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chly cfficient and stable catalysts for hydrogen evolution reaction (HER), especially in alkaline

I
IQ very crucial for the practical demands of electrochemical water splitting. Here, we report

of a novel RuAu single-atom alloy (SAA) by laser ablation in liquid (LAL). The SAA

co
the
ex agifgh stability and a low overpotential, 24 mV@10 mA cm™, which is much lower than that

st (46 mV) in alkaline media. Moreover, the turnover frequency of RuAu SAA is 3 times

T

tha atalyst. Density functional theory computation indicates the excellent catalytic activity of
originates from the relay catalysis of Ru and Au active sites. Our work opens a new

avefue towards high-performance SAAs via fast quenching of immiscible metals.

.

1. Intr

Elec water splitting is an effective way to convert electric energy into clean

Ma

and renewable hydrogen with high energy density, where active catalysts are very crucial to

t

realize hig ient conversion at a low overpotential.[l'S] So far, Pt is regarded as the

O

most effec talyst for hydrogen evolution reaction (HER) in acidic media, because of its

1

appro ption of H atoms.'*” However, the catalysts for oxygen evolution reaction

t

(OER) on the counter electrode are mainly composed of oxides which remain stable merely

U

in basic o conditions, and in these media, the performance of Pt-based catalysts is

A
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dramatically depressed.®*” In theory, HER in basic or neutral media involves water
dissociaMuen hydrogen evolution, and the first step is much sluggish, leading to the
conversio about two or three orders of magnitude lower than that in acidic
media.w'hquently, it remains a big challenge to fabricate HER catalysts with high

performance and low price for working in alkaline solution.

Rutheni member of platinum-group metals with 1/30 price of Pt,""* has been
proved to be a %rom's'ng catalyst for HER in alkaline solution due to its high efficiency on
water disseeiatigh, 8 however, the strong interaction between Ru and H atoms impedes

the subse@uent hydrogen evolution because of the well-known scaling relationship for

heterogemtaIysts.[17’19'21] Many efforts had been devoted to constructing Ru-based

hetero e.g. Ru/carbon quantum dots,?? Ru/C,N, 18! RuCo/nitrogen-doped
graphene (23] u/CsN,/C,1t"! Ru/nitrogen-doped carbon,?4 Ru/graphene[zsl), which show
great advantages on promoting water dissociation by synergistic effect. Nevertheless, less

attention on the improvement of hydrogen adsorption. Recently, single-atom

alloys (SA@h comprise separated solute atoms in metallic matrix, show great

potential g circumventing scaling reIationships.[23’26'27] meanwhile, the interaction between

nd matrix can modify their electronic structure, 26282 leading to a

< This article is protected by copyright. All rights reserved.
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suitable adsorption energy for hydrogen. Consequently, constructing Ru-based SAAs opens a

new av ds high HER performance.

{

Herein the synthesis of RuAu SAAs through a laser ablation in liquid (LAL)

1%

[ |
techniqu hich possesses strong quenching effect so as to fabricate metastable

nanostru th novel properties.[3°’31] We choose Au as the alloying element on the

basis of thgsf ing considerations: first, Au is known as an inert metal with weak

S

hydrogen adsorption thus can counteract the strong hydrogen adsorption of Ru matrix.

U

Second, thesi cibility between Au and Ru may create a unique geometric and electronic

structure RuAu SAAs %33 Finally, chemically inert Au favors long-term durability during

A

the reacti ch, the as-prepared RuAu catalyst exhibits a low overpotential, 24

=

mvV@1 which is much lower than Pt/C (46 mV@10 mA cm'z) in alkaline media.

Moreover nover frequency (TOF) of RuAu SAAs is 3 times that of the Pt/C catalyst.

W

Density functional theory (DFT) computation reveals that the high performance originates

from the

1

lysis of Ru host (for water dissociation) and Au dopant (for hydrogen

evolution @ best of our knowledge, this is the first report on the synthesis of RuAu

SAAs withfoutstanding HER performance in alkaline media. Furthermore, the idea of the

¢

mixing i iscibl® metallic elements by LAL can be facilely extended to other material

{

systems for engifeering novel catalysts with extraordinary properties.

il

A
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2. Results and discussion

{

The synifhetic route is schematically illustrated in Figure 1a. First, a Ru target was

immersed ous solution containing 0.2 mM HCl and HAuCl, with varied

[ |
concentragiion (0.1, 0.2, 0.3 and 0.5 mM), and the corresponding products are designated as

Ru, RuAu-@71, u-0.2, RuAu-0.3 and RuAu-0.5 SAAs. A nanosecond laser with a pulse

G

width of 7 employed to irradiate the Ru target, leading to the vaporization of the

S

solid target, thermal decomposition of HAuCl,, and formation of SAAs during the

subseque uenching.

Nnu

Figure nts a typical transmission electron microscopic (TEM) image of RuAu-0.2

nanopartigle an average size of 8 nm (inset of Figure 1b). Energy dispersive

d

spectr ) elemental mapping analysis indicates that Ru and Au atoms are

distrib

throughout the particle (Figure 1c-f). High-angle annular dark

M

field-scanning transmission electron microscopy (HAADF-STEM) analysis gives more details

[£

on the ele distribution. As shown in Figure 1g, Au atoms (in red circles) show higher

O

contrast d eir large atomic number, and disperse individually in Ru host. The

magnifi ADF-STEM images (Figure 1h, Figure S1) reveal clearly that Au atoms occupy

h

{

the posi u atoms, which is further proved by the profile of integrated pixel intensity

J

along the lid line in Figure 1h. For comparison, the HAADF-STEM of Ru is displayed

A
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in Figure S2. To confirm the scattered distribution Au atoms in the single atom alloys, X-ray
absordege structure (XANES) and extended X-ray absorption fine structure

(EXAFS) ae conducted for RuAu-0.2, Au foil, and Ru foil. As shown in the XANES

spectraAUNE=E@Be and Ru K-edge of RuAu-0.2 are similar to these of Au and Ru foils,

respectivei ’Fi res S3a and S3b), indicating the metallic state of Au and Ru atoms.
RuAu-0.2 eUa prominent peak at ~2.2 A in the Au-L; edge k>-weighted EXAFS spectra in
k-space (ch), which is different from the Au-Au characteristic peak (~2.7 A) of Au

foil, and could belattributed to the Ru-Au bonds, thus revealing the dispersion of isolated Au

U

atoms in articles. Moreover, the Ru-Ru bond length of RuAu-0.2 is same with that

N

of Ru foil (Fi 3d). By tuning the concentration of HAuCls, RuAu SAAs with different

i

contents o prepared (Figure S4). As illustrated by the inductively coupled plasma

(ICP) results in Table S1, the Au contents for RuAu-0.1, RuAu-0.2, RuAu-0.3 and

M

RuAu- 9.91 at.%, 15.35 at.%, 21.06 at.%, 36.53 at.%, respectively. X-ray

diffraction{XRD) patterns provide further evidence on the increase in Au content. As shown

£

in Figure S @ iffraction peaks of RuAu-0.1 and RuAu-0.2 match well the hexagonal

close-pac ) phase of Ru (PDF no. 70-0274), and no diffraction peaks related to Au are

detected. r RuAu-0.3 and RuAu-0.5, diffraction peaks of Au (220) are found in the

{

XRD patte espondingly, Au clusters emerge in RuAu-0.5 SAAs (Figure S6). These

U

results illustrate that there is an upper limit for Au atoms dissolved in RuAu SAAs.

This article is protected by copyright. All rights reserved.
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The HER performance of RuAu-0.2 SAAs is tested in 1 M KOH solution. For comparison,
the eletwc properties of pure Ru, commercial Pt/C and Au/C (20 wt%) are also
tested une conditions. The iR compensated linear sweep voltammetry (LSV)
polarizatidAeUEEs illuminate that RuAu-0.2 has the highest catalytic activity among the four
catalysts (Figurg 2a). The overpotential at 10 mA cm™ for RuAu-0.2 is as low as 24 mV, being
22 and 34Qer than that of Pt/C and Ru, respectively. The Tafel slope of RuAu-0.2 is 37

mV dec™, wNer than that of Ru (68 mV dec™), Au (155 mV dec) and Pt (49 mV dec™)

(Figure 2b). Besides, the electrochemical impedance spectra (EIS) illustrate that the charge

Ul

transferr of RuAu-0.2 is even smaller than Pt/C, suggesting more efficient electron

n

transfer at rface of RuAu-0.2 and electrolyte (Figure 2c). The number of active sites

d

was estim copper underpotential deposition (Cu-upd) method (Figure S7), and then

was adopte lculate TOF.13* 3! As shown in Figure 2d, RuAu-0.2 exhibits an exceedingly

N

high T ! at the overpotential of 50 mV, which is 3 times that of Pt/C, and 3.6

times thatof Ru/C. The performance of RuAu-0.2 is the highest in alkaline media among the

l

recently re @ metallic catalysts (Table S2). Moreover, Au content can influence HER

performa As remarkably, and RuAu-0.2 exhibits the best catalytic performance

among with various gold contents (Figure S8).

Auth
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The electrocatalytic stability of RuAu-0.2 is evaluated by a long-term cycling test. As
shown W there is only a negligible increase (about 2 mV) in the overpotential of

RuAu-0.2 cycIes. In comparison, the overpotential of Pt/C increases by about 10

mV. Th@ el@@t@ehiemical stability of RuAu-0.2 is further proved by the chronoamperometry

test (Figuﬁ!;her 10 h continuous testing, the catalytic current density shows a slight

drop of 8%. dition, no obvious change was found in the structure (Figure S9) and
compositiwre $10) after the durability test. Moreover, the Faradaic yield keeps 100%

during the durabljlity test, indicating the current observed is fully attributed to HER (Figure

H

2f).

We fur ied out X-ray photoelectron spectroscopy (XPS) analysis on RuAu SAAs to

dan

reveal n structure (Figures 3a and S11). The Ru 3ds/; peak (280.7 eV) of

RuAu-0.2 s ards high binding energy by 0.18 eV as compared with that of pure Ru.1%®

VA

371 Meanwhile, the Au 4f peak shows a negative shift by 0.2 eV after alloying (Figure 3b).

I

These op ifts are ascribed to electron transfer from Ru to Au, which was further

confirmea @ er charge analysis shown in Figures 3c and 3d. Interestingly, the extents of

peak shift UuAu-0.3 and RuAu-0.5 are smaller than that of RuAu-0.2 (Figures S11 and

£

$12), indi e phase separation of Au particles from the Ru host in the alloys with

{

higher Au conterlts. The change of electronic structures for Ru and Au will lead to the

U

A
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change of their d-band filling. For Ru, the d-band filling decreases due to the loss of
electroWr Au atoms, the d-band filling increases after the gain of electrons from

Ru. Both g anges could influence the absorption of H according to the d-band center

P

theory/ &8, mm—

Next welper ed DFT calculations both from the thermodynamics and kinetics aspects

Cr

[17,18,39,40]

to explorewm of the superior HER activity of RuAu SAAs. RuAu(001), Ru(001) and

Pt(111) facets, commonly adopted for theoretical studies, were modeled to
represent .2 SAAs, Ru and Pt catalysts, respectively (Figure $13). In alkaline medium,

HER usualg experiences three steps. The first step involves the adsorption of water

moIeculemlyst surface,

thent water molecule dissociates to supply hydrogen atoms. Based on the Tafel

HO +* SH,0* (1)

slope of Sss, the HER should follow Volmer-Heyrovsky process:“gl
H,0* + e -H* + OH (Volmer reaction) (2)

H,O + e + H* = H,+ OH (Heyrovsky reaction) (3)

tho

From t odynamic aspect, for water adsorption (step 1), the binding energies of

U

H,0 on Pt > Ru(001), and RuAu(001) facets were determined as 0.173, 0.042, 0.025 eV,

A
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respectively, and the optimal binding sites are the Ru atoms around Au atoms on RuAu(001)

facets (w.

For VoI&n (step 2), the driving force (Gibbs free energy change, AGy) increases

N
in the ord@r of Pt (111) (0.53 eV), RuAu(001), (0.09 eV), and Ru(001) (-0.60 eV), while for

Heyrovskx@v (step 3), the driving force increases in an opposite order, namely,
Ru(001) (080 RuAu(001) (-0.09 eV) and Pt (111) (-0.53 eV) (Figures 4a and 4b). On
Pt(111), a high energy barrier (0.53 eV) must be overcome in Volmer step due to the poor
adsorptio (Figure S14), and on Ru(001), an energy barrier of 0.60 eV appears in

Heyrovskygstep due the excessively tight hydrogen adsorption (Figure S15). In contrast, the

energy bamRuAu(Om) plane is merely 0.09 eV (in Volume step) due to the

appropg orption on Au sites and OH adsorption on Ru sites. The excellent
adsorElity of Au sites is proved by the performance of RuAu SAAs in an acidic
solution which merely involves the adsorption of hydrogen. As shown in Figure S16, pure Au
or pure RMrticles display very poor HER performance, once Ru matrix was doped

with Au a@ HER performance of the RuAu nanoparticles was remarkably improved,

and the h'ger Eu content, the better HER performance. This phenomenon can be

rationaWow: in RuAu SAAs, Au atom gains electrons from Ru matrix, leading to the

increase in the Elsng of Au d-band, as verified by XPS results and Bader charge analysis

< This article is protected by copyright. All rights reserved.
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(Figure 3). The change of electronic structure promotes the interaction between Au atom

and int thus makes the Au atom as the active site for HER.

{

2

Moreo in RuAu(001) show a weaker attraction to OH radicals than Ru(001)

[ |
(Figure S1@), which facilitates the regeneration of active site and thus accelerates the whole

fl

HER proce$s. In‘@ansideration of all the above three steps, RuAu (001) plane exhibits

G

appropriatga ption of water molecules (on Ru atoms) and hydrogen atoms (on Au

S

atoms). Hence, from the thermodynamic point of view, RuAu (001) should be the best HER

U

catalyst in solution among the three models.

1

In term tic, DFT calculations were made to investigate the activation energies for

water dis3@ci (AGg). As shown in Figures 4a, 4b and S18, RuAu(001) and Ru(001)

d

exhibit ation energies (0.98 eV and 0.79 eV, respectively) as compared with

Pt(111 indicating the dissociation of H0 on RuAu(001) and Ru(001) facets are

M

easier thap Pt(111) facet. The higher energy barrier on RuAu(001) than that on Ru(001)

[:

should be ted to the electronic structure change caused by Au alloying. In order to

O

exclude th ionality of a certain facet, we also calculated the case of RuAu(101) plane

(Figure nd S20). After being doped with Au single atom, the RuAu(101) plane shows

1

i

similar t ynamic and kinetics behaviors with RuAu(001) plane.

AU

This article is protected by copyright. All rights reserved.
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Based on the above, the high HER performance of RuAu SAAs can be understood as
below. Wn transfer from Ru to Au atoms in RuAu SAAs leads to positive Ru atoms
and negas which are favorable to adsorb water molecules and hydrogen atoms,
respectivdifgigiR@siaccelerating the whole HRE process in alkaline conditions. The details are
shown in Figures 5a-5d. Firstly, water molecules are captured by the Ru atoms around Au
atoms whi sess higher adsorption energy than other Ru atoms and Au atoms (Figure
5a). The aw water molecules then dissociate into H" and OH" radicals, the released H"

ions are immedigiely captured and reduced by the adjacent Au atom with appropriate

U

adsorptioﬂ (Figure 5b). Simultaneously, another water molecule is activated on a Ru

atom arou u atom (Figure 5c), then reacts with the adsorbed H atom on Au site

o

giving rise ogen molecule following the Heyrovsky reaction (Figure 5d). Eventually,

the hydroge cule desorbs from Au site to close the hydrogen evolution circle.

M

Obviouslty, xists a relay catalysis in RuAu SAAs, namely, Ru atoms work as the first

active site§go capture and split water molecules, subsequently, Au atoms act as the second

1

active site @ prption of protons and desorption of H, gas, as such, the RuAu SAAs

achieve a alance on the adsorption of water molecule and proton, thus realizing

ultralo ntial for HER in alkaline media.

This article is protected by copyright. All rights reserved.
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To test the universality of synthesis of SAAs by LAL, RuAg SAAs were prepared by the
same pWIthough Ru and Ag are immiscible in solid state. RuAg-0.2, RuAg-0.4,
RuAg-0.7 were obtained by laser ablation of a Ru target immersed in AgNOs
aqueoUls s@IUEIBAS with concentration of 0.2, 0.4, 0.7 and 1.0 mM, respectively. TEM
observation.indicates that the products are homogenous nanoparticles with high
crystallinit re S21a-b). EDS elemental mapping shows that Ru and Ag are evenly
distributemhout the particle (Figure S21c-f). XRD pattern illustrates that silver is
mixed with ruth;ium at the atomic level to form a homogenous alloy (Figure S21g). The
HER perfoEof above catalysts was tested in both basic and acidic media (Figure $22).

The catalymty of RuAg SAAs first increases and then decreases with the increase of

the silver , being similar to RuAu SAAs. The lowest overpotentials at 10 mA cm™2in
basic and ac edia are 37 and 61 mV, respectively, demonstrating that RuAg SAAs are
good s under alkaline conditions. Therefore, LAL technique can be applied for

the produ!ion of various alloy catalysts whose parent metals are immiscible in solid state.

3. Conclu@

We, fgrg; fir;t time, synthesized RuAu single-atom alloys whose parent metals are

immiscMr ablation in liquid. The RuAu SAAs exhibit outstanding electrocatalytic

propertiesmtential 24 mV@10 mAcm™) and high stability in alkaline media. The

< This article is protected by copyright. All rights reserved.
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conceptually new RuAu SAAs outperform the state-of-art Pt/C catalyst in terms of both
perfornM)rice (1/30 of Pt), thus show huge advantage for practical and scalable
applicatiog to experimental data and theoretical calculation, RuAu SAAs
acceler@cHEREAthe alkaline media by relay catalysis, namely, Ru atoms capture and split
water mou*and Au atoms absorb protons and promote the formation of hydrogen
QUAU SAAs realize an ultralow overpotential for HER in alkaline media.

gas, as suc

More impm, our work demonstrates that laser ablation in liquid is an effective

strategy on proditing novel single atom alloys which show exciting properties for catalytic

applicatioC
4. Experimection

Materii

The Ru target (5 mm thick, purity quotient 99.99%) was polished and

washe ith ultra-pure water, then immersed into 20 ml HAuCl; aqueous solutions

in an 80 n]IL breaker. The concentration of the HAuCl,; aqueous solutions were fixed at 0.1
mM, 0.2 m mM and 0.5 mM, respectively. For comparison, 0.2 mM HCl were selected
as the refe YA nanosecond pulsed Nd:YAG laser with wavelength 1064 nm, repetition

frequens& Hz ;nd pulse width 7 ns was adopted to ablate the target immersed in the

beakerw The suspension was centrifuged and washed with deionized water for

< This article is protected by copyright. All rights reserved.
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four times, subsequently dried by lyophilization. 5 mg as-obtained powders were then

mixed Wn black to serve as HER catalysts.

Materials@ation: The morphology and structure were determined by JEOL

N
ARM—ZOOISquipped with a cold field emission gun and a Cs corrector (CEOS) for probing

lenses at @ation voltage of 200 kV. EDS mapping were carried out on a JEOL
JEM-2100E4r ission electron microscope. XRD characterization was performed on a
Siemens-Bruker D5000 X-ray diffractometer with Cu Ka radiation. The X-ray-absorption
spectra w:rded using the synchrotron radiation provided by the DCI storage ring at
the beamge 12 BM of Advanced Photon Source (APS) in Argonne National Laboratory. The
synchrotrmnon was produced by a storage ring operated with 1.85 GeV positrons and
with a i eam intensity of ca. 300 mA. The measurements were performed with
the EXAFS rometer that uses a double crystal silicon (311) monochromator and were
carried out in the transmission mode with ionization chambers in front and behind the
absorber.h of the XAS spectra was carried out by using Athena and Artemis software

packages. @ data for surface states of the samples were collected by the X-ray

photoele!on spectroscopy (XPS, ESCALAB 250 Xi) with an ESCALAB 250Xi spectrometer

(ThermWentific) by using an Al Ka (1486.6 eV) excitation source. The relative

-

This article is protected by copyright. All rights reserved.
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content of gold and ruthenium is determined by inductively coupled plasma mass

spectr MS, Agilent 7700X).

{

Electroch cterization: Electrochemical measurements were performed in a

1

[
three-eledirode electrochemical cell on a CHI 600E electrochemical workstation in

N,-satura 1 OH and in 0.5 M H,S04 electrolytes. 5 mg the catalyst was dispersed in 1

G

ml water ing 40 pL Nafion. Then 4 ulL of the aqueous dispersion was transferred onto

S

a glassy carbon electrode with a 3 mm diameter serving as a working electrode. The

v

reference e was a saturated calomel electrode (SCE) and the counter electrode was

a graphite§rod. All potentials were converted to reversible hydrogen electrode (RHE) by

[

using pur en calibration (Figure S23). The polarization curves were recorded with a

d

scan ra st and all data were corrected with the iR correction. The electrochemical

impedanc oscopy (EIS) was tested under -0.03 Vin 1 M KOH and -0.05V in 0.5 M

VA

H,S0,4 with the frequency from 0.1 to 10° Hz. The turnover frequency (TOF) was calculated

I

by copper tential deposition (Cu-upd) method following the standard

equation:

TOF = - 1)
2Fn

— Qcu

2F )

Auth

This article is protected by copyright. All rights reserved.

16



10

11

12

13

14

15

16

17

WILEY-VCH

where i is the current (mA) at n = 50 mV; n (mmol) the mole number of the active metal

atoms, way constant (96485 C mol™), Qc, the UPD copper stripping charge. The

coefficien quation (2) is because it takes 2 electrons to form a hydrogen molecule.

N ,
The Qc,s' measured under the deposition potential of copper (Cu®*/Cu) is ~ 0.23V vs.

RHE.B! Fi@lectrode was cycled between 0.26 and 0.9 V for several times in 0.25 M
H,SO4. Th lectrode was transferred to the electrolyte containing 0.25 M H,SO,4 and
10 mM CuSO,4 and being saturated with N,. For our alloy, the anodic peak is about 0.39 V,
which is a: to the Cu stripping peak,[34’35] thus the Qc¢, of RuAu-0.2 is 1.2mC. While
the Qc, of Bt and Ru is 1.1mC and 0.86mC, respectively. The number of active metal atoms n

can be cal through the Equation (2). Then the TOF can be obtained according to the

Equati

The i rability was performed at a constant current density of 10 mA cm™.
Accelerat(id durability test was performed by 1000 potential cycles in 1 M KOH solution

from 0.14 6 V (versus RHE). Faradaic efficiency was tested at - 0.03 V vs reversible

o

hydrogen e.

Suppo&ation

Supporting Infoiation is available from the Wiley Online Library or from the author.
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Figure 5. ¢ maps on the hydrogen evolution on RuAu SAAs. (a) H,0 adsorption on
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Ru ato issociation on Ru atom and H adsorption on Au atom, (c) H,O activation

on the anot jecnt Ru atom, (d) H, formation on Au atom. Color codes: deep blue and

silver

M

nt the top and bottom layers of Ru respectively. Golden and red are Au

and oxyges respectively. White and green are hydrogen.

f

Autho

This article is protected by copyright. All rights reserved.

27



10

11

12

13

14

WILEY-VCH

Ruthe
Evolution

i

Single Atom Alloy with High Electrocatalytic Activity for Hydrogen

rip

Keyword

C

single-ato , hydrogen evolution reaction, pulsed laser ablation, electrocatalyst,

synergisticgeff

US

ToC figur choose one size: 55 mm broad x 50 mm high or 110 mm broad x 20 mm

high. Pleas t use any other dimensions))

h

]

g

&

Currend density {madcm’)

&

015 0.0 .05 .00
Petential [V va, RHE}

Author Ma

This article is protected by copyright. All rights reserved.

28



