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Water electrolysis is the most fascinating procedure for producing pure hydrogen owing to its flexibility
and convenience. Platinum (Pt) is the most effective electrocatalyst for the hydrogen evolution reaction
(HER) but its high price and scarcity have greatly restricted its commercial application. Therefore, it is
necessary to greatly increase the mass activity (MA) of Pt to meet practical applications. In the present
study, an oxidized Pt atomic cluster-supported Au electrode (Ptac—O—Au) with an ultra-low loading was
prepared by high vacuum magnetron sputtering combined with electrochemical anodic oxidation. The
(Ptac—O—Au)-1 electrode has a very high mass activity (MA), reaching 49.2 A mgp(1 at an overpotential of
50 mV, which is 41 times that of the 20 wt% Pt/C electrode and 20 times that of the 0.5 wt% Pt/C electrode.
Even at such a low load, the (Ptac—O—Au)-1 electrode has excellent apparent activity and only needs an over-
potential of 41 mMV@10 mA cm™, which is close to that of the 20 wt% Pt/C electrode (37 mV@10 mA cm™).
Moreover, the (Ptac—O—-Au)-1 electrode has an ultra-high specific activity (SA). The SA of (Ptac—O-Au)-1 is
12-18 times higher than that of the 0.5 wt% Pt/C electrode and 36—-56 times higher than commercial Pt/C
electrodes. More importantly, it was confirmed by the electrochemical analysis method (cyclic voltammetry
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platinum (Pt—O-Au) on the surface of the electrode. Density functional theory (DFT) calculations have also
elucidated that the absolute value of AGp«(Pt) of Ptac—O—Au is close to that of Pt(111), indicating that its out-

rsc.li/frontiers-inorganic standing HER activity originates from its optimal AG«(Pt) value.

the most effective electrocatalyst for HER; however its high
price and scarcity have greatly restricted its commercial appli-

Introduction

Electrochemical energy conversion technology, such as water
electrolysis and CO, electroreduction, is an ideal way to solve
the energy crisis and environmental pollution."™ Hydrogen
energy has attracted considerable attention as an ideal energy
carrier and an efficient energy storage technology owing to its
high energy density and carbon-free combustion emission.
Water electrolysis is the most fascinating procedure for produ-
cing pure hydrogen owing to its flexibility and convenience.
The development of highly active, long-term stable, and in-
expensive electrocatalysts for the hydrogen evolution reaction
(HER) is an attractive and challenging topic.® Platinum (Pt) is
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cation. Therefore, it is necessary to greatly increase the mass
activity (MA) of platinum to improve the utilization rate of
platinum. At present, nano platinum electrodes with specific
morphologies have been investigated, such as nanoparticles,”
nanoclusters,®® and amorphous,'® and, the loading of Pt
nanoparticles on functionalized carriers is often used. Loading
Pt nanoparticles onto carbon-based materials has greatly
improved the MA of Pt, for example, hollow mesoporous
carbon spheres,'" defective graphene,"®"* and nitrogen-doped
carbon materials.'*'®> Metal oxides, metal sulfides, metal car-
bides, and metal selenides are also used as functional carriers,
such as MnO,,"* WO;_,,"”'® F-doped S$n0,,"® Ti0,~Oy,*°
TiB,O),”' MoS;,>* VS,,** WC,,***® Mo,C,*® MXene,”>° and
CdSe,* which further enhance the activity and stability of
HER. In addition, the trace Pt combined with other transition
metals has also exhibited definite HER activity, such as CoPt-
Ptga,! Pt/Ni-Mo-N-0,*? PtNi,** PtRu,**** Ptw,*® Pt@Pd,Pb,*’
PtPd,*® PtPdRuTe,* and PtSe,.***

In terms of Pt loading, although there have been good
achievements, it is still necessary to further reduce the
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loading. Some electrocatalysts with low Pt loadings have been
developed, such as PtW NPs/C,*® Pt;Ni, NWs-S/C,*> Pt-
MoS,,**  Pt/defWO;@CFC,** Pt@MOoS,/NiS,,*> Mo0,TiC,Ty—
Ptsa,*® Pt-M0O,@PC,*” and so on. However, the Pt loading in
the above-mentioned electrocatalysts has exceeded 10 pg cm ™2,
Further research results have reduced the Pt loading to less
than 10 pug cm™2, such as Pt;/HMCS,'" Pt Cs/MoO, NSs-L,'
CNT/Pt@CdSe-OCPs,*®  AL-Pt/Pd,Pb,>” Pt-GT-1,'®* CDs/Pt-
PANI,*® Pt@mh-3D MXene,”® Pt-GDY-2,”' Pt-HNCNT,”> Pt-Ru
dimer,>® etc. To date, little research has been done on the Pt
loading of less than 1.0 pg cm™2, except for Pt SA/m-WO;_,,"”
Pt/TiB,0,>' Pt-ACs/CoNC,”* PtO,/TiO,,>* and Pt-SAs/WS, *°
electrocatalysts. Most of these studies have revealed the HER
activity of metallic Pt. However, some interesting phenomena
regarding the oxidized Pt still require detailed attention.>* *
Therefore, the purpose of this study is to study the HER
activity of oxidized Pt at very low loading (<1.0 pgp, cm™2).

To obtain the ultra-low Pt electrode, the high vacuum mag-
netron sputtering method has been adopted in this study. The
magnetron sputtering can uniformly deposit metal elements
on the substrate surface in the form of atomic clusters, which
can realize ultra-low load deposition through the control of the
sputtering process. However, there are few applications in the
preparation of electrode materials at present.®’™®* The Pt
loading of the (Ptac-O-Au)-1 electrode (0.48 pgp, cm™?) is
much lower than the Pt loading in most reports (Table S3
(ESIt)). Through characterization analysis, it has been proved
that Pt atomic clusters (Ptyc) with a particle size of 0.8 nm can
be deposited on the surface of the Au underlayer under the
low power and high vacuum magnetron sputtering. Moreover,
the Au underlayer has the characteristic of specific growth
along the [111] direction. More importantly, it has been con-
firmed that a new and stable active site is formed on the
surface of the electrode after the electrochemical oxidation.
The combination of X-ray photoelectron spectroscopy (XPS)
and electrochemical analysis methods (cyclic voltammetry and
CO adsorption-stripping) has suggested that the active site
should come from the oxidized platinum (Pt-O). In addition,
density functional theory (DFT) calculations have elucidated
that the AGy-(Pt) (absolute value) of Ptyc-O-Au is close to that
of Pt(111), indicating that its outstanding HER activity orig-
inates from its optimal AGyx value. The (Ptyc—O-Au)-1 elec-
trode not only possesses ultra-high MA as compared with the
commercial Pt/C with the same loading (0.5 pgp. cm™?) but
also possesses the apparent activity equivalent to the commer-
cial 20 wt% or 40 wt% Pt/C with high loading.

Results and discussion

The preparation process of the oxidized Pt atomic cluster-sup-
ported Au (Ptyc—O-Au) with ultra-low loading is shown in
Scheme 1. The first step is to prepare the Au underlayer. The
smooth Ti foil substrate after strict cleaning was placed in the
vacuum chamber of the high-vacuum magnetron sputtering
instrument. Then, using the high-purity Au as the sputtering
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Scheme 1 Schematic illustration of the preparation of Pta\c—O—-Au.

target, the Au underlayer with the [111] preferred orientation
and uniform morphology was obtained by DC sputtering. The
second step is to prepare an Au underlayer modified by Pt
atomic clusters. With the high-purity Pt as the sputtering
target, the Ptyc—Au with ultra-low Pt loading (0.48 pgp. cm™?)
was prepared on the Au underlayer by the DC sputtering
method with low sputtering power. The last step is to prepare
the Ptpc—O-Au by the electrochemical anodic oxidation. The
detailed experimental process is given in the Experimental
method.

Ptsc—O-Au has the morphology of atomic clusters, a special
crystal structure and a modified electronic structure. First, for
the Au underlayer, the size of Au nanoparticles can be seen,
with an average particle size of 26.8 nm (Fig. S1 and S2 (ESI})).
Fig. 1a is an AFM image of (Ptyc-Au)-1, in which the particle
distribution is relatively uniform. The mean particle diameter
of Ptyc-Au slightly increased with the enhancement of Pt
loading, ranging from 28.4 ((Ptac—Au)-1, 0.482 pg cm™?) to
31.4 nm ((Ptac-Au)-4, 1.693 pg cm~>) (Fig. S1 and S2 (ESIT)).
Therefore the particle size of Pt atomic clusters sputtered in
the subsequent process is small, which has no significant
effect on the particle size of the Au underlayer. Moreover, the
analysis of the surface roughness of Ptyc—Au revealed that the
surface flatness was improved after loading the Pt atomic clus-
ters. The height difference for pure Au was 7.5 nm, while the
height differences for (Ptyc-Au)-1, (Ptac-Au)-2, (Ptac—Au)-3 and
(Ptac-Au)-4 were reduced to 6.2, 5.7, 5.2 and 4.3 nm, respect-
ively (Fig. S3 (ESIT)). The root-mean-square roughness (Rq) of
Au was 2.91 nm, while the Ry of (Ptyc-Au)-1, (Ptyc-Au)-2, (Ptac—
Au)-3 and (Ptyc—-Au)-4 dropped to 2.88, 2.77, 2.65 and 2.40 nm,
respectively. The decrease in the height difference and R, indi-
cated that the electrode surface became smooth. It may be that
the fine Pt atomic clusters were filled into the gaps of the large
Au particles, thereby improving the flatness of the electrode.

The HRTEM image of (Ptyc-Au)-1 (Fig. 1b) facilitated the
investigation of the lattice fringes of Au(111) and Au(200) but
no lattice fringes of Pt were found. It was presumed that Pt
exists in the form of an amorphous phase or atomic cluster.
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Fig. 1 The AFM, HRTEM, HAADF-STEM images and STEM-EDS elemental maps of the (Ptac—Au)-1 electrode (a—c). The HAADF-STEM images of the
Pt-1 electrode (d). The HRTEM, HAADF-STEM images and STEM-EDS elemental maps of the (Ptac—O—Au)-1 electrode (e and f). The XRD diagram of
the (Ptac—O—Au)-1 electrode (g). The core-level XPS spectra of Pt 4f and Au 4f, obtained for the (Ptac—O—Au)-1, Pt-2 and Au electrodes (h and i).

The particle size distribution of (Ptyc-Au)-1 was uniform,
based on the TEM images (Fig. S4 (ESIT)), which is consistent
with the AFM observation results. Moreover, in the STEM-EDS
elemental mapping (Fig. 1c), the distribution of Au and Pt
elements was uniform. The (Ptyc-Au)-1 electrode was anodized
at a potential of 1.7 V for 10 min to obtain a stable (Ptyc—O-
Au)-1 electrode (Fig. S5 (ESIf)). In the HRTEM diagram
(Fig. 1e), the lattice stripes of Au(111) and Au,05(111) can be
seen, where the generation of Au,0; is mainly derived from
the anodic oxidation process. Au and Pt are distributed evenly
in the STEM-EDS elemental maps and the particle size distri-
bution was also uniform, as observed from the HAADF-STEM
image (Fig. 1f). Since the particle size of Pt is significantly less
than that of Au, it is difficult to accurately observe the particle
size and lattice stripe of Pt particles in Fig. 1e. Therefore, the
HAADF-STEM and HRTEM analyses of Pt-1 ((Ptac-Au)-1
without Au underlayer) were performed and the results are

This journal is © the Partner Organisations 2023

shown in Fig. 1d. The Pt cluster is very small, only about
0.89 nm and it can be seen from the STEM diagram that the
particle size distribution of Pt particles is uniform (Fig. S6
(ESIY)). After careful examination of the HRTEM image of Pt-1
(Fig. S6 (ESIt)), the lattice fringes of the Pt(111) crystal plane
were observed, although most Pt particles were in the amor-
phous state. With the increase in sputtering time, the Pt
loading increased. For example, the Pt load of the (Ptyc-Au)-4
electrode was 6 times that of the (Ptyc-Au)-1 electrode. For the
(Ptac-Au)-4 electrode, the Pt crystal stripes were observed
around Au nanoparticles even though there were also many
amorphous stripes (Fig. S7 (ESIt)).

The special crystal structure of the Ptyc—-O-Au is analyzed in
Fig. 1g and S8 (ESIf). The characteristic diffraction peaks of
the (111) and (200) crystal facets of Au were observed at 38.2°
and 44.4° for (Ptac-O-Au)-1 in Fig. 1g. Since the Pt loadings
are very low, no diffraction peaks of Pt were observed for (Ptyc—

Inorg. Chem. Front., 2023, 10, 5937-5949 | 5939
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O-Au)-1, (Ptac-O-Au)-2, (Ptyc—O-Au)-3 and (Ptac-O-Au)-4
(Fig. S8 (ESIt)). Only for the (Ptyc—O-Au)-5 (the Pt loading =
17.58 ugp. cm™?) can the (111) crystal plane of Pt can be seen
in the XRD diffraction pattern. The intensity ratio of the diffr-
action peaks of (111) and (200) crystal planes is about 30: 1 for
the (Ptac—O-Au)-1, which is far from the data from JCPDS 04-
0784, indicating that the crystal structure is dominated by the
[111] crystal orientation; this may be due to the preparation
methods. In the magnetron sputtering technique, the sputter-
ing power will affect the orientation of the planes of the metal.
When the sputtering power is low, the close-packed plane
crystal at low energy is preferentially formed. This kind of elec-
trode with specific growth along a certain crystal direction is
more convenient to coincide with the stable crystal surface
selected by theoretical calculation, so we attribute this special
electrode morphology to the model electrode.

The loading of Pt was investigated by ICP-OES, EDS and
XPS. The elemental analysis results of (Pta\c—-O-Au)-1 demon-
strated that the Pt content was very low (ICP-OES: 0.5 atom%;
EDS: 1.5 atom%; XPS: 4.8 atom%) (Fig. 1g (inset) and Fig. S9
(ESIt)). The Pt loading increased from 0.482 to 1.693 pgp. cm™>
with sputtering time, showing a good linear correlation
(Table S1 and Fig. S10 (ESI{)). The proportion of Pt in the
Ptpc—O-Au surface analyzed by XPS was higher than that
obtained by ICP-OES. With the increase of sputtering time, the
Pt content on the electrode surface increased from 4.79 to 42.4
atom% (Table S2 (ESI})). This ratio is much higher than that
of Pt in the body, indicating that Pt is highly dispersed in the
electrode surface layer.

Fig. 1h and i are the electronic structure analyses of Pt and
Au on the surface of the (Ptyc—O-Au)-1. The survey XPS spectra
of the Au, Pt-2 and (Pty,c-O-Au)-1 demonstrate the presence of
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Pt, Au, O and C species (Fig. S11 (ESIt)). The Pt element of the
Pt-2 surface mainly exists in Pt°" and Pt** components in
Fig. 1h. The two peaks at the binding energies of 71.3 and 74.5
eV correspond to the 4f;, and 4f;;, orbitals of Pt®* species,
while the two peaks at 72.2 and 75.5 eV are attributed to the
af,, and 4fs,, orbitals of Pt>" species. However, for (Ptac—O-
Au)-1, only the Pt** components (74.9 and 78.3 eV)** appeared
on the surface and almost no Pt”" components were found. In
addition, the binding energies of Au 4f of the Pt,c—-O-Au elec-
trode were at 84.4 and 88.1 eV (Au: 84.0 and 87.7 eV),** indicat-
ing that the partial oxidation of Au also occurs on the surface
of Ptyc—O-Au.

The HER activities of (Ptyc-O-Au)-1, Pt-1 and 0.5 wt% Pt/C
electrodes are displayed in Fig. 2a. To ensure the fairness of
the evaluation, the Pt loading of all electrodes was controlled
at about 0.5 pg cm ™. The Pt-1 and 0.5 wt% Pt/C electrodes do
not exhibit excellent HER activity because of their ultra-low
loading of Pt. However, the (Ptac—-O-Au)-1 electrode exhibited
excellent HER activity, which was not affected by its low Pt
loading. For instance, the overpotential at 10 mA cm™> (i71)
was 140 mV and 168 mV for the Pt-1 and 0.5 wt% Pt/C electro-
des, respectively, while the 554 of the (Ptyc—O-Au)-1 electrode
was only 41 mV. At the same time, the pure Au electrode did
not show any HER activity in the investigated potential range.
The HER activity of the (Ptyc—O-Au)-1 electrode was further
compared with those of the commercial Pt/C catalyst (40 wt%
Pt/C (40 pgpc cm™?) and 20 wt% Pt/C (20 pgp cm™2)) electrodes
(Fig. 2b). The HER activity of the (Ptac—-O-Au)-1 electrode was
significantly higher than that of the 20 wt% Pt/C, similar to
those of 40 wt% Pt/C electrodes.

For the noble metal Pt, the mass activity (MA) is very impor-
tant, which is related to the actual usage of the noble metal.
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Fig. 2 The apparent HER activities of (Ptac—O—Au)-1, Pt-1, 0.5 wt% Pt/C and Au (a). The apparent HER activities of (Ptac—O—Au)-1, 20 wt% Pt/C and
40 wt% Pt/C (b). The MAs of (Ptac—O-Au)-1, Pt-1, 0.5 wt% Pt/C, 20 wt% Pt/C and 40 wt% Pt/C (c and d). The SAs of (Ptac—O-Au)-1, Pt-1 and
0.5 wt% Pt/C (e). The Tafel slopes of (Ptac—O—-Au)-1, Pt-1 and 0.5 wt% Pt/C (f).
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However, the comparison of MA in most reports is at present
incomplete. This is because it is unreasonable to compare MA
for low-load Pt catalysts and high-load commercial Pt/C alone.
The Pt load of commercial Pt/C is very high (tens or hundreds
of times higher than that of low-load Pt catalyst), and the devi-
ation of the apparent activity according to mass standardiz-
ation is very large. The research results of ref. 11 have already
illustrated similar conclusions. Therefore, to correctly evaluate
the MA of Pt catalysts with low loads, it was necessary to sup-
plement the MA of commercial Pt/C catalysts with similar
loads. The MAs of all the electrodes at different overpotentials
(20, 50 and 80 mV) are shown in Fig. 2c and d. The (Ptyc-O-
Au)-1 electrode exhibited an ultra-high MA (3.0 A mg~ '@y =
20 mV; 49.2 A mg '@y = 50 mV; 329.0 A mg~ '@z = 80 mV).
The MA of the (Ptac-O-Au)-1 electrode is 20-22 times higher
than that of the Pt-1 and 0.5 wt% Pt/C electrodes at 1 of 50 mV.
The MA of the (Ptyc—O-Au)-1 electrode is 60-66 times higher
than that of the Pt-1 and 0.5 wt% Pt/C electrodes at the 5 of
80 mV. For the commercial Pt/C electrodes (20 wt% and
40 wt%), the MA is 26-41 times lower than that of (Ptyc-O-
Au)-1 electrode at n of 50 mV. More importantly, the MA of the
(Ptac-O-Au)-1 electrode is significantly higher than that in
most reports (Table S3 (ESIt)). The apparent activity depends
on the electrochemical surface area (ECSA) of the electrocata-
lyst. The high Pt loading of the commercial Pt/C catalyst and
the porous structure of the activated carbon support can make
Pt highly dispersed, thus showing a great ECSA (30.8 and
15.2 cm” in Fig. $12e and f (ESI{)). Although the Pt-2 electrode
has no abundant pore structure, its high loading capacity
allows its ECSA to still reach 3.09 cm?, which is 10 times larger
than that of the (Ptyc—O-Au)-1 electrode (Fig. S12d (ESI{)). For
the (Pta,c—O-Au)-1 electrode, despite the tiny particle size and
high dispersion obtained by magnetron sputtering, its ECSA is
very small due to its ultra-low loading (0.264 cm? in Fig. S12b
(ESIt)). The low ECSA (for the same reason) also occurs on the
Pt-1 and 0.5 wt% Pt/C electrodes (Fig. S12a and c (ESIf)). The
ECSA of the (Ptac—O-Au)-1 electrode is only 0.85-1.7% of the
commercial Pt/C electrodes and 8.5% of the Pt-2 electrode. For
the specific activity (SA), the normalized current of the com-
mercial Pt/C (20 wt% and 40 wt%) is very low (Fig. S13}). The
SAs of 0.5 wt% Pt/C and Pt-1 electrodes are relatively close
(Fig. 2e) but their SAs are much lower than that of the (Ptyc-
O-Au)-1 electrode. The SA of the (Ptyc—O-Au)-1 electrode is
12-18 times higher than that of Pt-1 and 0.5 wt% Pt/C electro-
des and 36-56 times higher than that of the commercial Pt/C
electrodes. Therefore, both the MA and SA of the (Ptyc—O-Au)-
1 electrode were greatly improved. The reason for the increase
in the MA and SA activities of the HER is not only the extre-
mely low utilization rate of Pt but also the improvement of the
turnover frequency (TOF) of active sites. The TOF of the (Ptac—
O-Au)-1, 0.5 wt% Pt/C and Pt-1 electrodes are shown in
Fig. S14,1 in which the (Ptac—O-Au)-1 electrode shows signifi-
cantly increased HER activity.

The mechanism of the HER reaction was further analyzed
by the Tafel slope in Fig. 2f. The Tafel slope of the (Ptyc-O-
Au)-1 electrode was significantly lower than that of the Pt-1
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and 0.5 wt% Pt/C electrodes. The Tafel slope of the (Ptyc-O-
Au)-1 electrode was 28.6 mV dec™ ", indicating that the reaction
mechanism is the Volmer-Tafel process and the rate-determin-
ing step is the combination desorption of Hyq (Haq + Hag =
H,). For the Pt-1 and 0.5 wt% Pt/C electrodes, the rate-deter-
mining step is the Heyrovsky step (Hz;O' + Hoq + €~ = H, +
H,0), according to the slope.®® The difference in the reaction
mechanism determines the difference in reactivity between
them.

Further attempts were made to appropriately increase the
Pt loading of the Pt,c—-O-Au electrodes. With the continuous
increase in the Pt loading, their HER activities also increased
slightly. Among them, the apparent current densities of the
(Ptac—O-Au)-2, (Ptyc—O-Au)-3 and (Ptyc—O-Au)-4 -electrodes
exceeded that of the Pt-2 electrode (Fig. S15a (ESIT)). It was
further demonstrated that the Pty,c—O-Au electrode is a very
good HER electrocatalyst. The increase in the HER activity may
be related to the ECSA enhancement (ECSA((Ptyc-O-Au)-1) =
0.264 cm?; ECSA((Ptac-O-Au)-2) = 0.604 cm?; ECSA((Ptac-O-
Au)-3) = 1.023 cm?; ECSA((Ptyc—O-Au)-4) = 1.4 cm? in Fig. $16
(ESI{)). The HER activity was further normalized by the ECSA
(Fig. S15b (ESIT)). The SAs are of the order of (Ptyc-O-Au)-1 >
(Ptac—O-Au)-2 > (Ptyc—O-Au)-3 > (Ptyc—O-Au)-4. Moreover, the
SAs are all much higher than that of the Pt-2 electrode. For the
MA, the order is the same (Fig. S15c (ESIT)). It can be predicted
that the active site of the Ptyc—O-Au electrode is not necess-
arily on the surface of an ordinary Pt atom. It may not be
reasonable to normalize the HER current with the ECSA of Pt,
which will be further analyzed in detail later.

The excellent HER activity of the Pt,c—O-Au electrode may
be related to the surface oxidation process.®® The apparent
activity of the (Ptyc—Au)-1 electrode is not good enough
without the anodic oxidation (Fig. S17a (ESIf)). After anodic
oxidation at 1.7 V for 10 min, the apparent activity of the
(Ptac-O-Au)-1 electrode increased. For instance, the 7;, was
152 mV for the (Ptyc-Au)-1 electrode, while the #,, of the
(Ptac—O-Au)-1 electrode was only 41 mV. The enhancement in
activity was not only due to the oxidation of Au because the
apparent activity of the AuO, electrode was not significantly
improved (Fig. S17a (ESIt)). Meanwhile, the increase in activity
was not entirely from the PtO, since the apparent activity of
the PtO,-1 electrode was still poor (Fig. S17a (ESIf)). Only
when Au and Pt were oxidized together to form the band of Pt-
O-Au could the apparent activity be remarkably improved.
Therefore, the oxidation process should play an important role
and needs to be studied in detail.

In the oxidation potential range of 0.7-1.1 V, the obvious
underpotential deposition of H (H-UPD) and HER currents
cannot be generated (Fig. 3a). When the oxidation potential
increased to 1.3 V, the H-UPD and HER currents appeared at
0.2 and 0 V (0.12 mA cm™>). Once the oxidation potential was
further increased to 1.5 and 1.7 V, the obvious HER current
increased to 0.18 mA cm 2. Moreover, in Fig. S17b and c
(ESIt), the apparent activity of (Pty,c-O-Au)-1 at the anodic oxi-
dation potential of 1.7 V was higher than that of 1.3 V. The
above results have demonstrated that only when the electrode
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surface is completely oxidized at 1.7 V will its HER activity be
significantly increased.

It was also found that when the oxidation potential was
higher than 1.3 V, three reduction peaks (A, %, ®) appeared
during the negative scanning of the potential (Fig. 3a). One
belongs to the reduction peak of Au-OH (A, 1.12 V) and the
other belongs to the reduction peak of Pt-OH (®, 0.62 V).
However, the reduction peak at 0.72 V (%, star peak) needs
further study to determine its origin. To accurately determine
the origin of the reduction peak at 0.72 V, the LSV curves of
pure Au electrode oxidized at different potentials were ana-
lyzed in detail (Fig. 3b). Regardless of whether the oxidation
potential is increased to 1.5 V or 1.7 V, there was no obvious
“star peak”. Thus, it can be concluded that the “star peak” is
not the reduction peak of Au-OH. Further analysis was carried
out in the CVs of Pt,c—O-Au electrodes with different Pt load-
ings (Fig. 3c). With the increase in the Pt loading, the
reduction current at 0.62 V increased, while the reduction
current of the “star peak” did not change. This indicates that
the “star peak” is not due to the reduction of Pt-OH.
Therefore, the “star peak” is the reduction peak for neither
Au-OH nor Pt-OH. Since the “star peak” is just between the
Au-OH and Pt-OH reduction peaks, it is speculated that it is
the reduction peak of the newly formed “Pt-O-Au” active site
in the electrochemical oxidation process, which can efficiently
adsorb and desorb H atoms. Therefore, the HER apparent
current was further normalized by the ECSA derived from the
capacitance of the “star peak” (Fig. S18 (ESIT)), which has
shown that the SA of HER is essentially the same (Fig. S19
(ESIY)), indicating that the active site is located in “Pt-O-Au”
at 0.72 V (>, star peak).
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The electronic structures of Ptyc—Au and Pt,c—O-Au electro-
des were further analyzed (Fig. 3d-f and Fig. S20 (ESIt)). The
Pt electronic structure of the (Ptyc-Au)-1 electrode surface was
mainly Pt°" and Pt** components (Fig. 3d). The two peaks at
binding energies of 71.5 and 74.6 eV correspond to the 4f;/,
and 4f;, orbitals of Pt®*, while the two peaks at 72.2 and 75.4
eV were attributed to the 4f;,, and 4f;, orbitals of Pt>*, respect-
ively. After the anodic oxidation, the Pt*" components (74.9
and 78.3 eV) appeared on the (Pty,c—O-Au)-1 electrode surface,
while Pt’" components were significantly reduced. Meanwhile,
the Au in the (Pta,c—O-Au)-1 electrode was partially oxidized to
form AuO,, while it was Au®" in the (Ptac-Au)-1 electrode
(Fig. 3e). When the Pt load increased, the binding energy peak
of Pt*" 4fs, exhibited a significant negative shift (78.47 eV for
the (Ptac—O-Au)-1, 78.09 eV for the (Ptyc—O-Au)-3, 77.85 eV for
the (Ptyc-O-Au)-4 and 77.69 eV for the (Ptyc—O-Au)-5 in
Fig. 3f), indicating that the valence state of Pt decreased. At
the same time, the number of Pt** components also decreased
significantly with the increase in the Pt loading. Pt** rarely
appears on the surfaces of the pure Pt-2 electrode (Fig. S21
(ESIT)); therefore, it indicates that the Pt** valence state of the
(Ptac-O-Au)-1 electrode is at the interface between the Pt and
Au atom (Pt-O-Au). The Pt loading in the (Ptyc-O-Au)-5 elec-
trode is 36.5 times that in the (Ptyc—O-Au)-1 electrode and
there is almost no exposed Au-Pt interface on the electrode
surface, so Pt'" rarely appears (Fig. S21 (ESI{)).
Correspondingly, the anodic oxidation of Au was inhibited as
the Pt loading increased. This is reflected in the negative shift
of the Au 4f binding energy of the (Ptyc—-O-Au)-4 electrode as
compared to the (Ptyc-O-Au)-1 electrode or (Ptyc—O-Au)-3 elec-
trode (Fig. S22 (ESIT)). In addition, the oxidation state of the
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(Ptac-O-Au)-1 electrode was stable (Fig. 3d and e). After a long-
term lifetime test, the valence states of Pt and Au in XPS graph
remained unchanged, except for a small amount of oxidized Pt
being converted into reduced Pt.

As can be seen from Fig. 4a, the CO adsorption-stripping
curves of Pty,c—O-Au electrodes with different Pt loadings are
different. First of all, no obvious stripping peak was found on
the surface of the AuO, electrode, which should correspond to
the weak CO adsorption ability of AuO,. However, for the
(Ptac-O-Au)-1 electrode, a clear stripping peak appeared at
1.15 V, which is attributed to the strong adsorption of CO on
the surface of the electrode. The position of the stripping peak
is different from that of the Pt-2 electrode (0.93 V), indicating
that its adsorption active center is not just Pt. With the
increase in the Pt loading, the peak potential negatively
shifted to 1.0 V ((Ptac—O-Au)-2 electrode), 0.96 V ((Ptac—O-Au)-
3 electrode) and 0.94 V ((Pty,c—O-Au)-4 electrode), respectively;
the peak area also increased, and the peak symmetry became
better. In addition, during the anodic oxidation, there was no
obvious peeling peak curve at the potential of 1.3 V. If the oxi-
dation potential increased to 1.7 V, a sharp stripping peak
appeared for the Ptyc-O-Au electrode with different loads
(Fig. S23 (ESIY)). This indicates that the anodic oxidation
potential is also a very important factor. The potential of 1.7 V
is generally considered the potential of the Au surface oxi-
dation. Therefore, if the oxidation potential exceeds 1.7 V, it is
possible to form Pt-O-Au active sites.

To further understand the extremely high HER activity of
the Ptyc—O-Au electrode, DFT calculations were carried out to
investigate the Gibbs free energy of hydrogen adsorption

View Article Online
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(AGy»). Tt is a widely accepted descriptor in predicting the
theoretical activity of the HER. A moderate AGy~ should be
around 0 eV, which would lead to the optimal HER activity due
to the balance between the adsorption and the desorption
steps. Therefore, the AGy. of H* adsorbed on different surface
models including Au(111), Pt(111), Pt@Ptac-Au and Pt@Ptac—
O-Au, as well as PtO,(111), were calculated in Fig. 4b and c.
The AGy- of Pt(111) is —0.25 eV, which is consistent with the
report in the literature.®” The Au(111) and PtO,(111) surfaces
were 0.55 and -—0.34 eV, respectively. The AGy- of the
Pt@Ptyc—-Au surface was —0.42 eV, which is too negative, imply-
ing strong hydrogen adsorption. In contrast, the AGy~ of the
Pt@Pt,—O-Au surface increased to 0.28 eV, which is beneficial
for the hydrogen desorption step. The above calculation
results indicate that the AGy- (absolute value) of the Pt@Ptac—
O-Au surface is close to that of Pt(111), indicating that its out-
standing HER activity originates from its optimal AGy- value.
The EIS is a powerful, nondestructive and informative tech-
nique used extensively to study the electrolyte—electrode inter-
facial properties. The Nyquist diagrams of Au, (Ptac—-Au)-1,
(Ptac-O-Au)-1 and Pt-2 electrodes recorded at the overpotential
of 50 mV are shown in Fig. 4d. The equivalent circuit corres-
ponding to the EIS data was fitted with a two time-constant
model (Rs(R¢Cs)(RctCai)), which consists of the electrolyte solu-
tion resistance Rs, the electrode film resistance Ry, the charge
transfer resistance R, in series with a parallel connection of
the film capacitance and double layer capacitance Cr and Cy;.
The charge transfer resistance data were obtained in the low-
frequency zone, which is related to the electrocatalytic kinetics.
The R, of the (Ptac-O-Au)-1 electrode is 1.437 © ¢cm?, which is
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Fig. 4 The CO adsorption—stripping curves of (Ptac—O—Au)-x (x = 1, 2, 3, 4), AuO, and Pt-2 electrodes (a). Free-energy diagram for hydrogen evol-
ution at equilibrium (U = 0) for Au(111), Pt(111), PtO,(111), Pt@Ptac—Au and Pt@Pta,c—O—-Au (b). Top view atomic structure models of Au(111), Pt(111),
PtO,(111), Ptac—Au and Ptac—O—-Au with H* (c). Complex plane plots of impedance of (Ptac—O—Au)-1, Pt-2, (Ptac—Au)-1 and Au electrodes in
0.5 mol L™ H,S0, solution at the overpotential of 0.05 V (d). The long-term HER stability test for the (Ptac—O—Au)-1 electrode (e and f).
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similar to that of the Pt-2 electrode (1.833 Q cm?®). It is also
much lower than those of the Au (2208 Q cm?®) and (Ptyc-Au)-1
(1818 Q cm?) electrodes, suggesting fast charge transport
during the HER process. For the solid electrodes, the double-
layer capacitance is substituted by a constant phase element
(CPE). Therefore, Cq4; can be calculated and the surface rough-
ness factor (R¢) can be calculated from the formula (R; = Cgi/
20 mF cm?). The R; values of four electrodes are both low and
similar (R{Au) = 3.4, R{(Ptac—Au)-1) = 1.5, Re((Ptac—O-Au)-1) =
2.7, RyPt-2) = 2.9), indicating that they all have smooth sur-
faces. Accelerated CV tests were conducted to investigate the
stability of the catalysts in the potential range of —0.2 to 0.1 V
at a sweeping rate of 50 mV s~'. The HER activity of the (Ptac—
O-Au)-1 electrode was maintained without the slightest
reduction after 2000 cycles of CV measurement in Fig. 4e.
Additionally, the results of chronopotentiometry showed that
the overpotential generally remains stable at a current density
of 50 mA cm™> over 20 hours in Fig. 4f. Under this current
density, the overpotential increased by 8.6%, suggesting that
the (Ptyc—O-Au)-1 electrode is durable for hydrogen evolution.
Fig. 5 shows the new active site of “Pt-O-Au” of the Ptyc-O-
Au electrode. For the (Ptyc—-O-Au)-1 electrode, the Pt loading
on the Au surface is very low and highly dispersed so Pt exists
in the form of the +4 valence after electrochemical oxidation
(the evidence comes from the XPS diagram). At the same time,
the surface of Au was partially oxidized (the evidence comes
from the XPS diagram), thus forming Pt-O-Au active sites. The
electrochemical evidence of the Pt-O-Au active site corres-
ponds to the reduction peak at 0.72 V (star peak) in the CV
scan, which is different from the potential of the Pt-OH
reduction peak (0.62 V). The SAs normalized by the ECSA
derived from the capacitance of the “star peak” are essentially
the same (Fig. S19 (ESIt)), indicating that the active site is
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located in “Pt-O-Au” at 0.72 V (star peak). The area ratio of the
reduction peak of Pt-O-Au to the reduction peak of Pt-OH is
1.75: 1, which indicates that most Pt exists in the form of Pt-
O-Au active sites on the (Ptyc—O-Au)-1 electrode. As for the
(Ptac—O-Au)-4 electrode, with the increase in the Pt loading, its
nucleation grows continuously so the active sites of Pt-O-Au
are relatively fewer. The area ratio of the reduction peak of Pt-
O-Au to the reduction peak of Pt-OH decreased to 1:9.7.
Another electrochemical evidence that can prove the formation
of new Pt-O-Au active sites comes from the CO stripping
curves. The adsorption of CO on the Pt surface is very sensi-
tive, and the subtle changes in the electrode surface can be
reflected in the CO stripping curve. On the surface of (Ptyc—O-
Au)-4, the CO oxidation stripping potential of CO is 0.94 V,
which is similar to that of pure Pt. On the surface of (Ptyc—O-
Au)-1, the potential of CO oxidation stripping is 1.15 V, which
has an obvious offset. This shows that a new active site, Pt-O-
Au, was formed on the (Ptyc—O-Au)-1 surface, which is
different from the pure Pt surface. The reason the above
electrochemical analysis can clearly show the differences
between different electrodes is also due to the electrode with a
flat surface obtained by high vacuum magnetron sputtering
technology in this experiment. This is different from the elec-
trode material of porous carriers used in most electrocatalyst
experiments at present. However, the improvement of the
intrinsic activity of electrocatalysts can be reflected more truly
and reasonably by using planar electrodes.

Conclusion

The Ptac-O-Au electrode with the ultra-low Pt loading was pre-
pared by high-vacuum magnetron sputtering combined with
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electrochemical anodic oxidation for the first time. By control-
ling the sputtering time and power, the Pt loading of the
(Ptac-O-Au)-1 electrode was very low with 0.48 pg cm™>. The
(Ptac—O-Au)-1 electrode possesses an ultra-high MA (329 A
mgp '@n = 80 mV), which is 66 times that of 0.5 wt% Pt/C
electrode under the same loading. The MA of the (Ptyc—-O-Au)-
1 electrode is 41 times that of the 20 wt% Pt/C electrode at the
overpotential of 50 mV. Moreover, the (Ptyc—O-Au)-1 electrode
has good apparent activity, which is higher than that of the
20 wt% Pt/C electrode and close to that of the 40 wt% Pt/C
electrode. The (Ptyc—O-Au)-1 electrode has exhibited an ultra-
high SA (87.7 mA cm 2@y = 50 mV), which is much higher
than those of 0.5 wt% Pt/C (7.26 mA cm @ = 50 mV) and Pt-
1 (4.77 mA cm @y = 50 mV). More importantly, it has been
confirmed for the first time by electrochemical analysis
methods (CV and CO adsorption-stripping) and XPS that a
new active site of Pt-O-Au (0.72 V vs. RHE) is formed on the
surface of the electrode after electrochemical oxidation. DFT
calculations elucidated that the AGy-~ (absolute value) of Pt@
(Ptac-O-Au) is close to that of Pt(111), indicating that its out-
standing HER activity originates from its optimal AGy~ value.
In addition, the Ptyc-O-Au planar electrodes are grown specifi-
cally along the [111] direction, which is beneficial to be com-
bined with density functional theory (DFT) calculations.

Experimental

Materials

The platinum target (Pt > 99.99%) and gold target (Au >
99.99%) were purchased from Beijing Goodwill Metal
Technology Development Co. Ltd. Commercial Pt/C (5 wt%,
20 wt% and 40 wt% loading, Pt size of 2-5 nm) was obtained
from Johnson Matthey Co. Ltd. Acetone (CH3COCHj;, AR),
sodium carbonate (Na,COj;, AR), and sulphuric acid (HSOy,,
AR) were purchased from Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China. All reagents were analytical grade and
used without further purification. Argon gas (99.999%) was
purchased from Ming-Hui Company. The water (18.25 MQ
em™') used in all experiments was prepared by passing
through an ultra-pure purification system.

Preparation of the Au, Pt,c-Au, and Pt electrodes

All the electrodes were prepared by magnetron sputtering
(MS). A titanium plate was utilized as the electrode substrate,
which was sandblasted and degreased in acetone and sodium
carbonate with ultrasonication. Firstly, the vacuum chamber
was vacuumed to 4.0 x 10~* Pa, and then high-purity argon
was introduced to bring the vacuum chamber pressure up to
1.0 Pa. Different electrode materials were prepared by using
different metal targets and changing the sputtering power and
time. The Au electrode was prepared with the Au target at a
sputtering power of 20 W and a sputtering time of 10 min. The
Ptac-Au electrode was obtained with the Pt target and Au base,
at a sputtering power of 3 W and sputtering times of 10 s, 20 s,
30 s, 60 s and 600 s, which were denoted as (Ptyc—Au)-1, (Ptac—
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Au)-2, (Ptac-Au)-3, (Ptac-Au)-4 and (Ptac-Au)-5. The Pt elec-
trode was obtained from the Pt target substrate at a sputtering
power of 3 W and sputtering times of 10 s and 600 s, which
were denoted as Pt-1 and Pt-2.

Preparation of AuO,, (Pt,c—-O-Au)-x and PtO, electrodes

All the electrodes were prepared by electrochemical anodic oxi-
dation, which was carried out in a typical three-electrode
electrochemical system. Carbon paper was used as the counter
electrode, the reversible hydrogen electrode (RHE) as the refer-
ence electrode, and the Au, (Ptyc-Au)-x and Pt electrodes as
working electrodes. The anodic oxidation was carried out at a
potential of 1.7 V for 10 min by chronoamperometry. The
sample of the Au electrode after oxidation was recorded as
AuO,. The oxidized samples of (Ptac-Au)-1, (Ptag-Au)-2, (Ptac—
Au)-3, (Ptac-Au)-4 and (Ptac-Au)-5 electrodes were recorded as
(Ptac—O-Au)-1, (Ptyc—O-Au)-2, (Ptyc—O-Au)-3, (Ptyc—O-Au)-4
and (Ptac—O-Au)-5, respectively. Samples of Pt-1 and Pt-2 after
oxidation were recorded as PtO,-1 and PtO,-2, respectively.

Material characterization

Transmission Electron Microscopy (TEM) and High-Angle
Annular  Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) images were obtained on a
JEOL-2100F at an acceleration voltage of 300 kV. The samples
were prepared by dropping cyclohexane dispersions of samples
onto carbon-coated copper TEM grids using pipettes and
drying under ambient conditions. Scanning Electron
Microscope (SEM) images were taken with a Zeiss ZIGMA
field-emission SEM operated at 20 KkV. Atomic Force
Microscope (AFM) images were obtained by a Bruker
MultiMode 8 AFM with ScanAsyst™ mode. X-ray diffraction
(XRD) diagrams were collected on a Shimadzu XRD-7000 X-ray
diffractometer using Cu Ka radiation (1 = 0.15405 nm), operat-
ing at 40 kv and 30 mA. The loading of Pt was determined by
the inductively coupled plasma optical emission spectrometry
(ICP-OES, Varian). X-ray photoelectron spectrometry (XPS:
ESCALAB 250Xi, Thermo Scientific) with monochromatized Al
Ka radiation was used to analyze the electronic properties and
elemental composition of the samples. The fitting of the data
was obtained with XPS Peak41 software.

Electrochemical measurements

Electrochemical measurements were performed by using a
CHI760D electrochemical workstation with a three-electrode
cell. A carbon paper was used as the counter electrode and a
reversible hydrogen electrode (RHE) as the reference. The
working electrode was the Pta,c—O-Au electrode, as well as
Ptyc-Au and other electrodes. Cyclic voltammetry (CV)
measurements were performed from 0.03 to 1.7 V in 0.5 mol
L™" H,S0, solution at a scan rate of 100 mV s™'. Linear sweep
voltammetry (LSV) was used as a systematic and effective
method to investigate the electrochemical activity of the elec-
trocatalysts. After obtaining stable CV curves, the HER polariz-
ation curves were obtained by sweeping the potential from
—0.3 to 0.2 V (vs. RHE) at a scan rate of 5 mV s~ in Ar-satu-
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rated 0.5 mol L™ H,S0,. The durability tests were carried out
by repeating the potential scan from —0.2 to 0.1 V (vs. RHE)
with 2000 cycles. Current-time responses were monitored by
chronopotentiometry measurements at the current density of
50 mA cm > over 20 hours. All potentials were corrected with
iR to the reversible hydrogen electrode (RHE). Electrochemical
impedance spectroscopy was performed with the working elec-
trode biased at a constant value of —0.05 V vs. RHE, with the
frequency ranging from 100 kHz to 0.1 Hz with an amplitude
of 10 mV. The EIS data were processed (electrical equivalent
circuits and quantitative parameters) using a computer system
with the ZView Analyst software package. For CO-stripping
measurements, a cell voltage of 0.1 V was held for 30 min
while the working electrode was successively flushed with
50 mL min~' CO for the first 10 min, then with 200 mL min™"
Ar for 20 min. Finally, the CV measurements of CO-stripping

were performed from 0.03 to 1.4 V at a scan rate of 50 mV s~ .

DFT calculations

First-principles calculations were performed using the projec-
tor augmented wave (PAW) pseudopotential based on the
density functional theory in the Vienna Ab Initio Simulation
Package (VASP, version 5.3).°*7> These computations utilized
the PBE (Perdew-Burke-Ernzerhof) in GGA (the Generalized
Gradient Approximation) to describe the exchange-correlation
interaction. A cutoff energy of 408 eV was employed for all
computations. The convergence of energy and forces was set to
1 x 107° eV and 0.02 eV A™", respectively. These models were
set with a vacuum gap of 15 A to avoid the interaction of the
layers. The HER calculations were performed according to
previously published procedures. The free energies of the
intermediates were obtained using AGy~r = AEy« + AEzpp —
TAS, where AEys, AEzpr and AS are the binding energy, zero
point energy change and entropy change of adsorption H,
respectively. Setting the free energy of gaseous H, under stan-
dard conditions to 0 eV, the relative free energy of H*
(absorbed atomic hydrogen) could be calculated as AGys =
AEy- +0.24 eV.
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