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Abstract

Exploring highly active and stable electrocatalyst using trace noble metals for
hydrogen evolution reaction (HER) is urgently needed but still challenging. Here,
atomically dispersed Pt on ultrafine Ru nanoclusters (~1.46 nm) loaded by the
commercial acetylene black (Acet) support is fabricated by a facile one-step cold-
plasma technique. The Pt single atoms on Ru nanoclusters electrocatalyst (Ptg47-
Ru/Acet) with 0.47 wt% content of Pt exhibit an excellent HER activity in all pH,
achieving ultralow overpotential of only 17, 28, and 8 mV at 10 mA-ecm? in 1 M
KOH, 0.5 M H,SO,4, and 1 M PBS, respectively. And the mass activity of Pty 47-
Ru/Acet catalyst in alkaline is about 5.54 and 2.15 times that of commercial Ru/C and
Pt/C catalyst at an overpotential of 100 mV, respectively. Meanwhile, after 8000 CV
cycles, there is barely performance decrease for Ptg4;-Ru/Acet, displaying good
stability. DFT calculation reveals that the Pt single atoms could effectively regulate
the electronic structure of Ru clusters, and reduce the energy barriers of water
dissociation (Volmer step) as well as subsequent hydrogen evolution (Heyrovsky
step), thus enhancing the alkaline HER performance effectively. This work provides
an effective approach to designing a high-performance HER electrocatalyst with the
atomic-dimension Pt surface modification.
Keywords: Plasma, Pt single atoms, Ru nanoclusters, Pt-Ru/Acet, pH-universal

hydrogen evolution



1. Introduction

The aggravation of global energy shortage and environmental pollution drive
researchers to explore sustainable and renewable clean fuels. Hydrogen has become
the most promising alternative to fossil fuels due to its high energy density and green
combustion products [1]. Recently, hydrogen evolution from electrochemical water
splitting has aroused increasing attention because it is promising to produce non-
polluted “green hydrogen” instead of “gas-reforming hydrogen” with massive carbon
emissions [2-6]. However, the bottleneck for large-scale hydrogen production via
water splitting is severely impeded by its high cost (~ $5 kg''/H,) versus gas
reforming (~ $1.4 kg''/H,) [7]. Thereinto, as one of the keys to water splitting,
catalysts should be elaborately designed since they determined the (1) electricity input
during water splitting and (i) their spending in preparation and material costs. In this
regard, two basic requirements of the next-generation catalysts should be met to
control the cost at a reasonable level: (i) high activity to allow lower overpotential/cell
voltage thus lower electricity consumption; (i1) decreasing the dosage of the noble
metals (Pt and Ru) due to their limited reserves and high price. Although some non-
precious metal electrocatalysts have been developed for hydrogen evolution, their
HER performances are still inferior to that of precious metal-based catalysts [8].
Other aspects, such as facile and scalable preparation method, long operation
durability, and pH-universality, are also necessary to minimize the operation costs.
Yet, electrocatalysts endowed with all-above features have not been well exploited.

Currently, Ru and Pt stand for the most active catalysts in basic and acid
solutions for hydrogen evolution reaction (HER), respectively [9, 10]. While in
alkaline and neutral electrolytes, the reaction kinetics is about two orders of
magnitude lower than that in acid due to the sluggish water dissociation (H,O + ¢ —
H*+OH-, Volmer step), leading to large HER overpotential [11-13]. Even for
representative Ru catalysts, the fracture ability of the H-OH bond (i.e., water
dissociation) is still not ideal [14, 15]. Therefore, research that improves the intrinsic
activity and lowers the barrier of water dissociation of Ru-based catalyst is still under

exploration. Many efforts, such as dual-metal RuRh [16], Pd;Ru [17], Rulr [18§],



RuCo [19-21], RuCu [22], RuMo [23], and PtRu [24, 25] electronic structure
engineering, surface strain have been done to further reduce the overpotential and
improve the HER activity [3, 26-30]. Nevertheless, most of these catalysts either
suffer from high noble metal dosage or can only work under alkaline solution with
large overpotential. Recently, some reports have revealed that a single-atom tailoring
strategy for metal-based catalysts can not only regulate the local electronic structure,
improving the intrinsic activity, but also maintain a high electrochemically active
surface area [31-33]. For example, Li et.al created single-atom nickel modified Pt
nanowires by using a partial electrochemical dealloying approach, which has
abundant activated Pt sites next to single-atom nickel and minimal blockage of the
surface Pt sites, exhibiting an excellent activity for the hydrogen evolution [31].
Besides the intrinsic activity improvement, another approach to enhancing the HER
performance is exposing more active sites of the Ru catalysts [34]. Therefore,
downsizing Ru active species is significant because a smaller size (such as
nanoclusters) can afford more exposed active sites than that provided by larger
nanoparticles at a given metal load [35]. Nevertheless, conventional methods
(annealing and solvothermal) usually lead to Ru particle aggregation with an average
size larger than 3 nm due to the high surface energy during thermal treatment, which
poses a contradiction between high HER performance and low Ru content [36-39]. In
our previous work, we have demonstrated that the cold-plasma technique could
effectively solve this dilemma. Plasma contains various high-energy fragments, like
electrons, ions, radicals, etc. Particularly, high temperature is exempt in a cold
plasma, where the whole plasma jet is close to room temperature but the high-energy
electrons have a strong ability to reduce metal ions [40]. Consequently, the
aggregation of the electron-reduced nuclei can be effectively inhibited benefiting from
the rapid nucleation of metal ions and slow crystal growth. As a result, the metals
synthesized by plasma treatment show higher dispersion and expose more active sites
than those by the conventional heat treatment method. Based on this theorem, we
have successfully synthesized a set of single-atom catalysts (such as Pt, Pd, Cu, Co)

[41, 42] and small-sized nanocatalysts [43, 44] with high dispersion previously.



Therefore, it is expected to exploit an electrocatalyst comparable or even superior to
commercial Pt and Ru nanocatalysts with minimum noble metal content.

In this work, highly dispersed Ru-based nanocluster electrocatalysts (~1.46 nm)
were developed based on the cold-plasma technique. Encouragingly, atomically Pt
modified Ru nanoclusters exhibited multi-functionality in all-pH HER. The Ptg4;-
Ru/Acet catalyst presents an outstanding HER performance with a low overpotential
of 17, 28, and 8 mV at 10 mA-cm? in 1 M KOH, 0.5 M H,SO,4, and 1 M PBS,
respectively, which are superior to those of monometallic counterparts and
commercial Pt/C as well as most previously Pt or Ru nanocatalysts with higher
content. Meanwhile, the mass activity of Ptj4;-Ru/Acet catalyst in alkaline is about
5.54 and 2.15 times better than that of commercial Ru/C and 20 wt% Pt/C catalysts at
an overpotential of 100 mV, respectively, and the Ptj4;-Ru/Acet catalyst exhibits
good stability and regenerative property. Density functional theory (DFT) simulations
demonstrate that the introduction of single atoms Pt on the Ru nanoclusters surface
could modulate the electronic structure of Ru, decreasing the water dissociation
energy and subsequent energy barrier of hydrogen evolution, thus leading to excellent
HER performance. Additionally, Pt;47;-Ru/Acet catalyst also presents bifunctionality
in both HER and OER and thus can be well adapted in assembled two-electrode
overall water splitting system.

2. Experiment section
2.1 Materials

Ruthenium trichloride (RuCl;-H,O, Aladdin, 98%), chloroplatinic acid
(H,PtClg-xH,0, Adamas, 98%), acetylene black (Tianjin Yiborui Chemical Co., Ltd.),
Nafion (Dupont, 5 wt%), Potassium hydroxide (KOH), sulphuric acid (H,SO4, 95—
98%) and ethanol (EtOH) were purchased from Chengdu Kelon Chemical Reagent
Co., Ltd.. Nickel foam (1.7mm) was purchased from Changde Liyuan New Material
Co., Ltd. and further treated with hydrochloric acid (HCI, 3M) and ethanol.

2.2 Materials Synthesis
2.2.1 Synthesis of Pt-Ru/Acet

The synthesis procedure of Ptj4;-Ru/Acet catalyst was as follows: 100 mg



acetylene black (Acet) was dispersed in 5 mL absolute ethanol including 1.18 mL
RuCl;-H,0 (0.041 M) and 0.51 mL H,PtCls:xH,O (0.01 M), and then the above-
mixed solution was ultrasonic of 60 min to obtain uniform dispersion. Subsequently,
the dispersion solution was evaporated and dried at 60°C. After grinding the dried
black solid into a fine powder, taking 20 mg of the powder was processed by the glow
discharge plasma technology under a nitrogen atmosphere with a flow rate of 20
mL/min, and the power was 80 W. The obtained product was Pt;47-Ru/Acet catalyst.
Furthermore, Pt,-Ru/Acet (x=0.11, 0.15, 0.21, 2.04 , x is Pt weight percentage)
catalysts with different Pt content were prepared by adding the variable volumes of
H,PtCls - xH,0 such as 0.13 mL, 0.26 mL, 0.38 mL, 2.56 mL. And the Pt weight
percentage was evaluated via inductively coupled plasma-optical emission
spectrometry (ICP-OES, Table S1).
2.2.2 Synthesis of Ru/Acet, Ru/Acet-Calc, and Pt/Acet

The preparation process of Ru/Acet, Ru/Acet-Calc, and Pt/Acet samples was
similar to that of Pt-Ru/Acet, but for Ru/Acet except that no H,PtCls-xH,O (0.01 M)
was added. For Ru/Acet-Calc, a calcination procedure under a nitrogen atmosphere at
500°C for 2h was used instead of plasma technology. For Pt/Acet with diverse Pt
content was obtained without the adding of RuCl;-H,0 (0.041 M).
2.3 Material Characterizations

The morphology of the catalyst was characterized by a high-angle annular dark-
field scanning transmission electron microscope (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) elemental mapping which was performed on an
FEI Titan 80-300 microscope working at 200 kV. X-ray photoelectron spectroscopy
(XPS) was obtained on Thermo Scientific K-Alpha, and all data were corrected with
carbon calibration at 284.8 eV. X-ray diffraction (XRD) patterns were carried out on a
PANalytcal X’Pert PRO equipment with Cu-Ka radiation (A=1.5418 A, 45 kV,
40mA ) in the 20 range from 10° to 90° at 5°min’!. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) was conducted on Agilent 720ES. The X-
ray absorption fine structure spectra (XAS) of Pt at L;-edge and Ru at K-edge were
separately collected at the beamlines of TLSO07A1 and TPS44A1 at National



Synchrotron Radiation Research Center (NSRRC), Taiwan.
2.4 Electrochemical measurements

Electrochemical performances of all samples were conducted on CHI 660E
electrochemical workstation with a typical three-electrode cell device in 1 M KOH
electrolyte under a constant temperature of 25 °C. The platinum plate was the counter
electrode and Hg/HgO electrode was used as the reference electrode. Nickel foam
(1x1 cm?) coated with catalyst dispersion was used as the working electrode, and the
specific preparation method was as follows: 5 mg electrocatalyst was ultrasonically
dispersed in 500 pL mixed solution containing 25 pL Nafion (Dupont, 5 wt%) and
475 uL ethanol to form a homogeneous ink. Subsequently, 200 pL of the ink was
dropped onto the nickel foam (1x1 c¢cm?) and dried. Before the electrochemical test,
the Hg/HgO reference electrode was calibrated in 1 M KOH electrolyte with saturated
H, (Figure S1). And all potentials were converted into the reversible hydrogen
electrode (RHE) as the following equation: E s rig = E vs. ngrigo T 0.923 V.,

The polarization curves were obtained by linear sweep voltammetry (LSV)
measurements with a scan rate of 10 mV-s'! and all data in this wok were corrected
with iR compensation by measuring the resistance of an uncompensated solution via
EIS. And the HER activity of the as-prepared catalyst was evaluated via overpotential
(M10) at a current density of 10 mA-cm2. The overall water splitting was carried out
by a two-electrode cell with a scan rate of 10 mV-s! in 1 M KOH electrolyte. The
electrochemical impedance spectroscopy (EIS) was conducted at an overpotential of
50 mV with a frequency from 0.1 to 10° Hz. The stability measurements were
investigated by chronopotentiometry (i-¢ curves at the current density of 20 mA-cm2)
and cyclic voltammetry (CV) scanning for 8000 cycles with a sweep rate of 50 mV's
1.

3. Results and discussion
3.1 Morphology and structure characterizations

To start, Ru/Acet-Calc via conventional calcination method was prepared for

comparison. From TEM and STEM images (Figure S2 and S3), Ru/Acet via plasma

approach shows a much smaller size (~1.41 nm) than that of Ru/Acet-Calc (~7.32



nm), indicating the significantly higher dispersion of Ru/Acet. Likewise, highly
dispersed Pt-Ru/Acet catalysts with various Pt content were synthesized by this facile
cold-plasma method. As illustrated in Scheme 1, the Ru*" and PtCl¢* ions were co-
absorbed on the Acet support via wet impregnation. Then, the dried precursor powder
was subsequently placed in a porcelain boat and exposed under N, plasma. In this
procedure, the high-energy electrons with strong reducibility in ionized nitrogen
plasma transfer to metal cations, promoting the co-reduction and nucleation of metal
species. Meanwhile, the whole plasma jet is close to room temperature, thus the
aggregation of the electron-reduced nuclei can be effectively inhibited benefiting from
the rapid nucleation of metal ions and slow crystal growth [40]. Consequently, the
highly dispersed Pt single atoms modified Ru nanoclusters anchored on Acet support
electrocatalyst (Pt-Ru/Acet) can be in-situ fabricated by N, cold-plasma treatment.
The metal size distribution of the catalysts was calculated based on the STEM images
(Figure la, b and Figure S4, 5). With the increase of Pt content from 0.11 to 2.04
wt%, the average size of Pt-Ru/Acet shows a slight increase from 1.43 to 2.25 nm
(Figure 1c and Figure S4, 5). For our optimized sample, Pty 47-Ru/Acet catalyst only
has a small cluster size of ~1.46 nm. Further from the XRD spectra of catalysts in
Figure S6, it can be seen that no crystallized metallic phase (Ru or Pt) is observed in
all catalysts except for the characteristic peaks of Acet (25.6° and 43.3°), indicating
that the metal species are highly dispersed in the catalyst. The distribution of Pt atoms
was further characterized by HAADF-STEM. As shown in Figure 1d, the atomically
dispersed Pt (in red circle) on Ru nanoclusters in Pty 4;-Ru/Acet catalyst can be
observed due to the higher weight of Pt element than Ru. Hence, the intensity of
atomic Pt is larger than surrounding Ru atoms (Figure 1d). In addition, the well-
defined lattice spacing of 0.234 nm belongs to the (100) plane of Ru (Figure 1d). And
EDS mapping further presents that Ru and Pt elements are evenly distributed

throughout the structure (Figure 1e).
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Figure 1. The structural characterization on Pt,4;-Ru/Acet. (a, b) The STEM
images of Pty 47-Ru/Acet. (c) the corresponding nanoparticle size distribution of Pty 47-
Ru/Acet. (d) Atomic-resolution HAADF-STEM image. Magnified image in the red

box, Pt atom was marked with red circles. (e) EDS elemental maps of Ru and Pt.



The XPS was performed to analyze the electronic structure and chemical states of
the Pty 47-Ru/Acet catalyst. As seen from the high-resolution Ru 3p XPS spectra of the
as-prepared catalysts displayed in Figure 2a and Figure S7a, the binding energy peaks
of all catalysts at 462.56 eV and 484.58 eV belong to Ru 3ps; and Ru 3p, ), of metallic
Ru, respectively. The deconvoluted peaks at 466.94 eV and 487.67 eV are separately
attributed to Ru 3ps3,, and Ru 3p;; of Ru™ [45]. According to the proportion (6:1) of
metal Ru/Ru™ in the catalyst, it is known that the Ru element mainly exists in a
metallic state. In the Pt 4f spectra (Figure 2b), the binding energy peaks of Pt 47-
Ru/Acet at 73.26 eV and 76.57 eV are attributed to Pt 4f;, and Pt 4fs, of Pt*,
respectively [42, 46]. Compared to Pty4;/Acet, Pt 4f binding energies of Pty 4;-
Ru/Acet are negatively shifted by 0.21 eV. Meanwhile, in Figure S7b, the absorption
peaks of Pt 4f with the increase of Pt content shift toward lower binding energy, and
the peaks of Pt® can be observed in Pt 4f spectra for Pt o4-Ru/Acet, further indicating
that electrons are transferred to Pt surface, which is identical with the DFT results.
Based on the XPS analysis, the chemical states of Ru and Pt elements in the Pt, 4-
Ru/Acet catalyst are 0 and +2, respectively, which indicate that the Ru** and Pt*' in
the precursor can be successfully reduced in the process of plasma treatment.

X-ray absorption fine structure was conducted to further investigate the
electronic structure and coordination environment of Ru and Pt in Pty 47-Ru/Acet
catalyst. Figure 2c displays the X-ray absorption near-edge structure (XANES) of Ru
K-edge for Ptys7-Ru/Acet, with the K-edge spectrum of Ru foil and RuO, as
references, it can be seen that the absorption edge of Pt 4;-Ru/Acet almost coincides
with the Ru foil, manifesting that the valence state of Ru for Pty 47-Ru/Acet mainly
exists in a metallic state, which is consistent with the XPS analysis result. The
XANES spectra of Pt L;-edge in Pt foil, PtO,, and Pt; 47-Ru/Acet are shown in Figure
2d, and the white line intensity of Pt L;-edge corresponds to the transition from
occupied Pt 2ps, electron to empty 5ds, orbital, which is indicative of 5d-band
occupancy [47, 48]. The more 5d vacant orbital, the greater electron transition
probability, which reflects the higher intensity of the white line. Namely, the higher

intensity the white line indicates the higher oxidation state of Pt. Notably, the



intensity of the white line for Pty 4;-Ru/Acet is between Pt foil and PtO,, indicating
that the average valence state of Pt is between 0 and +4. Combined with the XPS
analysis and the fitted average oxidation states of Pt for Pty 47-Ru/Acet from XANES
spectra (Table S2), it can be known that Pt is mainly in the form of Pt>*. Moreover, in
Figure 2e, the Ru K-edge extended X-ray absorption fine structure (EXAFS)
spectrum of Pty 47-Ru/Acet exhibits a primary peak at 2.38A, which belongs to the
Ru—Ru bond (Figure S8a). Notably, the Ru—Ru coordination peak of Pt 47-Ru/Acet is
higher than the distance of the nearest coordination shells of Ru atoms in the Ru foil,
indicating that there is an interaction between Ru and Pt atoms. According to the Pt
L;-edge EXAFS spectra shown in Figure 2f, there is no obvious peak at 2.42 A (for
Pt—Pt coordination in metallic Pt), but the peak around 2.51 A could be ascribed to
the Pt-Ru bond, which is further demonstrated by EXAFS curve fitting analysis
(Figure S8b). And the EXAFS spectra imply that most Pt species are distributed on

Ru nanoclusters in the form of isolated atoms.
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3.2 Electrocatalytic performance of catalysts

To elucidate the advantage of plasma treatment, we compared the HER activities



of Ru/Acet catalyst prepared by low-temperature plasma technology and Ru/Acet-
Calc catalyst obtained by calcination method. It can be seen from Figure S9 that
Ru/Acet displays a lower overpotential (10 = 42 mV) than that of Ru/Acet-Calc
catalyst (n10= 82 mV), and the electrochemical active surface areas (ECSA) value of
Ru/Acet is also higher (in Figure S10 and Table S7). Combined with TEM analysis,
this electrocatalytic performance improvement should be ascribed to the decrease in
agglomeration of nanoclusters and then exposure to more active sites. Compared with
Ru/Acet catalyst, the HER activities of pure Ni foam (119= 261 mV) and Acet (9=
193 mV) can be almost negligible (Figure 3a), indicating that Ru nanoclusters are the
main active component in the catalyst. To further improve the alkaline HER
performance of Ru/Acet, atomically dispersed Pt was introduced on the Ru
nanoclusters surface (Pty47-Ru/Acet). As shown in Figure 3a, The Pt 47-Ru/Acet with
0.47 wt% doping amount of Pt single atoms exhibits high HER activity with low
overpotentials of 17 mV (n10) and 115 mV (1199) in 1 M KOH solution, respectively,
which are obviously superior to commercial Ru/C (119 =43 mV, 1190 = 169 mV) and
20 wt% Pt/C (n10= 23 mV, N190= 143 mV) (Figure 3b). Meanwhile, the overpotential
(M10) of Pty 47-Ru/Acet is reduced by 25 mV and 163 mV compared with Ru/Acet (11
= 42 mV) and Pty47/Acet (n1o = 180 mV), respectively. And this significantly
enhanced HER activity demonstrates the cooperative effects between Ru nanoclusters
and Pt single atoms. And the overpotentials of these catalysts at current densities of
10 mA-cm? and 100 mA-cm are shown in Figure 3c. Moreover, the influence of Pt
content on the HER activity of Pt-Ru/Acet was investigated, as shown in Figure S11,
after introducing a small amount of Pt into the Ru/Acet, these Pt-Ru/Acet catalysts
exhibit enhanced HER performance. Even the doping amount of Pt single atoms is
only 0.11 wt%, the performance of the catalyst is significantly improved and the
overpotential (119) is as low as 23 mV. Nevertheless, when the Pt content continues to
increase from 0.47 wt% to 2.04 wt%, the overpotential (119) of the Pt;o-Ru/Acet
catalyst only decreases by 6 mV, indicating the HER performance does not increase
significantly with Pt content. This may be attributed to the larger particle size of Pt-

Ru/Acet when the Pt content is excessive, resulting in decreased exposure of some



effective active sites. Meanwhile, the mass activity of Pt; o4-Ru/Acet catalyst (1.22
A-mgeq’!) is lower than that of Pty 47-Ru/Acet (1.33 A mg™') at an overpotential
of 100 mV. Thus, based on the cost and HER performance into account, the Pty 47-
Ru/Acet catalyst is used in subsequent experiments. Additionally, the remarkable
HER performance of Pt;47-Ru/Acet is also better than the most previously reported
electrocatalysts (Figure 3g and Table S5).

The Tafel slope of Pty47-Ru/Acet in Figure 3d is 66 mV-dec!, lower than that of
Ru/Acet (73 mV-dec!) and Pty47/Acet (168.7 mV-dec'!), which reflects the faster
reaction kinetics and suggests a Volmer-Heyrovsky mechanism for Pty 47-Ru/Acet [16,
49]. Furthermore, the fitted electrochemical impedance spectrogram (EIS) and the
corresponding charge transfer resistance (R.) are obtained according to the equivalent
circuit fitting diagram (Figure 3e). Generally speaking, the smaller radius of the arc
for the impedance spectrum, the lower value of charge transfer resistance, implying a
faster reaction rate. Apparently, the Pt 4;-Ru/Acet presents smaller R, values (Table
S6) than Ru/Acet and Pty4;/Acet, indicating more efficient charge transfer at the
interface of Pty 47-Ru/Acet and electrolyte.

Electrochemical active surface areas (ECSA) of catalysts were evaluated via the
double-layer capacitance (Cq) measurements obtained by way of cyclic voltammetry
versus scan rates (Figure S12) [50]. The large value of Cy gives a high ECSA for
Pty 47-Ru/Acet, nearly comparable to that of Ru/Acet (Figure 3f and Table S7),
highlighting that Pt in the form of single atoms modified the Ru nanoclusters avoids
the blocking of surface electrochemically reactive sites by the modifier to the
maximum extent, maintaining a higher ECSA. Furthermore, the mass activity plays a
crucial role in the economic effect of catalysis, determining the cost of catalyst [14,
51]. Figure S13 presents the mass activities of Ru/Acet, Pt;47-Ru/Acet, commercial
Ru/C, and 20 wt% Pt/C at overpotentials of 50 and 100 mV. The Pty 4;-Ru/Acet
displays higher mass activities than Ru/Acet and commercial 20 wt% Pt/C, notably,
Pto.47-Ru/Acet with a mass activity of 0.51 A-mgg,"!' at 50 mV is about 4.05, 1.96 and
1.64 times that of commercial Ru/C (0.126 A-mgg,!), 20 wt% Pt/C (0.26 A-mgp;")

and Ru/Acet (0.31 A-mgg,™"), respectively, outperforming reported Ru-based catalysts



such as Ru-3DNCN (0.13 A-mgg,") [29], Ru-C-H,O-CH;CH,OH (0.29 A-mgg,!)
[52], Ru NCs-BNG (0.5 A-mgg,") [28], NiRug ;3-BDC (0.125 A-mgg,") [33], Ru-
MoO, (0.38 A-mgg,') [53], and RuNi-NCNFs (0.16 A-mgg,') [54]. Turnover
frequency (TOF) is used to quantify the intrinsic activity of the catalyst [14, 55]. The
TOF value for Pt;47-Ru/Acet at an overpotential of 100 mV is calculated to be 0.7

H,'s’!, which surpasses that of commercial 20 wt% Pt/C (0.22 H,-s™).
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Figure 3. HER performance of the as-prepared catalysts in 1 M KOH solution.
(a) and (b) LSV polarization curves (iR corrected) of Ni foam, Acet, Ru/Acet, Pty 47-
Ru /Acet, commercial 20 wt% Pt/C, 5 wt% Ru/C, and RuO, at a scan rate of 10 mV s
L. (¢) Corresponding overpotentials at 10 mA cm and 100 mA cm2. (d) Tafel slopes
from the polarization curves. (e) EIS spectra of different electrocatalysts. (f)
Corresponding electrochemical double layer capacitances. (g) Comparison of the

HER activity for Ru-based electrocatalysts with other reported in 1 M KOH solution.

The promotion effect of Pt modification is also revealed by CV curves in Figure



4a. All the CVs of Pt-Ru catalyst present three regions as follows [56]: region I, the
cathode peaks of hydrogen underpotential deposition (H,pq) adsorption region (0-
0.25 V), region II, hydrogen evolution region (<0 V), and region III, the anodic peaks
of absorbed hydrogen desorption region (0-0.25 V). It has been reported that the
hydrogen binding energy (HBE) of a catalyst can be evaluated by comparing the peak
potential of absorbed hydrogen desorption, and the larger area of absorbed hydrogen
desorption peak indicates that more absorbed hydrogen would be generated on the
catalyst surface [57, 58]. Compared with Ru/Acet and Pt, ¢4/Acet, the peak potential
of hydrogen desorption for Pt-Ru/Acet gradually decreases with the increase of Pt
content, which implies that the Pt-Ru nanoclusters have lower HBE due to the weaker
Ru-H bond after the introduction of Pt, benefiting to the desorption of adsorbed
hydrogen on the catalyst surface. Furthermore, the Pt-Ru/Acet exhibits obvious larger
areas of adsorbed hydrogen desorption peak (region III) and current density (at 1;g0)
than Ru/Acet and Pt/Acet (Figure 4b), implying that more absorbed hydrogen can be
produced on the Pt-Ru/Acet surface during the HER process, which would accelerate

the evolution of H,.
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Figure 4. (a) The stabilized CV curves for Pty;;/Acet, Pty47/Acet, Ru/Acet,
Pt 04/Acet, Pty1;-Ru/Acet, Pty47-Ru/Acet, and Pt; o4-Ru/Acet catalysts in 1 M KOH
solution. (b) Corresponding the area of H desorption peak and current density at 1.
The HER performance of Pt 4;-Ru/Acet catalyst was further investigated in acidic
and neutral electrolytes. As shown in Figure 5a, the Pt; 4;-Ru/Acet catalyst presents an

overpotential of 28 mV at a current density of 10 mA-cm in 0.5 M H,SO,, which is



significantly lower than that of Ru/Acet (141 mV) and Ptj47/Acet (72 mV), implying
a cooperative effect between Ru nanoclusters and Pt single atoms. Meanwhile, the
Pty.47-Ru/Acet catalyst reaches the lower overpotential of 8 mV at a current density of
10 mA-cm? in 1 M PBS electrolyte. Furthermore, the Pty 47-Ru/Acet catalyst displays
the lager mass activity values of 2.63 and 0.85 A-mg! at overpotential of 100 mV in
acidic and neutral media, respectively, exceeding to commercial Ru/C (0.05 A-mg-!,
0.09 A-mg) and 20 wt% Pt/C (2.08 A-mg!, 0.17 A-mg") (Figure 5b and d). The
Tafel slope of Pty 47-Ru/Acet is 33.3 and 94.4 mV-dec! in 0.5 M H,SO4 and 1 M PBS
electrolyte, respectively, suggesting the faster reaction kinetics (Figure 5c and e,).
Furthermore, the HER activities evaluated by overpotential at 10 mA-cm? of Pty 4;-
Ru/Acet compared with the reported Ru-based catalysts in acidic and neutral media
are summarized (Figure 5g and h, Table S8 and S9), indicating that Pt 4;-Ru/Acet
possess an excellent catalytic activity to HER at all pH values. In addition, the oxygen
evolution reaction (OER) activity of Pty4;-Ru/Acet was also studied in 1 M KOH
solution (Figure S14a). The overpotentials of Pt;s;-Ru/Acet are 307 mV at 10
mA-cm?2, which is much lower than that of Ru/Acet (340 mV) and Pt 47/Acet (390
mV), suggesting a good OER performance of Ptys;-Ru/Acet under alkaline
conditions. Furthermore, the Pt, 47-Ru/Acet presents a smaller radiu of the arc for the
impedance spectrum than Ru/Acet and Pty47/Acet (Figure S14b), indicating more

efficient charge transfer.
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Figure 5. HER performance of the as-prepared catalysts in 0.5 M H,SO4 and 1M
PBS solution. LSV polarization curves (iR corrected) of Pty 47-Ru/Acet, commercial
20 wt% Pt/C, and 5 wt% Ru/Cin 0.5 M H,SO, (a) and 1 M PBS (d). Corresponding
overpotentials and mass activity in 0.5 M H,SO, (b) and 1 M PBS (e). Tafel slopes
from the polarization curves (c) and (f). Comparison of the HER activity for Ru-based

electrocatalysts with others reported in 0.5 M H,SOy (g) and 1 M PBS (h).

3.3 DFT calculations

Density functional theory (DFT) calculations expounded the underlying
mechanism responsible for the excellent alkaline HER activity of Pt-Ru/Acet catalyst.
Pt-Ru (001), (100), (101) facets commonly adopted for theoretical studies [49, 59, 60]
were modeled, respectively, and for comparison, Ru (001), (100), (101) and Pt (111)
facets were also simulated. Generally, there are two key processes involved in
alkaline HER, including the breaking of the H-O bond in H,O to form H*

intermediates (Volmer step: H,O + e-— H* + OH") and subsequent recombination of



produced H* into H, (Heyrovsky step: H,O + e~ + H* — H, + OH- or Tafel step: H*
+ H* — H;) [3, 13]. The adsorption and dissociation of water are first investigated.
As shown in Figure S15, the adsorption energies of Pt-Ru (001), (100), and (101)
surface for H,O molecule are -0.72, -0.78, and -0.70 eV, respectively, which are close
to that of Ru (001), (100) and (101) surface, but obviously higher than that of Pt (111)
surface (-0.46 eV), indicating that H,O molecule tends to be adsorbed on Ru sites.
Moreover, as displayed in Figure 6a, the energy barrier of the transition state (TS) for
water dissociation on the Pt-Ru (100) surface is 0.79 eV, which is lower than that of
the Ru (100) surface and Pt (111) surface, and the similar conclusion can be observed
on the Pt-Ru (001) surface and Pt-Ru (101) surface (Figure S16). The lower energy
barrier of water dissociation on the Pt-Ru surface implies that the H,O molecule is
easier to be dissociated into OH* and H* on the Pt-Ru surface, and the water
dissociation kinetic is obviously facilitated by Pt single atoms modification, which
could accelerate the formation rate of H*. Next, the Heyrovsky step is calculated
because the alkaline HER process on the Pt-Ru/Acet catalyst follows the Volmer-
Heyrovsky pathway confirmed by the experimental result (Tafel slope). Pt-Ru (100)
presents a significantly lower energy barrier of Heyrovsky step (0.45 eV) compared
with Ru (100) surface (1.05 eV) and Pt (111) surface (1.45 eV) as shown in Figure 6b,
meanwhile, the analogous regulation can be observed on the Pt-Ru (001) surface and
Pt-Ru (101) surface (Figure S17). And the calculated energy diagrams for the Vomer
step (AG;) and Heyrovsky step (AG;) on the Pt-Ru, Ru, and Pt over various surfaces
(001), (101), (100), and (111) are shown in Figure 6¢. The low energy barriers of the
Volmer step and Heyrovsky step on the Pt-Ru surface support the excellent alkaline
HER activity. Furthermore, the charge density distributions on the Pt-Ru (001), (101),
and (100) were simulated to investigate the electronic structure of the Pt-Ru/Acet
catalyst. As shown in Figure 6d, there is an obvious charge depletion around Ru while
distinct charge accumulation around Pt single atoms, with a certain number of
electrons (0.42 eV) transferred from Ru to Pt atom, indicating the charge interaction
between Pt single atoms and Ru, which is consistent with the XPS results. Based on

DFT calculated results, the alkaline HER process on Pt-Ru/Acet can be illustrated in



Figure 6e. Specifically, H,O molecules are firstly absorbed on the Ru site in the basic
electrolyte and then dissociated into intermediate OH* and H* via the Volmer step.
Subsequently, the produced H* could react with another H,O molecule to form H,
(Heyrovsky step). The DFT calculations reveal that the electronic structure of Ru
would be affected by introducing atomically dispersed Pt on the Ru nanoclusters
surface, and the energy barriers of water dissociation (Volmer step) and subsequent
hydrogen evolution (Heyrovsky step) are reduced, thus leading to improved HER

performance in the alkaline.
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Figure 6. DFT calculations. Energy diagrams of water dissociation (a) and
Heyrovsky step (b) for Pt-Ru (001), Ru (100), and Pt (111), respectively. (c) The
calculated energy diagrams for the Volmer step (AG;) and Heyrovsky step (AG;) on
the Pt-Ru, Ru, and Pt over various exposed surfaces (001), (101), (100), and (111). (d)
The value of charge transfer from Ru to Pt on Pt-Ru (001), Pt-Ru (101), and Pt-Ru



(100) surface.

3.4 Stability and overall water splitting

The electrocatalytic stability of Pty4;-Ru/Acet was investigated via time-
dependent current density curves (i~t) and CV cycling. As depicted in Figure 7a, after
30 h of continuous testing in 1 M KOH electrolyte, the loss of current density at 20
mA-cm? is about 25%, and the overpotential (119) of Pty 47-Ru/Acet increases from 17
mV to 55 mV seeing from the LSV polarization curves in Figure S18a, implying the
attenuation of HER activity. However, this LSV curve after CV scanning in the range
of -0.5 to -1 V (Figure S18b) almost coincides with the original LSV curve (Figure
S18c), suggesting that the HER activity of Pt,4;-Ru/Acet can be regenerated by CV
activation and there is barely loss of active components in the catalyst during the
chronopotentiometry test. Generally, the deactivation of the electrocatalyst is mainly
caused by the following two aspects: (1) the loss of active components in the catalyst;
(2) the poisoning of intermediate species. Figure S18d presents the CV curves of
Pty47-Ru/Acet before and after 30 h of i~t tests, it can be seen that the area of
hydrogen desorption peak for Pty 47-Ru/Acet after 30 h of i~t test is larger, indicating
that the more intermediate species are generated and cover the active sites on the
catalyst surface during i~t tests, and these intermediate species can be removed after
CV redox activation. Thus the active sites are exposed again, and the HER
performance of catalyst is restored [56]. Furthermore, the stability of Ptj4;-Ru/Acet
was studied by CV (Figure 7b). After 8000 CV cycles, there is barely performance
decrease for Ptj4;-Ru/Acet, displaying a stable HER activity. Based on the above
analysis, it is shown that the Ptj4;-Ru/Acet catalyst presents a good stability and
reproducibility.

Inspired by the excellent alkaline HER performance of Pty 4;-Ru/Acet catalyst, we
further assemble a two-electrode asymmetric electrolyzer by using Pty 47-Ru/Acet
catalyst (as a cathode) coupled with RuO; (as an anode) in 1 M KOH to investigate
the overall water splitting (Figure 7c). As shown in the polarization curves of Figure

7d, the Ptg47-Ru/Acet || RuO, electrolyzer has a good activity for overall water



splitting with a cell voltage of 1.543 V at 10 mA-cm? in 1 M KOH, which is
equivalent to that of the commercial Pt/C || RuO, electrolyzer (1.539 V). Meanwhile,
the chronopotentiometry curve (Figure 7d, inset) displays a negligible potential
change after a continuous 12 h operation, which indicates that Pty 47-Ru/Acet || RuO,
electrolyzer could stably run in a long-term electrochemical overall water splitting
test. In addition, Pty 47-Ru/Acet || Pty47-Ru/Acet electrolyzer also displays fine water
splitting performance (1.588 V at 10 mA - cm?) due to the good OER activity of
Pt 47-Ru/Acet, especially the required voltage under high current is obviously lower
than that of commercial Pt/C || RuO, electrolyzer. Furthermore, the construction of a
solar-hydrogen system is a promising approach to achieving economical and
sustainable hydrogen production in practical applications. Herein, a commercial solar
panel is used to drive the overall water splitting (1.553 V) of Pt;47-Ru/Acet | RuO,
electrolyzer under sunlight illumination (Figure 7e, magnified image). It can be seen
that H, and O, bubbles are continuously generated from the two electrode surfaces,
respectively (Figure 7e and video S1), implying it has the potential to convert low-

voltage electric energy produced by sunlight into chemical energy.
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Figure 7. Stability and overall water splitting. (a) i-t curves of Ptj47-Ru/Acet at an
overpotential of 20 mA c¢cm=2. (b) LSV curves of Pty 47-Ru/Acet before and after 8000
CV cycles with graphite rod as the counter electrode. (¢) Schematic diagram of the

photovoltaic-driven overall water splitting. (d) LSV polarization curves of Pt 4;-



Ru/Acet || Pty 47-Ru/Acet, Pty47-Ru/Acet | RuO,, Pt/C || RuO, electrolyzer for overall
water splitting in 1M KOH without iR compensation. Inset: chronopotentiometry
curve of Pto47-Ru/Acet | RuO, for 12h. (e) photograph of the integrated water

splitting device with solar panel assisted and the magnified image of the electrolyzer.

4. Conclusions

In summary, Pt single atoms modified Ru nanoclusters supported on the
commercial acetylene black have been successfully fabricated by a facile cold-plasma
technique. Compared to a significantly larger size (7.32 nm) of Ru nanoparticles
obtained by the calcination method, Ru nanoclusters (~1.41 nm) highly dispersed on
the acetylene black (Ru/Acet) can be prepared by low-temperature plasma
technology, which would expose more active sites. The as-prepared atomically
dispersed Pt on ultrafine Ru nanoclusters catalyst (Pty47-Ru/Acet) displays excellent
HER activity with low overpotentials of 17 mV and 115 mV to achieve a current
density of 10 mA-cm? and 100 mA-cm? in 1 M KOH, respectively. Notably, the mass
activity of Pty 47-Ru/Acet at an overpotential of 100 mV is about 5.54 and 2.15 times
that of commercial Ru/C and Pt/C catalysts at an overpotential of 100 mV,
respectively. Meanwhile, the Pt, 47-Ru/Acet catalyst shows a low overpotential of 28,
and 8 mV at 10 mA-cm™? in 0.5 M H,SO,, and 1 M PBS, respectively. The Ptq47-
Ru/Acet catalyst also has good stability and the HER activity after a period of the i~t
test can be completely regenerated by CV activation. DFT calculations reveal that the
electronic structure of Ru would be regulated by introducing atomically dispersed Pt
on the Ru nanoclusters surface, and the energy barriers of water dissociation (Volmer
step) and subsequent hydrogen evolution (Heyrovsky step) are reduced, thus leading
to improved HER performance in the alkaline. In addition, Pty 4;-Ru/Acet catalyst also
displays bifunctionality in both HER and OER and thus can be well adapted in

assembled two-electrode overall water splitting system.
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Graphic abstract:

Atomically dispersed Pt on ultrafine Ru nanoclusters (~1.46 nm) loaded by the
commercial acetylene black support is fabricated by a facile one-step cold-plasma
technique. The Pt single atoms on Ru nanoclusters electrocatalyst (Pt,47-Ru/Acet)
with 0.47 wt% content of Pt exhibits an excellent HER activity in all pH, achieving
ultralow overpotential of only 17, 28, and 8 mV at 10 mA-cm in 1 M KOH, 0.5 M
H,S0,4, and 1 M PBS, respectively.
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single Pt atoms on Ru" .
nanoclusters

Highlights:

+ Cold plasma enables ultrafine Ru nanoclusters compared with calcination method.
« Atomically dispersed Pt-modified Ru is fabricated by a cold-plasma technique.

« Pty47-Ru/Acet displays excellent pH-universal HER activity.

« DFT calculations reveal the mechanism of Pt enhancement in alkaline HER.

 Both anode and cathode use Pt 47-Ru/Acet in solar-driving water splitting.
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Scheme 1. Schematic illustration of the synthesis of Pty4;-Ru/Acet catalyst by
electron reduction of plasma.
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Figure 1. The structural characterization on Pty4;,-Ru/Acet. (a, b) The TEM
images of Pty 47-Ru/Acet. (¢) the corresponding nanoparticle size distribution of Pty 47-
Ru/Acet.(d) Atomic-resolution HAADF-STEM image. Magnified image in red box,
Pt atom was marked with red circles. (e) EDS elemental maps of Ru and Pt.
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Figure 3. HER performance of the as-prepared catalysts in 1 M KOH solution. (a)
and (b) LSV polarization curves (iR corrected) of Ni foam, Acet, Ru/Acet, Pty47-Ru
/Acet, commercial 20 wt% Pt/C, 5 wt% Ru/C, and RuQ, at a scan rate of 10 mV s!. (¢)
Corresponding overpotentials at 10 mA ¢m and 100 mA cm2. (d) Tafel slopes from
the polarization curves. (e) EIS spectra of different electrocatalysts. (f) Corresponding
electrochemical double layer capacitances. (g) Comparison of the HER activity for

Ru-based electrocatalysts with other reported in 1 M KOH solution.
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Figure 5. HER performance of the as-prepared catalysts in 0.5 M H,SO4 and 1M
PBS solution. LSV polarization curves (iR corrected) of Pty 47-Ru/Acet, commercial
20 wt% Pt/C, 5 wt% Ruw/C and RuO; in 0.5 M H,SO, (a) and 1M PBS (d).
Corresponding overpotentials and mass activity in 0.5 M H,SO, (b) and 1M PBS (e).
Tafel slopes from the polarization curves (c) and (f). Comparison of the HER activity

for Ru-based electrocatalysts with other reported in 0.5 M H,SO4 (g) and 1M PBS (h).
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Figure 6. DFT calculations. Energy diagrams of water dissociation (a) and
Heyrovsky step (b) for Pt-Ru (001), Ru (100), and Pt (111), respectively. (c) The
calculated energy diagrams for the Volmer step (AG;) and Heyrovsky step (AG;) on
the Pt-Ru, Ru and Pt over various exposed surfaces (001), (101), (100), and (111). (d)
The value of charge transfer from Ru to Pt on Pt-Ru (001), Pt-Ru (101) and Pt-Ru
(100) surface. (e) Schematic illustration of the alkaline HER mechanism on Pt-

Ru/Acet.
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