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The development of highly efficient and durable alkaline hydrogen evolution
reaction (HER) catalysts is crucial for achieving high-performance practical
anion exchange membrane water electrolyzer (AEMWE) at ampere-level cur-
rent density. Herein, we report a design concept by employing Ga single atoms
as an electronic bridge to stabilize the Ru clusters for boosting alkaline HER
performance in practical AEMWE. Experimental and theoretical results col-
lectively reveal that the bridged Ga sites trigger strong metal-support inter-
action for the homogeneous distribution of Ru clusters with high density, as
well as optimize the Ru-H bond strength due to the electron transfer between
Ru and Ga for enhanced intrinsic HER activity. Moreover, the oxophilic Ga sites
near the Ru clusters tend to adsorb the hydroxyl species and accelerate the
water dissociation for sufficient proton supplement in an alkaline medium. The
Ru-Gasa/N-C catalyst exhibits a low overpotential of 4 +1mV (10 mA cm™)
and high mass activity of 9.3 + 0.5 A mg 'z, at —0.05V vs RHE. In particular, the

Ru-Gasa/N-C-based AEMWE in 1M KOH delivers a voltage of only 1.74 V to
reach an industrial current density of 1A cm™, and can steadily operate at
1A cm™ for more than 170 h.

Electrocatalytic water splitting has been widely regarded as a pro-
mising route to generate green hydrogen from renewable
electricity'>. Liquid alkaline water electrolysis (LAWE) and proton
exchange membrane water electrolysis (PEMWE) are the two main-
stream water electrolysis technologies®’. Considering that LAWE
presents a poor match with renewable energy and PEMWE suffers
from high system costs owing to the harsh acidic and strong oxidative
operating conditions, the anion exchange membranes water elec-
trolysis (AEMWE) is attracting growing attention in industrial hydro-
gen production®’. However, the current AEMWE still presents much
higher cell voltage than that of PEMWE, the main reason can be
ascribed to the following aspects: (1) the membrane/ionomer con-
ductivity of AEMWE is lower than that of PEMWE and (2) hydrogen

evolution reaction (HER) kinetics in alkaline medium is more sluggish
than that in acidic medium'®. Therefore, designing highly efficient
alkaline HER electrocatalysts with superior activity and durability is
critical for achieving high-performance AEMWE. Pt-based electro-
catalysts are widely used as alkaline HER electrocatalysts due to the
proper hydrogen adsorption energy” ™. However, the weak water
dissociation ability of Pt results in an insufficient supply of proton in
the Volmer step, especially operating at industrial current density in
AEM water electrolysis'*. Ru-based catalysts, especially the Ru clusters
(Ru/OMSNNC”, Ru@MWCNT", Ru/Hf0O,", Ru/P-TiO,"®, Ru@C,N")
attract extensive attention owing to the stronger water dissociation
ability, similar bond strength of Ru-H and much lower cost
compared to Pt?°%%, However, the current Ru clusters still suffer from
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insufficient activity and durability under the harsh conditions in
practical AEMWE (>500 mA cm™) due to the following reasons: (1)
the excessive Ru-H bond strength, insufficient water dissociation
ability and low-density Ru clusters on the substrates lead to unsa-
tisfactory performance especially at industrial current densities
(>500mAcm™*, and (2) the weak cluster-support interaction
results in the agglomeration and detachment of Ru clusters during the
large current density operation in AEMWEZ. Therefore, it is highly
urgent to design new-type Ru cluster catalysts with optimized Ru-H
bond strength, strong water dissociation ability, high density of
cluster, and enhanced metal-support interaction for boosting the
catalytic activity and stability of AEMWE, however, achieving such a
target remains a grand challenge.

Herein, we selected electron-deficient and oxophilic Ga single
atoms as electronic bridges to cooperate with the electron-rich Ru
clusters, which induce strong metal-support interaction with Ru clus-
ters and improve the water dissociation ability for highly efficient HER
in AEMWE. We find that the Ga single atoms on the N-doped carbon
can act as anchoring sites for stabilizing the Ru clusters, which leads to
the homogeneous distribution of Ru clusters on carbon with high
density, and also prevents the agglomeration and detachment of Ru
clusters during the long-term electrolysis in AEMWE. The optimized
Ru-Gasa/N-C catalyst exhibits outstanding performance with a quite
small overpotential of only 4+1mV at 10mAcm™ and high mass
activity of 9.3 + 0.5 Amg ™y, at —0.05 V vs RHE, surpassing that of PtRu/
C and Pt/C catalysts. Remarkably, the Ru-Gasa/N-C-based AEMWE
operated with 1M KOH feed presents a low voltage of only 1.74 V at
1A cm? with a low Ru loading of 0.08 mgcm™ and can operate at
1A cm™ for more than 170 h with negligible voltage increase. Experi-
mental and DFT calculation results collectively reveal that strong
Ga-Ru bonds formed at the interface of Ru clusters and Ga-N, sub-
strate can optimize the Ru-H bond strength, and also oxophilic Ga
sites near the Ru clusters can accelerate the water dissociation in an
alkaline medium, both of which lead to the enhanced activity and
stability of Ru-Gasa/N-C during the large current density operation
in AEMWE.

Results
Materials synthesis and characterization
The Ru-Gasa/N-C catalyst was synthesized via a two-step route, as dis-
played in Fig. 1a. Briefly, Ga(acac);@ZIF-8 was firstly prepared by
encapsulating Ga(acac); molecule into the micropore of ZIF-8 due to the
similar size of metal precursor and host®, followed by the pyrolysis at
900 °C to form the isolated Ga single atoms anchored on nitrogen-
doped carbon support (Gasa/N-C). Afterward, the Ru-Gass/N-C catalyst
was synthesized by anchoring the Ru clusters on the Gasa/N-C support
through an immersion combined thermal treatment process. Ru/N-C
was also prepared by a similar process without the addition of Ga(acac)s.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images show the dodecahedral morphology of
Gasa/N-C catalyst with porous structure, and no metal nanoparticles
are formed during the pyrolysis process (Supplementary Figs. 1, 2). The
aberration-corrected high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images of Gasa/N-C present
the existence of Ga single atoms on nitrogen-doped carbon support
(Supplementary Fig. 3). After the incorporation of Ru, the catalyst
remains the dodecahedral morphology with apparent bright particles
(-1.8 nm) anchoring on carbon support, indicating the successful
incorporation of Ru clusters on the Gasa/N-C substrate (Fig. 1b, ¢ and
Supplementary Fig. 4). Further HAADF-STEM image exhibits the
coexistence of Ru clusters and Ga single atoms on the carbon support
(Fig. 1d). Atomic line profiles show that Ga atoms are partially dis-
tributed around the Ru clusters (Fig. 1e, f). EDS mapping images display
that Ru mainly distributes on the position of the clusters, while
Ga appears randomly on the whole carbon support (Fig. 1g and

Supplementary Fig. 5). Brunauer-Emmett-Teller (BET) test of
Ru-Gasa/N-C indicates that it possesses a large specific surface area of
1452.75m* g™ (Supplementary Fig. 6). Inductively coupled plasma-
optical emission spectrometer (ICP-OES) shows that the Ru and Ga
contents of Ru-Gasa/N-C are 7.98 wt% and 0.94 wt%, respectively
(Supplementary Table 1). All these results indicate the successful
construction of Ru clusters and Ga single atoms on N-doped carbon. By
contrast, the Ru/N-C catalyst absence of Ga single atoms exhibits a
larger particle size of around 5.5 nm, demonstrating the critical role of
Ga single atoms in stabilizing Ru clusters (Supplementary Fig. 7).

The crystal structure of catalysts was analyzed by X-ray diffraction
(XRD). Gasa/N-C and pure N-C catalysts display two broad peaks at
around 25° and 43°, assigned to the (002) and (101) planes of C (Fig. 2a
and Supplementary Fig. 8), which reveals the isolated single atoms of
Ga on carbon support, consistent with the HAADF-STEM results. After
the incorporation of Ru, only a broad peak at 44° can be observed for
the Ru-Gass/N-C catalyst, while distinct peaks at 38°, 42°, and 44°
appear for the Ru/N-C sample, illustrating the reduced particle size of
Ru by the assistance of Ga single atoms". This result further indicates
the existence of a strong interaction between Ga and Ru for stabilizing
the Ru clusters. X-ray photoelectron spectroscopy (XPS) analysis was
conducted to investigate the electronic structures and valence states
of the catalysts. As displayed in the high-resolution Ru 3p spectra
(Fig. 2b), the Ru® peak of Ru-Gass/N-C exhibits a positive shift relative
to that of Ru/N-C, indicating the lowered electron density state”. In
addition, the peak of Ru-Gasa/N-C in the high-resolution Ga 2p
spectra presents a negative shift compared to Gasy/N-C, suggesting
the electron transfer between Ru and Ga (Fig. 2c). The above XPS
analysis confirms that Ga single atoms can act as an electronic bridge
to induce strong cluster-substrate interaction and regulate the elec-
tronic structure of Ru clusters for enhanced HER performance®.

X-ray absorption fine structure spectroscopy (XAFS) was
employed to further investigate the coordination structure and elec-
tronic state of Ru and Ga for the Ru-Gasa/N-C catalyst. The Ru K-edge
X-ray absorption near edge structure (XANES) spectra reveal that the
absorption edges of Ru-Gasa/N-C and Ru/N-C approach that of Ru
foil, indicating the metallic feature of Ru (Fig. 2d). The positive edge
shift of Ru-Gasa/N-C relative to Ru/N-C suggest the increased Ru
oxidation state of Ru-Gasa/N-C, further indicating the electron
transfer from Ru to Ga. In addition, the extended X-ray absorption fine
structure (EXAFS) spectra of Ru-Gasa/N-C show a dominant peak at
2.4 A, ascribed to the Ru-Ru bonding (Fig. 2e, Supplementary Fig. 9,
and Supplementary Table 2), and the weak peak at 1.5 A, attributed to
the Ru-N/C coordination due to the interaction between Ru clusters
and N-C substrate. The coordination structures can also be confirmed
by the wavelet transform (WT) analysis (Fig. 2h). The XANES spectra of
Ga displays that the absorption edges of Ru-Gasa/N-C and Gasy/N-C
are close to that of Ga,03, representing that the oxidation state of Ga is
around +3 (Fig. 2f). The EXAFS spectra of Ru-Gass/N-C and Gagy/N-C
presents a distinct peak at around 1.4 A, corresponding to the Ga-N/C
coordination (Fig. 2g, Supplementary Figs. 10 and 11, and Supple-
mentary Tables 2 and 3). In addition, a peak at around 2.5 A exists for
Ru-Gasp/N-C rather than Gasa/N-C, indicating the interaction
between Ga atoms and Ru clusters to form the Ga-Ru bond”.

Electrocatalytic HER performance

The HER performance of the Ru-Gasa/N-C catalysts was examined in
the N,-saturated 1 M KOH solution (Fig. 3a and Supplementary Fig. 12).
The optimized Ru-Gasa/N-C delivers quite low overpotentials of
4+1mV and 46 2 mV to reach 10 mA cm™ and 100 mA cm, superior
to that of Ru/N-C (18+2mV and 102+5mV at 10mAcm™ and
100 mAcm™), PtRu/C (18+1mV and 82+5mV at 10 mAcm™ and
100mAcm™), Pt/C (29+2mV and 149+6mV at 10mAcm™ and
100 mA cm™) and Gasa/N-C (551+3 mV at 10 mA cm™) (Supplemen-
tary Fig. 13). The performance of Ru-Gasa/N-C even surpasses the
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Fig. 1| Synthesis and structural characterization of Ru-Gasa/N-C catalyst.
a Schematic illustration of the synthesis of Ru-Gass/N-C catalyst. b-d HAADF-
STEM images of the Ru-Gass/N-C catalyst, scale bar: 50 nm, 20 nm, and 2 nm,
respectively. The inset in (c) is the size distribution of Ru clusters. e Amplified

Distance (nm)

03

images from (d), scale bar: 1 nm. fLine-scanning intensity profiles along with the red
and blue directions in (e). g EDS elemental mapping images of Ru-Gasa/N-C, scale
bar: 5 nm (the corresponding HAADF-STEM image is shown in Supplemen-

tary Fig. 5).

PtRu/C catalyst with a higher loading of 36 pgru+pc cm™ (Supplemen-
tary Fig. 14). The Ru-Gass/N-C displays the lowest Tafel slope among
all the investigated catalysts, indicating the enhanced HER kinetics of
Ru-Gasa/N-C (Supplementary Fig. 15). The Ru-Gasa/N-C also exhibits
extremely high mass activity 0f 9.3 + 0.5 A mg g, at an overpotential of
50 mV, higher than those of Ru/N-C (2.9 + 0.3 Amg™g,) and PtRu/C
(8.4+0.2Amg™x,) (Fig. 3b). Moreover, the Ru-Gasa/N-C shows the
largest electrochemical active surface area (ECSA) among different
catalysts tested by CO stripping (Supplementary Fig. 16). To further
examine the intrinsic HER activity, turnover frequency (TOF) values of
catalysts were calculated””°. As shown in Supplementary Fig. 17,
Ru-Gasa/N-C presents a high TOF of 18.4 + 1.1s™ at an overpotential of

50 mV, better than those of Ru/N-C (12.1+1.1s™), PtRu/C (15.8 +1.1s™)
and Pt/C (6.0 + 0.4 s™). The electrochemical impedance spectroscopy
(EIS) measurements show the lowest charge-transfer resistance of
Ru-Gasa/N-C among the contrast catalysts, further supporting the
promoted HER activity (Supplementary Fig. 18). The performances of
Ru-Gasa/N-C is well-placed among select recent state-of-art catalysts
from the aspects of overpotential and mass activity (Supplementary
Fig. 19 and Supplementary Table 4).

Besides the HER catalytic activity, stability is another essential
factor in practical application. As presented in Fig. 3c, the Ru-Gag/
N-C exhibits excellent stability in alkaline electrolytes with a negligible
increase of overpotential after 10,000 cycling tests compared to
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Fig. 2 | Structure, chemical state, and coordination environment character-
ization of Ru-Gag,/N-C. a XRD patterns of Ru-Gasa/N-C, Ru/N-C, and Gasa/N-C.
High-resolution XPS spectra of b Ru 3p and ¢ Ga 2p. d Ru K-edge XANES spectra of
Ru-Gasa/N-C, Ru/N-C, Ru foil, and RuO,. e The corresponding Fourier-

transformed Ru K-edge EXAFS spectra. f Ga K-edge XANES spectra of Ru-Gasa/N-C,
Gasa/N-C, Ga foil, and Ga,0s. g The corresponding Fourier-transformed Ga K-edge
EXAFS spectra. h Wavelet transforms for the k*-weighted Ru K-edge EXAFS signals
of Ru-Gasa/N-C, Ru foil, and RuO,.

Ru/N-C, PtRu/C, and Pt/C catalysts. Ru-Gasa/N-C also presents stable
potential at 10 mA cm™ for 100 h, while Ru/N-C, PtRu/C and Pt/C
catalysts show obvious potential increase in the chronopotentiometry
(CP) tests (Fig. 3d). TEM and XPS characterization after electrolysis
confirm the maintained structure and valence state of the Ru-Gasa/
N-C catalyst, further evidencing the excellent catalytic durability
(Supplementary Figs. 20 and 21). However, Ru/N-C and Pt/C catalysts
show obvious agglomeration of metal nanoparticles (Supplementary
Figs. 22 and 23) due to the weak metal-support interaction'*",

We also evaluated the HER performance of Ru-Gasa/N-C at
ampere-level current density by directly coating the catalysts on carbon
paper. As shown in Fig. 3e and Supplementary Fig. 24, the Ru-Gasa/N-C
only requires an overpotential of 178 + 4 mV to reach an industrial cur-
rent density of 1A cm™, much lower than those of Ru/N-C (354 = 5mV),
PtRu/C (260 + 8 mV) and Pt/C (583 + 7 mV), and can steadily operate at
1A cm™ for 100 h with negligible performance decay (Fig. 3f).

Performance of AEMWE devices

Encouraged by its superior HER activity and durability, we further
assembled a membrane-electrode-assembly (MEA)-based AEMWE
device using Ru-Gass/N-C as cathode catalyst and RuO, as anode
catalyst to evaluate its practical application potential in 1M KOH
(Fig. 4a and Supplementary Fig. 25). The polarization curves show that

Ru-Gasa/N-C-based AEMWE device only needs 1.61V and 1.74V to
reach an industrial current density of 0.5 A cm™and 1A cm™ with a low
Ru loading of about 0.08 mg cm™, much lower than that of Pt/C-based
AEMWE with a Pt loading of about 0.2 mg cm™ and the reported state-
of-the-art Ru, Pt-based AEMWE catalysts (Fig. 4b, c and Supplementary
Table 5). It should be mentioned here that, the cell voltages of most
reported AEMWE devices in literature are much higher than that of
PEMWE devices using Pt/C and IrO, as cathode and anode catalysts. By
using the Ru-Gasa/N-C as a cathode catalyst, the cell voltage of our
AEMWE can even reach the standard of the PEMWE device (Supple-
mentary Fig. 26). The stability curve of Ru-Gass/N-C-based electro-
lyzer exhibits the well-maintained cell voltage over 170 h at a large
current density of 1 Acm™ with a degradation rate of only 49.7 uv h!
(Fig. 4d). Compared with previously reported state-of-the-art Ru, Pt-
based catalysts (Fig. 4e and Supplementary Table 5), the Ru-Gasa/N-C
catalyst exhibits superior comprehensive advantages for AEMWE
performance from the aspects of overpotential, Tafel slope, mass
activity, cell voltage, operation current density and degradation rate,
indicating its potential in practical application.

Origin of the excellent performance of Ru-Gasa/N-C
Density functional theory (DFT) calculations were performed to
investigate the origin of the enhanced HER performance of the
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Fig. 3 | Electrocatalytic performance of Ru-Gass/N-C and control catalysts for
HER at room temperature in 1M KOH solution (pH is 13.8 + 0.1). a iR-corrected
polarization curves (R was 5.7 + 0.1 Q) tested by rotating disk electrode (RDE) at a
scan rate of 5mVs™ under a rotating rate of 1600 rpm (noble metal loading was
about 12 pg cm™). b Mass activities of Ru-Gasa/N-C, Ru/N-C, and PtRu/C catalysts
normalized to Ru mass at an overpotential of 50 mV. c iR-corrected polarization

curves of Ru-Gasa/N-C, Ru/N-C, PtRu/C, and Pt/C before and after 10,000 cycling
tests by RDE. d Chronopotentiometry tests of Ru-Gasa/N-C, Ru/N-C, PtRu/C, and
Pt/C coated on carbon paper at 10 mA cm™. e iR-corrected polarization curves (R
was 1.7 + 0.1 Q) of Ru-Gasa/N-C, Ru/N-C, PtRu/C, and Pt/C catalysts coated on
carbon paper (noble metal loading was about 40 pg cm™). f Stability test of
Ru-Gasa/N-C coated on carbon paper at 1A cm™ for 100 h.

Ru-Gasa/N-C catalyst. Based on the experimental data and theoretical
optimization, the Ru-Gasa/N-C basic model consists of two Ga-N4
sites and one Ruysz cluster, where one Ga-N, site combined with the
Ruy; cluster and another Ga-Ng site is close to the Ruy; cluster, while the
Ru/N-C basic model was built by anchoring Ruy; cluster on N-C slab
(Fig. 5a and Supplementary Data 1 and 2). The optimized interatomic
distance of Ga-Ru is 2.83 A, consistent with the EXAFS fitting results.
Electron localization function (ELF) analysis reveals that the Rugs
cluster bonded with Ga and C/N atoms for Ru-Gass/N-C, and the Ru;3
cluster only bonded with C/N atoms for Ru/N-C (Fig. 5b, c). The sub-
sequent binding energy analysis displays the superior stability of the
Ru-Gasa/N-C system relative to the Ru/N-C due to the contribution of
the Ga-Ru bond (Supplementary Table 6). Barde charge analysis
indicates that the Ru in Ru-Gasa/N-C loses more electrons than that in
Ru/N-C, consistent with the XANES and XPS results. The main reason
can be ascribed to the electron deficiency of Ga single atoms due to the
abundant empty p orbits of Ga****, which leads to the electron transfer
from electron-rich Ru clusters to electron-deficient Ga single atoms for
the optimized electronic structure of Ru.

Water dissociation on the catalyst surface is a critical step during
the alkaline HER process. The energy-limiting step is dramatically
decreased with the assistance of interfacial Ga atoms (Fig. 5d, e),
indicating the stronger water dissociation ability of Ru-Gass/N-C.
Detailed reaction pathway for H,O dissociation on the Ru-Ga site is
shown in the insets of Fig. 5d and Supplementary Data 3 to 6. At the
initial state, H,O is adsorbed on the Ga-N, site near the Ruy cluster
with the OH groups bonded with Ga single atoms and the H atoms
orientated toward the Ru cluster. Upon the OH-H bond breakage, the
final states show OH groups bonded with Ga single atoms and H atoms
bonded with Ru clusters. Kinetic isotope effect (KIE) measurement was
also conducted to investigate the water dissociation kinetics of HER. In
alkaline medium, the dissociation of water (Volmer step) is the RDS of
HER and the lower value of KIE indicates easier dissociation of H-OH>*,
The KIE value of Ru-Gass/N-C is much lower than that of Ru/N-C,

demonstrating the improved water dissociation kinetics of the
Ru-Gasa/N-C catalyst (Fig. 5f and Supplementary Fig. 27). In situ
surface-enhanced infrared absorption spectroscopy with attenuated
total reflection (ATR-SEIRAS) spectra reveal that the frequency of O-H
stretching mode (vo-p) of Ru-Gass/N-C catalyst shows a positive shift
compared with that of Ru/N-C catalyst (Fig. 5g), which leads to the
increased mobility of interfacial water for facilitating the water dis-
sociation process®~°.

Moreover, the adsorption energy of proton H* (AGy-) is also a vital
descriptor for evaluating HER activity. According to previous reports,
Ru possesses lower intrinsic HER activity compared to Pt due to the
excessive H adsorption, which hinders the H, formation for reduced
HER activity. The density of states (DOS) plots reveal that the d band
center of the Ru-Gasa/N-C (-1.901eV) shows an obvious downshift
relative to that of Ru/N-C (-1.845 eV), which weakens the H binding
strength to enable more feasible H transfer (Fig. Sh). The subsequent
analysis of free energy of H adsorption displays the lower free energy of
H adsorption of Ru-Gasa/N-C relative to Ru/N-C, suggesting the sig-
nificant role of Ga on tuning H adsorption (Fig. 5i). The reason for the
optimization of H adsorption was further investigated from a micro-
scopic electronic perspective by ELF, revealing that the Ru-Gasa/N-C
possesses weaker electron localization degree in the Ru-H bonding
region than that of Ru/N-C for reduced Ru-H bonding strength and
finally improve the intrinsic HER performance (inset of Fig. 5i).

Discussion

In conclusion, we report a class of Ru-Gasa/N-C catalyst by employing
Ga single atoms on the N-doped carbon as an electronic bridge to
anchor the Ru clusters for practical AEMWE. The Ru-Gasa/N-C catalyst
exhibits a small overpotential of only 4 + 1 mV at 10 mA cm™, high mass
activity of 9.3+ 0.5A mgg, at an overpotential of 50 mV, and excel-
lent operation durability of over 100 h at1 A cm™, superior to the PtRu/
C catalyst and is well-placed among select recently reported state-of-
the-art Ru, Pt-based catalysts. The Ru-Gasa/N-C-based AEMWE in 1M
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V)

reported state-of-the-art Ru, Pt-based catalysts at various current densities. d CP
curve of the Ru-Gasa/N-C-based AEMWE tested at 1A cm™. e Comprehensive
performance comparison of the Ru-Gas,/N-C with other reported state-of-the-art
Ru, Pt-based catalysts.

KOH requires only 1.74V to reach 1A cm™ with a low Ru loading of
0.08 mgcm™, and can operate at 1A cm™ for more than 170 h with
negligible voltage increase. Experimental and DFT calculation results
indicate that the formation of strong Ga-Ru bonds at the interface of
Ru clusters and Ga-N, substrate can tune the H adsorption energy for
improved intrinsic HER activity and meanwhile enhance the stability of
Ru-Gasa/N-C in AEMWE, and the oxophilic Ga sites adjacent to the Ru
clusters of Ru-Gasa/N-C catalyst can enhance the water dissociation
ability due to the favorable binding with OH species for improved
activity and stability during the industrial current density operation
in AEMWE.

Methods

Materials

Ruthenium acetylacetonate (Ru(acac)s, 98%) was obtained from
Adamas-beta. Gallium acetylacetonate (Ga(acac);, 99.9%) and
2-methylimidazole (C4HgN,, 98%) were purchased from Shanghai
Aladdin Biochemical Co., Ltd. Zinc nitrate hexahydrate (Zn(NOs),-6H,0,
99%) was obtained from Sinopharm Chemical Reagent Co., Ltd.
Methanol (CH;OH, 99.8%) and ethanol (C,HsOH, 99.8%) were pur-
chased from Beijing Tong Guang Fine Chemicals Company. AEM
membrane (X37-50, 0.05mm) was acquired from Dioxide Materials
Sustainion. PEM membrane (Nafion 117, 0.18 mm) was obtained from
DuPont Co. All reagents were used without further purification.

Synthesis of Gasy/N-C and N-C

The Gasa/N-C was synthesized by a chemical and pyrolysis strategy.
Typically, Zn(NO3),-6H,0 (3 g) and Ga(acac); (200 mg) were dissolved
in 40 mL methanol as solution A. 2-methylimidazole (6.5g) was dis-
solved in 80 mL methanol as solution B. Then, two solutions were
rapidly mixed under magnetic stirring for 24 h at room temperature.
The precipitate was centrifuged, washed with methanol for three times
and dried in an oven at 60 °C, followed by annealing at 900 °C for 2 hin
a 5% Hy/Ar atmosphere. The N-C sample was prepared without the
addition of Ga(acac)s.

Synthesis of Ru-Gas,/N-C and Ru/N-C

In a typical procedure, Gasa/N-C (50 mg) was mixed with Ru(acac);
(18 mg) in a 100 mL beaker containing 40 mL ethanol. After evapora-
tion, the dried powder was then subjected to high-temperature H,-
reduction treatment in 5% H,/Ar at 400 °C for 2 h. The synthetic pro-
cess of Ru/N-C was similar to that of Ru-Gasa/N-C except using N-C
instead of Gasa/N-C as support.

Characterization

Transmission electron microscope (TEM) was conducted on JEOL JEM-
2010F. HAADF-STEM and energy dispersive X-ray spectroscopy (EDS)
element mappings were taken on the JEOL 2200FS STEM/TEM
microscope at 300 kV. XRD was performed on Bruker D8 Advance
diffractometer at 40.0 kV and 120 mA with Cu-Ka radiation. XPS was
carried out on a Thermo Scientific K-Alpha spectrometer. ICP-OES was
applied to the Agilent 7800 instrument. XAFS spectra were applied at
the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF) and BLIWIB in the Beijing Synchrotron Radiation Facility
(BSRF). The Athena module of the IFEFFIT software package was
conducted to analyze the XAFS raw data according to standard pro-
cedures, and the EXAFS data fitting was performed on the Artemis
program.

Electrochemical measurements

Electrochemical measurements were conducted in a three-electrode
cell on an electrochemical workstation (CHI 760E) setup with a rotat-
ing disk electrode (RDE). Hg/HgO (1M KOH) and graphite rod
(d =6 mm) were used as reference and counter electrodes, respec-
tively. The catalyst-coated glassy carbon (GC) electrode (diameter:
5mm) was conducted as a working electrode. 1M KOH solution was
used as an electrolyte and the electrolytic cell volume was about
100 mL. Before testing, the Hg/HgO electrode was calibrated by cyclic
voltammetry using a purified Pt wire as the working and counter
electrode in H,-saturated 1 M KOH electrolyte. The average potential at
which the current crosses zero was regarded as the thermodynamic
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Fig. 5| Mechanism investigation on the catalytic activity of Ru-Gag,/N-C. a The
side views (top) and top views (bottom) of Ru-Gasa/N-C and Ru/N-C models. The
ELF of b Ru-Gasa/N-C and ¢ Ru/N-C. The energy barrier for breaking the OH-H
bond in the Volmer step (water dissociation) of d Ru-Gasa/N-C and e Ru/N-C. The
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f Kinetic isotope effect (KIE) values of Ru-Gasa/N-C and Ru/N-C at various

potentials obtained in 1M KOH/H,0 and KOD/D,O0. g In situ ATR-SEIRAS analysis of
Ru-Gasa/N-C and Ru/N-C at various potentials. h Density of states (DOS) of
Ru-Gasa/N-C and Ru/N-C. i Gibbs free energy diagram of H" to H, for Ru-Gaga/
N-C and Ru/N-C. The inset is the charge density distribution of H adsorption on the
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potential relative to Hg/HgO™. All recorded potentials (E) were con-
verted to the reversible hydrogen electrode (RHE) based on the fol-
lowing equation: Epye=Epgngo+0.913. To prepare the working
electrode, 5mg as-prepared catalyst was firstly dispersed into 1mL
solution containing 975 pL of isopropanol and 25 pL of Nafion solution
(D521), followed by ultrasonication for 30 min to form a homogenous
ink. Afterward, 6 pL of catalyst ink was dropped onto the freshly
polished GC electrode with a Ru loading of about 12 ugcm™ and
naturally dried in air. The noble metal loading of commercial PtRu/C
and Pt/C catalysts was also controlled to be about 12 pg cm™, respec-
tively. To assess the performance of the PtRu/C catalyst with the same
Ru loading as Ru-Gasa/N-C and Ru/N-C catalysts, we also prepared
PtRu/C catalyst with higher loading on the GC electrode (Ru + Pt of
36 ug cm™ and Ru of 12 pg cm™). Before the HER test, the electrolyte
was purged with N, with a flow rate of 30 mL min™ to form the Ny-
saturated 1M KOH solution (pH is 13.8 +0.1). Linear sweep voltam-
metry polarization curves were tested three times independently at a
scan rate of 5 mV s™ with 95% iR-compensation under a rotating rate of
1600 rpm. Accelerated durability tests (ADT) were performed on RDE
by cycling between 0 to -0.2V vs RHE for 10,000 cycles at room
temperature. The durability of the catalysts was also assessed by CP at
a current density of 10 mA cm™ for 100 h via coating the catalysts on

carbon paper with a noble metal loading of about 24 pgcm™. EIS
measurements were recorded at an overpotential of 27 mV with a5 mV
amplitude and a frequency range from 100,000 to 0.1Hz on RDE. To
evaluate the HER performance of Ru-Gasa/N-C at ampere-level cur-
rent density, we directly coated the catalysts on the carbon paper with
a noble metal loading of about 40 pg cm™2.

CO stripping test

The ECSA of the catalysts was evaluated via a CO stripping test. Briefly,
CO adsorption was firstly conducted at 0.1V vs RHE for 10 min in a CO-
saturated 0.1 M HCIO, solution. Then, the electrode was transferred
into an N,-saturated 0.1 M HCIO, solution. The CO stripping current
was obtained by CV in the potential range of 0-1.0 V vs RHE at a scan
rate of S0 mVs™.

The ECSA was calculated according to the following equation:

SCO

ECSA= VxQxM

@

where Q is the charge constant of CO stripping (420 pC cm™), and S¢o,
V, and M represent the integration area of CO stripping, sweep speed,
and noble metal loading, respectively.
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Calculation method of TOF
The TOF, s was calculated according to the following equation:

I

TOF:ZXFxn

()

where /, F, and n represent the measured current, Faraday constant
(96,485 C mol™), and molar number of active sites.
n was calculated according to the following equation:

SCO
= 3
n 2xVxXF &)

where Sco and V represent the integration area of CO desorption and
sweep speed, respectively.

Electrochemical measurements in AEMWE device

The AEMWE device was composed of the cathode (Ru-Gass/N-C or Pt/
C coated on carbon paper), anode (RuO, coated on Ni foam), and
commercial AEM membrane (X37-50, Dioxide Materials Sustainion).
The membrane was immersed in 1M KOH solution for at least 24 h
prior to being employed as an electrolyte. The cathode and anode
were prepared by air-spraying catalyst ink onto the carbon paper and
Ni foam. The Ru and Pt loading was controlled to be about
0.08 mg cm and 0.2 mg cm2 for the cathode. The RuO, loading was
controlled to be about 1 mg cm™ for the anode. The MEA was prepared
by integrating the cathode, membrane, and anode between two Ti
bipolar plates with a torque of 10 N m to complete an AEMWE device.
The cell size is 5x 5 x 4 cm?® with an active area of 1cm? 1M KOH was
circulated through the anodic side with a flow rate of 20 mL min™ by a
peristaltic pump (YZ1525, RONGBAI PUMP). The cell was activated at
100 mA cm for 1 h prior to the test. The performance of AEMWE was
evaluated by measuring polarization curves from 0.0Acm™ to
LOAcm™ at 60°C on a battery test system (CT-4008T-5V12A-SI-F,
NEWARE). The stability of the AEMWE was evaluated by CP test at
1.0Acm? for 170 h. All measurements in AEMWE were recorded
without iR-correction.

Electrochemical measurements of the PEMWE device using
commercial Pt/C and IrO, catalysts

To prepare the membrane electrode assembly (MEA), commercial
Pt/C and IrO, were used as cathode and anode catalysts, Nafion 117
membrane was employed as electrolyte, and Pt-coated Ti fiber was
used as gas diffusion layers (GDL). Nafion 117 was firstly treated with
H»0, and 0.5 M H,S0, at 80 °C for 1 h, respectively. The cathode and
anode catalysts were directed air sprayed onto the Nafion 117 mem-
brane with a Pt loading of about 0.4 mgcm™ and IrO, loading of
about 1.5 mg cm™. The MEA with an active area of 1 cm? was prepared
by hot-pressing the catalyst-loaded membrane and GDL at 130 °C for
2 min under a pressure of 3 MPa, which was sandwiched by two Ti
bipolar plates with a torque of 10 N m to complete a PEMWE device.
DI water was circulated through the anodic side with a flow rate of
20 mL min™ by a peristaltic pump (YZ1525, RONGBAI PUMP). The cell
was activated at 100 mA cm™ for 1h prior to the test. The perfor-
mance of PEMWE was evaluated by measuring polarization curves
from 0.0 to 1.0 A cm™ at 60 °C on a battery test system (CT-4008T-
5V12A-S1-F, NEWARE). All measurements in PEMWE were recorded
without iR-correction.

KIEs experiments

The KIE experiments were conducted in 1.0 M KOH/H,0 and 1.0M
KOD/D,0 solution, respectively. The corresponding current densities
at the same overpotential were donated as ji and jp, respectively.

The KIE was calculated using the following equation:

Ju
KIE="= 4
Jo ®

Calculation details

We perform total energy and electronic properties calculations using
the Vienna Ab initio Simulation Package based on DFT**™*°, To describe
electron-ion interaction, we employ the projector augmented wave
method, while the exchange-correlation kernel is treated with the
Perdew Burke Ernzerhof form of the generalized gradient
approximation*. We also include the DFT + D3 method to effectively
characterize weak interactions, which integrates empirical corrections
following Grimme’s scheme. A cutoff energy of 500 eV is expanded for
the plane wave basis set, ensuring a total energy convergence of less
than 1 meV/atom.

Our slab models are constructed with reference to experimental
observations. The geometric structures are constructed using a
supercell of graphene with dimensions of (6 x 6 x1). Experimental
observations suggest an even number of nitrogen atoms coordinated
in the systems. In our models, we substituted carbon atoms
with nitrogen, resulting in substrates containing four nitrogen atoms.
To explore the targeting effect of Ga atoms, we also construct
slabs by introducing Ga atoms into the nitrogen-based graphene slab.
For simplicity, we label the slab configurations N4, while those
containing Ga are denoted as GaN,. Afterward, the Ru;3 nanoparticle
is absorbed into these slabs. A vacuum slab of 16 A is employed
to separate periodic images along the c direction. We utilize a
Monkhorst-Pack k-mesh** initial set with dimensions (1x1x1),
which is subsequently increased to (3 x3 x1) for DOS calculations.
Geometry optimization is performed with full relaxation, maintain-
ing the shape and volume constraints until the residual force on
each atom is smaller than 0.01eV/A. In this study, the catalytic
reaction is facilitated by the presence of the Ruj;; nanoparticle.
Therefore, the corresponding structure-properties relationship,
electronic properties, and catalytic performance are calculated upon
these configurations containing Ruy; nanoparticles. The properties
considered include ELF, HER activity, d band center, and DOS.

Following the optimization of structures, we evaluate catalytic
properties by computing the hydrogen adsorption free energy, as
determined by Eq. (5) for the Gibbs free energy of H* adsorption*’:

AGp = AEy + AE 7pp — TASy Q)

Here, AE 5 is the correction for zero-point energy, and ASy,
denotes the entropy difference between H* adsorption and the H,
molecule. T represents the temperature at 298.15K. AE, refers to the
total energy of H adsorption on the system, defined as:

1
i EHZ - Esystem (6)

AE,=E,; —
where £y, Eyy,, and Egyg., represent the total energy of the system
with H* adsorption, the H, molecule, and systems without H*,
respectively.

The expression for AE, is as follows:

1.4
AEzpp= E?PE - EEZIZJE @

where E4,, is calculated based on the vibration frequency of the sys-
tems with H adsorption, and Eg,z,f denotes the zero-point energy of the
final states.
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Next, we can express AS,, conveniently as half of the entropy of
the final states under ambient conditions:

1

AS, = 3

Sh, ®)
AE,pr — TAS, equals -0.24eV at a temperature of 298.15K.
Consequently, Eq. (5) can be simplified to:
AGY: =AE,;+0.24 ©)
Considering the predominant electron donation originating from
the d states of Ga atoms among these configurations, DOS projected
onto these d states can be accurately characterized by the d band
center. The expression is specified by Eq. (10):

_ = EDEYAE
D o

where D(E) refers to the DOS corresponding to energy E.

Data availability

The data that support the conclusions of this study are available within
the paper and Supplementary information. Source data are provided
in this paper.
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