for HER is
reduced to 175 mV at a current density of 10 mA cm�2. This
could be attributed to the exposure of a clean high index surface
of the Au NDs by the removal of cysteine and the creation of
numerous active sites for HER. Moreover, when Pt atom was
gradually deposited onto the Au NDs, the overpotential of F-Pt
on the Au NDs decreased to �70 mV at a current density of 10
mA cm�2. In particular, the lowest overpotential of O-Pt on Au
NDs was achieved to �18 mV at a current density of 10 mA
cm�2, which is close to that of commercial Pt/C and E-Pt on Au
NDs. The current density of 100 mA cm�2 of O-Pt on Au NDs for
HER can be achieved dramatically by slightly increasing the
potential to �0.05 V. The Tafel slope is a useful metric to assess
the performance of the catalysts and is a valuable indicator of
the mechanistic reaction processes of HER. Fig. 7b shows the
Tafel slope of the Au NDs when it was treated under different
conditions. The Tafel slope of pristine Au NDs treated with KOH
was calculated to be�71 mV dec�1, which is closer to that of the
as-prepared Au NDs (�70 mV dec�1). Interestingly, aer Pt
deposition on the Au NDs, the Tafel slope of F-Pt on the Au NDs
decreased to �51 mV dec�1 and that of O-Pt on Au NDs was
J. Mater. Chem. A, 2021, 9, 22901–22912 | 22905
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Fig. 5 (a) Normalized XANES spectra near the Au L3-edge of pristine Au NDs, F-Pt on Au NDs, O-Pt on Au NDs, E-Pt on Au NDs, and Au foil. (b)
Normalized XANES spectra near the Pt L3-edge of F-Pt on Au NDs, O-Pt on Au NDs, E-Pt on Au NDs, and Pt foil. (c) FT-EXAFS spectra at the Au
L3-edge of Au NDs, F-Pt on Au NDs, O-Pt on Au NDs, E-Pt on Au NDs, and Au foil. (d) FT-EXAFS spectra at the Pt L3-edge of F-Pt on Au NDs, O-Pt
on Au NDs, E-Pt on Au NDs, and Pt foil. (c) and (d) Inset shows the Au L3-edge and Pt L3-edge EXAFS oscillation of each sample, respectively.
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achieved to be�31 mV dec�1, similar to that of the Pt/C catalyst
(31 mV dec�1) and E-Pt on Au ND (31 mV dec�1). The slope of
the Tafel plot also reveals that the reaction mechanism of O-Pt
on the Au NDs for HER refers to the Tafel reaction as the rate-
determining step for HER. To quantify the catalytic efficiency
of the active Pt site on the O-Pt on Au NDs, the turnover
frequency (TOF) was also calculated and is presented as shown
in Fig. 7c. We found that the TOF can be achieved as high as
40.1� 2.5 H2 per s at an h of 50 mV for O-Pt on Au NDs, which is
better than that of the pristine Au NDs and commercial Pt/C.
These results imply that the excellent catalytic activity of O-Pt
on Au NDs can be ascribed to the complete utilization of Pt
atoms on the surface of the Au NDs. Furthermore, the long-term
22906 | J. Mater. Chem. A, 2021, 9, 22901–22912
stability of O-Pt on Au NDs was investigated by the ampero-
metric current density–time response over 85 h by applying
a constant potential of �0.06 V, as shown in Fig. 7d. A high
current density was maintained at 100 mA cm�2 over 85 h,
signifying the excellent stability and activity of O-Pt on Au NDs
for HER.

As we know, the effect of surface plasmon resonance (SPR)
could promote the performance of the hydrogen evolution
process. We further discuss the effect of SPR to improve the
HER performance of O-Pt on the Au NDs. At room temperature,
the three-electrode HER reaction system in 0.5 M H2SO4

solution used AM1.5G light source to provide 100 mW cm�2

energy. The applied potential was xed at �16 mV (vs. RHE,
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Au 4f and (b) Pt 4f XPS spectra of F-Pt on Au NDs, O-Pt on Au NDs, and E-Pt on Au NDs. The incident X-ray photon energy is 250 eV.

Table 1 Binding energy (eV) and atomic ratios of Pt and Au obtained
from the XPS spectra of O-Pt on Au NDs and E-Pt on Au NDs

Peak Peak (eV)
Area/cross
section

Pt ratio (to
Au 4f)

O-Pt on Au NDs Pt 4f7/2(low B.E) 70.92 457.0 0.042 0.054
Pt 4f7/2(high B.E) 71.68 140.8 0.013
Au 4f7/2 84.00 11 074

E-Pt on Au NDs Pt 4f7/2(low B.E) 70.96 1616 0.148 0.203
Pt 4f7/2(high B.E) 71.7 596.1 0.055
Au 4f7/2 84.00 10 929
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with additional IR compensation). In Fig. 8, we observed that
during the period when the light was switched on for 60 s and
the light was switched off for 240 s, the photocurrent increased
immediately with light-on and decreased suddenly with light-
off. The current density changes can be divided into four
stages, as shown in the inset. In the rst stage, aer illumi-
nating on the working electrode, the current density rises
immediately from 10 to 10.7 mA cm�2 in two seconds, which
could be originated from the photoelectric enhancement. At
this stage, a plasma resonance effect occurs on the surface of
O-Pt on Au NDs by the incident photons to generate a large
number of surface electron oscillations at high frequencies at
the active position of the reaction, resulting in improved
electron-transfer efficiency of the reaction. In the second stage,
the current density gradually increased from 10.7 to 11.4 mA
cm�2 aer light incidence from 2 to 60 s, caused by the high-
frequency movement of the surface plasma at this time and
the catalyst surface temperature increases, which called the
photothermal effect.38 In the third stage, when the light source
is secluded, an instantaneous drop in the equivalent HER rate
can be observed. The shading current density of the light
source decreased from 11.4 to 10.7 mA cm�2 within 2 s (60–62
s). In the last stage, the current density decreases exponentially
2 s aer the light source was secluded. It took about 120 s (62–
182 s) to decrease from 10.7 to 10 mA cm�2. Therefore, it took
This journal is © The Royal Society of Chemistry 2021
a long time for the surface temperature to return to the surface
temperature before the illumination. The Tafel slope was
veried to be the same before and aer illuminated by light
(Fig. S5†). The results represented that through the assistance
of SPR to accelerate the HER activity, the rate-determining step
of the reaction mechanism of O-Pt on the Au NDs still main-
tained the Tafel process.
Discussion

In order to realize the relationship between the stepwise
deposition of Pt atoms on the Au NDs and the corresponding
HER activity in the constant current synthesis method, in situ
XAS measurements and the corresponding electrochemical
properties were performed for Pt deposition on the Au NDs at
different deposition times, as shown in Fig. 9. The results
show that the white-line intensity and peak position in the Pt
L3-edge XANES spectra change signicantly with the increase
in the deposition time. The highest white-line intensity in the
Pt L3-edge XANES spectra was found at the start of the depo-
sition time of 1.5 hours. As the deposition time increases, the
white-line intensity gradually decreases and the peak slowly
moves to the le, gradually approaching the reference Pt foil.
This trend suggests that at the beginning of the deposition
time, a minority of Pt atoms are deposited alone on the surface
of the Au NDs separately, forming strong Pt–Au bonds (similar
to the PtAu alloy),39 resulting in much higher 5d electron
vacancies in higher white-line intensities. The deposition size
of the Pt atoms on the surface of the Au NDs increases with
increasing deposition time, resulting in fewer vacancies in the
5d orbitals of Pt.

The experimental results presented in this work indicate that
the excellent catalytic activity and stability of O-Pt on the Au NDs
(deposition time of Pt �11 h) for HER can be ascribed to the
following important aspects. First, the constant low concen-
tration of the Pt ions (0.1 ppm) in the electrodeposition system
results in the Pt atoms being allowed to be deposited slowly and
J. Mater. Chem. A, 2021, 9, 22901–22912 | 22907
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Fig. 7 (a) Polarization curves at a scan rate of 5 mV s�1 obtained with a series of Pt on Au NDs catalysts and (b) the corresponding Tafel plots
recorded from the as-prepared Au NDs, pristine Au NDs, F-Pt on Au NDs, O-Pt on Au NDs, E-Pt on Au NDs, and Pt/C loading of 1 mg cm�2 (c)
TOF curve of pristine Au NDs, O-Pt on Au NDs, and Pt/C. (d) Current versus time during long term use (85 h) with a constant potential (�0.06 V)
electrolysis of O-Pt on Au NDs.

Fig. 8 Chronoamperograms during the on/off light switching test for
O-Pt on Au NDs under AM1.5G light (with a water filter) and in the dark
in a 0.50 M H2SO4 solution at �16 mV, which was maintained for
1000 s. Illumination power density on the working electrode was 100
mW cm�2. Inset window is the first-cycle chronoamperogram during
the on/off light switching test.
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preferentially on the surface of the Au NDs with terraces, steps,
kinks, and vacancies of high surface energy.26–28,40 Thus, for O-Pt
on Au NDs, only 5.5% of Pt atoms deposited on the Au ND
surface (with a Pt loading of only 0.38 � 0.2 mg cm�2 based on
the physical area of CFP) can exhibit great HER activity,
22908 | J. Mater. Chem. A, 2021, 9, 22901–22912
achieving Tafel reactions and TOF �40.1 � 2.5 H2 per s at
50 mV. Table S2† shows the Pt content versus the TOF values for
the Pt catalysts on different substrates at certain overpotentials,
including the recently reported atomic metal species supported
on carbon supports.11,41,42 Our catalysts show strong competi-
tiveness in hydrogen evolution reactions compared to other
materials, such as Pt single atom on graphdiyne,14 low Pt on
graphitic tube,13 Pt on carbon support,11 and Pt-decorated gra-
phene nanospheres.43 Second, Au NDs with inner property play
an important role in stabilizing the Pt atoms deposited on high
surface energy sites for long-term reactions. To investigate the
role of Au NDs as substrates for Pt deposition, Ag NDs and Cu
NDs were obtained as substrates for Pt atom deposition by the
samemethod as that for Au NDs. The HER activity of the O-Pt on
Ag NDs and O-Pt on Cu NDs catalysts was measured in a three-
electrode system with 0.5 M H2SO4 (see ESI, Fig. S2†). The
results showed that the HER activity of O-Pt on Ag NDs and O-Pt
on Cu NDs was enhanced with an overpotential of 0.129 V and
0.137 V at a current density of 20 mA cm�2 and a small Tafel
slope of 61 mV dec�1 and 62 mV dec�1, respectively. Although
the catalytic performance of Ag NDs and Cu NDs was improved
aer the successful deposition of Pt atoms, the reaction
mechanism of HER only reached the Heyrovsky–Tafel process.
This may be due to the fact that the surfaces of Cu NDs and Ag
NDs are more susceptible to oxidation, causing the high energy
surfaces to become more unstable and unable to deposit Pt
atoms successfully. The overall results show that unexpected
HER catalytic activity can be achieved with small Pt deposition
rates on the appropriate substrates.
This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Series of time-resolved Pt L3-edge XANES of Pt atoms
deposited on the surface of Au NDs during the deposition time. The
inset is the corresponding polarization curves at a scan rate of 5mV s�1

obtained with a series of Pt atoms grown on Au NDs.
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Conclusion

In summary, Au NDs with clean high index surfaces have been
successfully fabricated as active substrates for the selective
deposition of Pt atoms. Furthermore, through a constant-current
deposition method in acidic condition, we found that only 5.5%
of Pt atoms deposited on the surfaces of Au NDs (O-Pt on AuNDs)
can obtain excellent catalytic performance, exhibiting an over-
potential of�18 mV at a current density of 10 mA cm�2, which is
close to that of commercial Pt/C. It achieved the Tafel reaction
showing a very small Tafel slope of �31 mV dec�1, which would
be the fastest rate-determining step for HER. The turnover
frequency (TOF) of O-Pt on the AuNDs was estimated to be 40.1�
2.5 H2 per s at 50 mV. It was also found that light could slightly
improve the HER performance of O-Pt on Au NDs via the surface
plasma resonance effect. This study demonstrates the optimiza-
tion technology for minimum Pt deposition on the surface of Au
NDs (O-Pt on Au NDs) by creating a maximum catalytic active
center on the surface to achieve superior HER performance.
Experimental section
Materials

Auric chloride (HAuCl4$3H2O; ACS 99.9%) from Alfa Aesar, L-
cysteine (C3H7NO2S; Acros, >99%), copper(II) sulfate pentahydrate
(CuSO4$5H2O; ACS 99.0–100.5%), potassium hydroxide (KOH;
ACS 85%), and sulfuric acid (H2SO4; 95–97%) were procured from
Sigma Aldrich, and silver sulfate (Ag2SO4; ACS 99%) was procured
from Scharlau. All the chemicals were used without further puri-
cation. Carbon ber paper (CFP) was procured from CeTech Co.,
Ltd. and it was used as a substrate for deposition. Deionized water
(DI H2O) was used throughout the experiments.
The fabrication of Au NDs on CFP

The Au NDs grown on carbon ber paper (CFP) were modied
according to our previous report.44 The electrodeposition of the
This journal is © The Royal Society of Chemistry 2021
Au NDs on CFP (1 � 2 cm2 area but during the reaction, only 1
� 1 cm2 was immersed into the electrolyte) was performed in an
aqueous solution of 1.0 mM HAuCl4 and 0.5 M H2SO4 in the
presence of 0.1 mM cysteine with a conventional three-electrode
system using square-wave potential pulse function. A saturated
calomel electrode (SCE) and carbon rod were applied as the
reference and counter electrodes, respectively. The function of
square-wave potential pulses was applied on the CFP electrode
at a frequency of 5 s�1 for 3000 s. The low and high potentials of
the square-wave pulse were set at �0.8 and + 0.2 V (vs. SCE),
respectively. Finally, the as-prepared Au NDs were obtained.

The surface cleaning protocol of Au NDs

The cysteine removal process was followed by a single step of
electrochemical reaction to obtain Au NDs with a clean high
index surface. In the rst step, the as-prepared Au NDs with fully
adsorbed cysteine were operated by the CV scan in a potential
range between �0.4 V and �1.3 V (vs. SCE) in 0.5 M KOH
solution. Then, the pristine Au NDs with a clean high index
surface were obtained.

The atomically-controlled Pt deposition process on the
surface of Au NDs

To control the deposition amount of the Pt atoms on the surface
of the Au NDs, long term amperometric i–t curve was obtained.
Pristine Au NDs with a clean high index surface were used as the
working electrode with 0.5 M H2SO4 solution as the electrolyte
in the three-electrode system by applying a constant voltage of
�0.15 V. Therefore, the different deposition amounts of Pt
atoms on Au NDs were obtained on increasing the reaction
time.

Material characterization

A conventional three-electrode system in an electrochemical
workstation (CHI 614B) was used for electrodeposition, where
SCE served as the reference electrode and platinum wire as the
counter electrode. The photoelectrochemical properties were
examined in a three-electrode quartz cell to facilitate the illu-
mination of the photoelectrode surface. The illumination
source was a 300W Xe arc lamp (Newport, 66901) directed at the
quartz electrochemical cell (100 mW cm�2) with an AM1.5G
lter (Newport 81094). An IR water lter (Newport, 6123NS) was
used to prevent the heating of the solution by infrared light.
Thermal eld emission scanning electron microscopy (FE-SEM)
images were recorded on a JEOL JSM-6800F microscope oper-
ated at an accelerating voltage of 3.0 kV. The UV-vis absorption
spectra of the samples were obtained using a Jasco V-770
spectrophotometer equipped with a spherical integrator ILN-
925. The atomic ratio of the Pt and Au atoms was measured
by the ICP-MS instrument (Thermo X Series II). The elemental
mapping images of the materials were recorded by TOF-SIMS
(ULVAC-PHI TRIFT IV). The powder XRD patterns were recor-
ded on the BL23A SWAXS end station of the National Synchro-
tron Radiation Research Center, Taiwan, with an X-ray
wavelength (l) of 1.240 Å (10 keV).45 The powder XRD data was
recorded on an image plate, and the diffraction angle, 2q, was
J. Mater. Chem. A, 2021, 9, 22901–22912 | 22909
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calibrated using diffractions from powder mixtures of silicon
and silver behenate. The XPS spectra were recorded at the
photoelectron spectroscopy (PES) end station of the NSRRC
beamline 24A1. The onset of photoemission from a gold foil
attached to the sample holder was used to calibrate the Fermi
level as the zero-binding energy. The Au and Pt XPS spectra of
the Pt/Au-Ds were recorded using an incident beam of X-ray
energy at 250 eV. The Pt and Au L3-edge X-ray absorption ne
structure (XAFS) spectra of the F-Pt/Au, O-Pt/Au, and E-Pt Au
nanodendrites (NDs) were performed at TPS-44A beamline of
the National Synchrotron Radiation Research Center (NSRRC).
The Au L3-edge XAFS spectra were collected in the transmission
mode, where the Pt L3-edge XAFS spectra were obtained in the
uorescence mode using a 7-element detector. The corre-
sponding reference foils were measured simultaneously to
calibrate the energy of the incident X-ray photons. The data
were analyzed following the standard procedure using the
Demeters soware package.7

Electrochemical measurements

The standard three-electrode system was used for the HER
activity and durability measurements. Herein, the materials
were used as the working electrode (on the CFP substrate of 1 �
1 cm2 dimensions), whereas SCE was used as the reference
electrode and carbon rod as the counter electrode. The linear
sweep voltammogram tests were performed at a scan rate of
10 mV s�1 (with full IR compensation) in 0.5 M H2SO4 as elec-
trolyte. All the potentials changed to RHE using the equation
ERHE ¼ ESCE + 0.245 V + 0.059 � pH.

The Tafel slope was calculated by tting to the Tafel equation
h¼ b log j + c, where b is the Tafel slope, j is the current density,
and c is the intercept relative to j0. The exchange current density
(j0) value is calculated by the formula j0 ¼ e(�2.303c/b).

TOF calculation

First, the number of Pt atoms was determined from the elec-
trochemically active surface area (ECSA), which was estimated
from the desorption peak of Pt–H at 0.0 V, and the reduction
peak of gold at 1.12 V was 4.7 cm2 (Pt) and 76.3 cm2 (Au). The Pt/
Au ratio obtained by calculating the ECSA is about 6.1%, which
is close to the value calculated by XPS analysis. Surface active Pt
atoms per square meter area (supposed Pt atoms fully cover the
surface with a radius �139 pm) is

1

p
�
1:39� 10�10 m

�2 ¼ 1:647� 1019 Pt atoms per m2

¼ 1:647� 1015 Pt atoms per cm2

The number of Pt atoms on the active surface area of 4.7 �
0.3 cm2 is

1.647 � 1015 Pt atoms per cm2 � 4.7 cm2 ¼ 7.74 � 1015 Pt atoms

Second, the total number of hydrogen turnover was calcu-
lated to be 3.12 � 1015 H2 per s per mA.11,13 The TOF per Pt site
22910 | J. Mater. Chem. A, 2021, 9, 22901–22912
in the O-Pt on Au NDs catalyst for the HER is calculated by the
equation

TOF ¼ Total number of hydrogen turnover=physical area

Number of active sites=active area

The TOF at the current density of �100 mA cm�2 of O-Pt on
Au NDs (an overpotential of 0.05 V versus RHE electrode) is

3:12 � 1015 H2

1 s�mA
� 100 mA� 1

7:74� 1015 Pt atoms

¼ 40:1 � 2:5 H2 per s per Pt atom
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