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Iridium-based electrocatalysts remain the only practical anode catalysts
for proton exchange membrane (PEM) water electrolysis, due to their
excellent stability under acidic oxygen evolution reaction (OER), but

are greatly limited by their high cost and low reserves. Here, we report
anickel-stabilized, ruthenium dioxide (Ni-RuO,) catalyst, a promising
alternative toiridium, with high activity and durability in acidic OER for PEM
water electrolysis. While pristine RuO, showed poor acidic OER stability and
degraded within ashort period of continuous operation, the incorporation
of Nigreatly stabilized the RuO, lattice and extended its durability by more
than one order of magnitude. When applied to the anode of a PEM water
electrolyser, our Ni-RuO, catalyst demonstrated >1,000 h stability undera
water-splitting current of 200 mA cm2, suggesting potential for practical
applications. Density functional theory studies, coupled with operando
differential electrochemical mass spectroscopy analysis, confirmed the
adsorbate-evolving mechanism on Ni-RuQ,, as well as the critical role of Ni
dopantsin stabilization of surface Ru and subsurface oxygen forimproved
OER durability.

Water electrolysis using renewable electricity is widely recognized as
a promising and sustainable route to the production of clean hydro-
gen (H,) fuels' . Currently the dominant alkaline water electrolysis
(AWE) technology suffers from challenges including the crossover of
productgases, highohmicresistance, limited current density and low
operating pressure, mainly because of utilization of adiaphragmand a

liquid electrolyte in the AWE device*°. Using a polymer-based proton
exchange membrane (PEM) for efficient proton transfers, PEM water
electrolysis (PEM-WE) technology can effectively tackle the above
challenges with markedly enhanced performance, and is thus attract-
ingbroad researchinterest*”. However, the large-scale deployment of
PEM-WE devicesis largely obstructed by the lack of active, stable and
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low-cost acidic oxygen evolution reaction (OER) catalysts**™, Most
existing OER catalysts with excellent performancein alkaline solutions,
however, are hampered by sluggish reaction kinetics in acids**"*'*. More
importantly, they suffer from severe degradation under strong acidic
and oxidative conditions>**". Itis highly desired, but remains a major
challenge, to develop active and durable acidic OER electrocatalysts.

Currently iridium (Ir)-based catalysts such as IrO, are generally
considered the only practical OER electrocatalysts in PEM devices
due to their robust durability and good activity®'***""2°, However,
their high cost and extremely low earth abundance greatly limit their
large-scale application®. Although ruthenium (Ru) has been recog-
nized as an attractive alternative to Ir foracidic OER (-7.5 times cheaper
than Ir)">**, and while its oxides (for example, RuO,) typically pre-
sentgood acidic OER activity, Ru-based catalysts are still greatly chal-
lenged by their OER long-term stability in acids or PEM reactors">** %,
In recent years great efforts have been made to improve Ru acidic
OER performance via strategies such as multimetal oxides or doping
(Sro00Nag 1oRUO; (ref. 22), Cry sRu, 4,0, (ref. %), Mn-doped RuO, (ref. %),
Ni/Co-doped RuO, (refs. **?%)), morphology and structure tuning
(ultra-thin RuO, nanosheets®, single-atom Ru-N-C?®), strain effect
(Ru,-Pt;Cu®), reconstruction (A,Ru,0,, A=Y, Nd, Gd and Bi*') and so
on, resulting in enhanced OER activity and stability compared with
commercial RuO, nanoparticles in acids. Nevertheless, the stability
of most Ru-based catalysts reported to date remains limited to within
tens of hours under a low current density of ~-10 mA cm™, which is far
from industrial application requirements'>*>?”*2, More importantly,
the stability performance obtained under the standard three-electrode
set-up withacidic liquid electrolyte may not necessarily be translated
into a practical PEM reactor due to significant variation in their reac-
tion environments’.

Generally, the acidic OER stability challenge of Ru-based catalysts
ismainly aresult of the following two reasons. Thefirstisrelated to the
oxidative release of lattice oxygen, which can cause overoxidation of Ru
species into dissolvable RuO, under OER potentials®>**"*, The second
isthedirect demetallation of surface Ru, which canalso resultin crystal
structure collapse of Ru-based catalysts®’. Therefore, simultaneous
stabilization of lattice oxygen and surface Ru in RuO, catalysts under
OER conditions could be a feasible way to boost its stability in acids.
Here we report an exciting result that, by incorporation of nickel (Ni)
dopants in RuO, nanocrystals, we were able to markedly improve sta-
bilization of the RuO, lattice for extended durability under acidic OER
conditions. Theimpact of Niincorporation on RuO, stability isimpres-
sive: while pristine RuO, showed poor OER stability (<40 hof operation
under a10-mA cm™ OER current on a rotation disc electrode (RDE),
our Ni-doped RuO, (Ni-Ru0,) catalyst showed a stable operation of
>200 hwithno obvious degradation. More impressively, once coupled
to acommercial Pt/C hydrogen evolution reaction (HER) catalystin a
practical PEM electrolyser, our Ni-RuO, catalyst showed stable water
electrolysis of >1,000 hat 200 mA cm, suggesting its great potential
for practical water-splitting applications. Density functional theory
(DFT) studies and operando differential electrochemical mass spec-
troscopy (DEMS) analysis confirmed the adsorbate-evolving mecha-
nism (AEM) for RuO, catalysts and clearly showed that Ni dopants can
enhance the lattice stability of surface Ru and subsurface oxygen,
which is responsible for its improved OER durability. Additionally,
our Ni-RuO, catalyst also exhibited much improved activity, which
needs a small overpotential of 214 mV to deliver 10-mA cm™ OER cur-
rent and a cell voltage of 2.10 V (without ohmic loss compensation or
iR compensation) to deliver 1.5-A cm ™ overall water-splitting current
under room temperature.

Synthesis and characterization of catalysts

We developed a three-step process to incorporate Ni into the RuO,
lattice for Ni-RuO, catalyst preparation (Methods and Fig. 1a). First, a
wetimpregnation of metal precursors was adopted on a carbonblack

support, which was followed by H,/Ar annealing reduction to obtain
Ru;Ni nanoparticles supported on carbon black (Ru;Ni/C; Fig. 1b and
Supplementary Figs. 1a and 2). The carbon support is important dur-
ing this process in regard to the prevention of particle aggregation’,
Second, the obtained Ru;Ni/C was annealed in air to convert Ru;Ni
nanoparticles to Ru;NiO, and, meanwhile, to remove the carbon sup-
ports (Supplementary Figs. 1b and 3). Finally, the obtained Ru;NiO,
underwent an acid-leaching process to remove unstable Ni species
and yield the final catalyst—that is, Ni-RuO,. The air-annealing and
acid-leaching processes greatly enhanced acidic OER performance
(Supplementary Fig. 4a), and the optimized air-annealing tempera-
ture was found to be 450 °C (Supplementary Fig. 4b). The choice of Ni
incorporation over other transition metals (Supplementary Fig. 5),
and the Ru:Niprecursor molar ratio of 3:1(Supplementary Figs. 6-11),
were determined after arigorous performance optimization process.

The X-ray diffraction (XRD) pattern of Ni-RuO, showed the char-
acteristic peaks of rutile RuO, (JCPDS 71-2273) with the dominant (110)
peak at 28.1° (Supplementary Fig. 1c), suggesting that incorporation
of Ni did not affect the RuO, lattice structure. Transmission electron
microscopy (TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) images (Fig. 1c-e and Supplementary Fig. 12) clearly
showed that Ni-RuO, nanoparticles were uniformin size, with an aver-
age diameter of -4.0 nm (Fig. 1c, inset). This ultrafine nanoparticle size
inherited fromits precursor (thatis, Ru;Ni/C), in which Ru;Ninanopar-
ticles had an average size of only 1.7 nm (Fig. 1b). High-magnification
HAADF-STEM images clearly revealed that Ni-RuO, nanoparticles
exhibited high crystallinity, with distinct lattices observed (Fig.1d and
Supplementary Fig.12b-d). By focusing on individual nanoparticles,
we observed well-defined lattice fringes that can be ascribed to the
{110} planes of RuO, (Fig. 1e,f). Another TEM image also showed a series
of RuQ, lattices, including (110) and (210) (Supplementary Fig. 13).
Successful incorporation of Ni was confirmed by energy-dispersive
spectroscopic (EDS) elemental mapping (Fig. 1g and Supplementary
Figs. 14 and 15). Ni distribution was uniform across the entire RuO,
matrix. We also synthesized RuO, nanoparticles without incorpora-
tion of Ni (thatis, RuO,) asacontrol sample. The RuO, catalyst showed
morphology similar to that of Ni-RuO,, with an average nanoparticle
size of -4.5 nm (Supplementary Fig. 16), as well as high crystallinity, as
confirmed by XRD (Supplementary Fig.17a).

Electronic properties of catalysts

The X-ray photoelectron spectroscopy (XPS) survey spectrum (Sup-
plementary Fig.18a) revealed an Niatomic ratio of 1.4 at.% (Ni:Ruratio,
~1:21) in Ni-RuO,. There were four peaks in the high-resolution Ni 2p
XPS spectrum (Fig. 2a): peaks at 856.0 and 873.9 eV were assigned to
Ni 2p,, and Ni 2p,, of Ni**, respectively, and those at 861.8 and 881.6 eV
were ascribed to two accompanying satellites®**°, For high-resolution
Ru 3d XPS spectra, two sets of doublet peaks were observed between
280and 290 eV (Fig.2b), which could be attributed to the doublet peaks
of Ru*"3ds),, 3d,/, and their satellite peaks****. The binding energy of
Ru 3d,; and 3d,,, for Ni-RuO, was positively shifted (-0.1 eV) compared
with that of RuO,, possibly suggesting that Ru in the Ni-RuO, catalyst
presented a slightly higher oxidation state than that in RuO, (see the
X-ray absorption near-edge spectroscopy (XANES) spectra below
for additional evidence). Previous studies revealed that Ru species
with a higher oxidation state could enhance their OER activity*®*. In
high-resolution O 1s XPS spectra (Supplementary Fig. 18b), peaks at
530.1,531.3and 532.9 eV were found to be Ru-O bonds, OH groups and
H,0, respectively*>*’. Compared with RuO,, the Ru-O bonds and OH
groups in Ni-RuO, were slightly negatively shifted.

We then performed X-ray absorption spectroscopy (XAS) onboth
Ni-RuO, and RuO, (Fig.2c-i). The NiK-edge XANES suggested that the
Ni oxidation state in Ni-RuO, was very close to NiO of +2 (Fig. 2c). The
corresponding extended X-ray absorption fine-structure (EXAFS)
spectrum of Ni-RuO, at the Ni K-edge showed a dominant peak at
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Fig.1|Synthesis and characterization of Ni-RuO,. a, Schematicillustrating the
synthesis of Ni-RuO,. b,c, TEM images of Ru;Ni/C (b) and Ni-RuO, (c), showing
the very small size of Ru;Ni and its derived Ni-RuO, nanoparticles. d,e, HADDF-
STEM images under different magnifications of Ni-RuO,. d is alow-magpnification
HADDF-STEMimage, and e is a high resolution HADDF-STEM image.
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f, Corresponding fast Fourier transform pattern of e. g, EDS mapping of the Ni-
RuO, catalyst. Nanoparticle sizes are ~1.73 nm for Ru;Ni and -4 nm for Ni-RuO,, as
shownintheinsets of b,c, respectively. The distinct lattice in e suggests the high
crystallinity of our Ni-RuO, catalyst.

around 1.6 A (Fig. 2d), which was assigned to the Ni-O coordination.
No obvious NiO or Ni metal nanoparticles were formed in Ni-RuO, as
suggested by the distinct EXAFS spectrum compared with the NiO or
Ni reference, respectively, which indicates a high dispersion of Ni in
the RuO, lattice. This Ni-O coordination environment in Ni-RuO, was
further confirmed by wavelet transform (WT) of its Ni K-edge, where
onestrong peakintensity was observed (Fig.2g-i). We also analysed the
XANES and EXAFS spectra of Ni-RuO, and RuO, at the RuK-edge. While
these two RuK-edges appeared to be very close (Fig. 2e), azoomed-in
XANES spectrumrevealed Ni-RuO, showing aslightly higher near-edge
absorption energy and white line peak than those in RuO, (Supple-
mentary Fig. 19), suggesting a relatively higher Ru oxidation state in
Ni-Ru0,, which agrees well with the XPS analysis. The RuK-edge EXAFS
spectrum of Ni-RuQ, is almostidentical to that of RuO,, suggesting the
same coordination structures before and after the incorporation of
Ni (Fig. 2f and Supplementary Fig. 20). The above characterizations
clearly suggested that Ni dopants were uniformly distributed in the

RuO, lattice, in which Ru oxidation states were slightly shifted due to
theincorporation of Ni atoms.

Electrochemical characterizationonaRDEin
acidicelectrolyte

Following OER standard measurements'>">****, we first evaluated OER
activities of the Ni-RuO, catalyst and control samples on a RDE set-up.
The control samples were as-prepared RuO, and commercial RuO,
nanoparticles (Com-RuO,; see Supplementary Figs. 17b and 21 for
characterizations). Linear sweep voltammetry (LSV) curves showed
that our as-synthesized RuO, presented better OER activity than
Com-RuO,, mainly due to particle size effects (Fig. 3a and Supplemen-
tary Fig. 22). The overpotential for Com-RuO, to deliver 10 mA cm™
was 330 mV, consistent with previous reports'>*°. Incorporation of Ni
showed an obvious enhancementin the OER activity of RuO,: the over-
potential for Ni-RuO, to reach 10 mA cm™was 214 mV, lower than that
of Ru0, (227 mV). This overpotential difference was quickly increased
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Fig.2|Electronic structure of Ni-RuO, and Ru0,. a,b, High-resolution XPS
spectraof Ni 2p (a) and Ru 3d (b). ¢,d, XANES (c) and EXAFS (d) spectra at the Ni
K-edge of Ni-Ru0,, indicating incorporation of Niinto RuO, nanocrystals. e,f,
XANES (e) and EXAFS (f) spectra at the Ru K-edge, suggesting a well-defined RuO,

k(AT

structure for Ni-RuO, after incorporation of Ni. g-i, WT of the Ni K-edge for Ni foil
(g), Ni-RuO, (h) and NiO (i), demonstrating highly dispersed Ni dopants in the Ni-
RuO, catalyst. a.u., arbitrary units; Sta., satellite peak; R, bond length; FT, Fourier
transform; k, wave vector.

following delivery of higher current densities, due to the significantly
improved Tafel slope of Ni-RuO, (42.6 mV dec™) compared with both
Ru0,(52.9 mV dec™) and Com-RuO, (60.7 mV dec™) (Fig. 3b). Electro-
chemicalimpedance spectroscopy (EIS) of Ni-RuO, at 1.45 V showed
the lowest charge transfer resistance (Fig. 3¢), suggesting enhanced
OER kinetics compared with RuO, and Com-Ru0,***°. The superior
activity of Ni-RuO, canbereliably repeated (Supplementary Fig.22a),
andis among the best compared with other reported acidic OER cata-
lysts (Supplementary Table 1).

To better understand the origin of the high OER performance of
Ni-RuO,, we first tested electrochemical double-layer capacitance (C4)
tocalculatetheelectrochemically active surface area (ECSA) and rough-
ness factor (R;) for activity normalization (Fig. 3d, Supplementary Fig.
23a-c and Supplementary Table 2). Our prepared Ni-RuO, and RuO,
with ultrafine nanocrystal structures clearly showed higher C, and
ECSA thanthose of Com-RuO, (Fig. 3d and Supplementary Table 2).In
particular, Ni-RuO, had the highest C,,and ECSA, nearly twice those in
RuO,, suggesting that incorporation of Ni can significantly improve
the density of active sites. Considering ECSA-normalized OER activity,
specific activity still followed the order Ni-RuO, > RuO, > Com-RuO,

(Fig.3e), suggesting intrinsicallyimproved OER activity on the Ni-RuO,
catalyst due to incorporation of Ni.

While achieving high OER activity is important, good stability
may play an even more important role in practical water-splitting
applications®”. We investigated OER durability in acidic electrolyte
at10 mA cm™on RDE (Fig. 3f), awidely adapted benchmark criterion
in literature'®'>?*, Although our synthesized RuO, showed improved
stability compared with Com-RuO,, its performance still degraded at
arapid rate and lasted no longer than 40 h. This performance degra-
dation was markedly mitigated by incorporation of Ni. Our Ni-RuO,
presented a negligible potential increase after 200 h of continuous
operation, suggesting a much more stabilized structure compared
with RuO, under acidic OER conditions. This was also confirmed by
cyclic voltammogram (CV) tests (Supplementary Fig. 24). The excel-
lent durability of Ni-RuO, outperformed state-of-the-art, non-Ir-based
acidic OER catalysts reported in RDE tests (Fig. 3g and Supplementary
Table 1). We used inductively coupled plasma mass spectrometry
(ICP-MS) to examine the electrolyte during chronopotentiometry
stability testing of Ni-RuO, (Supplementary Fig. 25a). This yielded only
~10 ppb of Ru and 1 ppb of Ni in the electrolyte after stability testing,
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Fig. 3| Acidic OER performance on RDE. a,b, LSV curves (a) and Tafel

slopes (b) of Ni-RuO,, RuO, and Com-RuO,. ¢, EIS plots of Ni-RuO,, RuO, and
Com-RuO,. X-axis (2’), real part; Y-axis (-Z”), imaginary part.d, C plots derived
from CV curves. e, ECSA-normalized LSVs of Ni-RuO,, RuO, and Com-RuO,.

f, Stability tests of Ni-RuO,, RuO, and Com-RuO,. g, Comparison of the stability
of our catalystsin acidic electrolyte with that of reported catalysts.}, current
density;/, current.

representing -3.3% of the total material. The stability number (S) was
7.4 x10° at 205 h for Ni-RuO, (Supplementary Fig. 25b), which is com-
parable with rutile IrO, (-10%; Alfa-Aesar)" and other reported IrO,
(-10%; Sigma-Aldrich)**, further demonstrating the excellent stability of
Ni-RuO,. No obvious changes were observedin either Niand RuK-edge
of Ni-RuO, under in situ XAS measurements (Supplementary Figs.
26-28). Furthermore, we systematically characterized post-catalysis
Ni-RuO,, which suggested that both structures and properties of the
catalyst were retained well (Supplementary Figs. 29-33). The excellent
OERdurability of Ni-RuO, compared with pristine RuO, clearly indicates
thecritical role of Niincorporation.

Understanding the mechanism

We performed DFT simulations to understand the effects of Ni dopants
on OER performance, in particular the stability of the RuO, catalyst.
Consistent with our XRD observation (Supplementary Fig. 1c), RuO,
crystals were modelled to have a rutile lattice structure. Moreover,
we chose to study the catalytic properties of the fully oxidized (110)
surface of RuO, (Fig.4a and Supplementary Fig. 34a) because that was

predicted to be the most stable surface in our RuO, catalyst annealed at
450 °C***¢ In the outermost layer of the RuO, (110) surface there are
two types of Russite: the coordinatively unsaturated site (CUS) and the
fully coordinated bridge site (BRI). The Ruatom has five coordinated O
atoms at a CUS Ru site but binds to six O atoms at a BRI site””. Our DFT
resultsindicate thatit would be energetically favourable for aNi dopant
to replace the BRI Ru site rather than the CUS site (Supplementary
Fig.35). Additionally, simulated EXAFS based on this proposed atomic
structure agrees well with our experimental tests (Supplementary
Fig.36). We thus adopted such aNi-doped RuO, (110) surface to exam-
inetheimpactsofincorporation of Nion the OER process (Fig.4b and
Supplementary Fig. 34b).

As depicted schematically in Fig. 4c, a4e” OER on RuO, (110) is
derived from H,0 adsorption ata CUS Russite, followed by two sequen-
tial deprotonation steps to form *OH and then *O. Subsequently, the
reaction pathway bifurcates into one of two possible mechanisms:
lattice oxygen mechanism (LOM) or AEM'>">?*3¢_ Following LOM,
surface-adsorbed *O further reacts with a lattice O to produce O,
whereasthe generated O vacancy s refilled by another H,0. Following
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Fig. 4 |Understanding the mechanism. a,b, Atomistic structures of the
surfaces of RuO, (110) (a) and Ni-RuO, (110) (b). ¢, Schematic illustration of
AEM and LOM for OER on the RuO, (110) surface. Grey, blue, red and white balls
represent Ru, Ni, O and H atoms, respectively. d, DEMS measurements. Top:
CV cycle without iR compensation; middle: DEMS signals of 20, (**0 +¢0) and
30, (0 +'80) collected during the CV cycle; bottom: ratio of >*0,:20,, which

remained unchanged with increase in potential, suggesting that >*0, was derived
from background 0 rather than from the lattice. Inset: schematic illustration
of the DEMS device used. e, Computed free energy evolution of OER via AEM on
surfaces of RuO, (110) and Ni-RuO, (110) under an electrode potential of 1.70 V.

f, Calculated energies for structural degradation of surfaces of RuO, (110) and
Ni-RuO, (110).

AEM, the surface-adsorbed O further reacts with another H,O in the
electrolyte to form *OOH and then the final product of O,. We note
that hydrogen bonds between H and an adjacent O helped stabilize
OOH adsorption at the CUS Ru site on the RuO, (110) surface (Supple-
mentary Fig. 37)**%, Supplementary Fig. 38 shows the DFT-predicted
free energy evolution for OER via AEM on the RuO, (110) surface. The
OER limiting potential, defined as the lowest potential under which
free energy evolution becomes downhill, is about 1.89 V on the RuO,
(110) surface. Additionally, the rate-determining step for OER on the
RuO, (110) surface was predicted to be the step of O transformation
to OOH (Supplementary Note 1), consistent with a previous result**?’.
In contrast, the limiting potential for OER via LOM was predicted to
be 3.76 V (Supplementary Fig. 39), which is 1.87 V higher than that of
AEM. This result suggests the OER on the RuO, (110) surface would be
thermodynamically more favourable to follow the AEM mechanism
rather than the LOM, consistent with a previous study®.

To experimentally confirm this AEM pathway, we conducted
operando DEMS measurements via the isotope *0-labelling method

(Fig. 4d and Supplementary Fig. 40). First we ‘labelled’ RuO, and
Ni-RuO, catalysts with '*0 by performing OER under constant cur-
rent density (Methods). If lattice oxygen is exchanged, the catalyst
surface would be labelled by 0. We then measured the isotope signal
of evolved O, during OER in H,'0/0.1 M HCIO,. With gradual increase
in OER current (Fig. 4d, top and Supplementary Fig. 40a), a corre-
spondingincrease inboth*0, (0 +°0) and **0, (**0 +'%0) signal was
detected (Fig. 4d, middle and Supplementary Fig. 40b). The signal
ratio of >*0,:*?0, within the OER potential range (Fig. 4d, bottom and
Supplementary Fig. 40c) remained relatively constant and is compa-
rable to that of the natural abundance of ®0 in deionized water within
experimental uncertainty**, suggesting that the LOM mechanism did
not occur over both RuO, and Ni-RuO,. The DEMS analysis, coupled
with galvanostatic measurement, further confirmed this conclusion
(Supplementary Figs. 41 and 42), in which the constant >0, and **0,
signals and **0,:*0, ratio were clearly observed. Our DEMS results
are consistent with previous reports that also suggest the exclusivity
of AEM over RuO,-based OER catalysts* .
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Fig. 5| PEM-WE device performance using Ni-RuO, as an acidic OER
catalyst at room temperature and ambient pressure. a,b, Schematic (a) and
photograph (b) of the PEM-WE device. ¢, I-V curves of PEM-WE electrolysers
using Ni-RuO,, RuO, or Com-Ru0, as anodic catalyst and commercial Pt/C as
cathodic catalyst, at room temperature and ambient pressure. No cell voltages

were iR compensated. d-f, Chronopotentiometry testing of Ni-RuO, and RuO,
catalysts at 200 mA cm2in the PEM-WE electrolyser using commercial Pt/C as
the cathode catalyst, at room temperature and ambient pressure. The Ni-RuO,
catalyst coating in these stability tests was press-prepared under low pressure
(<0.5MPa) (d), medium pressure (-1.5 MPa) (e) and high pressure (-3.0 MPa) (f).

With the OER pathway determined on the RuO, surface, the
impacts of the incorporation of Ni on activity and stability could be
evaluated via limiting potential and lattice stability calculations,
respectively. First, the limiting potential of OER on the Ni-RuO, (110)
surface was predictedtobe1.70 V (Fig. 4e), whichisabout 0.2 Vlower
thanthat of RuO, and suggestsimproved OER activity. Regarding stabil-
ity, we first evaluated enthalpy change for the surface Ruatom demetal-
lation process fromthe surface of both RuO, and Ni-RuO, (110), because
delamination of surface Ru atoms may contribute to the low stability
of catalysts®®. The proposed demetallation process of Ru is presented
inSupplementary Figs. 43 and 44, in which Ruat the CUS Ru site moves
away fromthe (110) surface. We found that withincorporation of Niinto
the lattice, the energy cost for Ru demetallation increased from 1.87

to2.22 eV (Fig. 4f, left), suggesting amore stable surface Ruin Ni-RuO,
thanin RuO,. Computational results of the demetallation process are
further discussed in Supplementary Note 2 and Supplementary Table 3.
To evaluate lattice oxygen stability, we calculated the enthalpy change
of the subsurface oxygen loss process (Supplementary Fig. 45)**°°. The
enthalpy changes for subsurface oxygen loss were calculated to be
1.67 and 2.12 eV (Fig. 4f, right) on the RuO, and Ni-RuO, (110) surface,
respectively, clearly suggesting that the introduction of Ni dopants to
the RuO, lattice had also stabilized lattice oxygen during OER. Conse-
quently, our DFT simulations show that incorporation of Niimproves
the OER stability of RuO, by hindering both surface Ru demetallation
and lattice oxygen loss, supporting our experimental observations of
significantly improved OER stability in the Ni-RuO, catalyst.
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PEM-WE device performance

Finally, toinvestigate the practical application potential of our Ni-RuO,
catalyst for water electrolysis, we constructed aPEM-WE electrolyser
using Ni-RuO, as the anode catalyst for OER, commercial Pt/C as the
cathode catalyst for HER and a proton exchange membrane (Nafion
117; Fig. 5a,b). Pt/C was chosen due to its well-known properties of
high durability and activity in HER. The current-voltage characteristic
(I-V) curves (without iR compensation) in Fig. 5¢ clearly show that
the Ni-RuO,/PEM/Pt/C electrolyser had improved water electrolysis
activity compared with the RuO,and Com-RuO, electrolysers. Specifi-
cally, the Ni-RuO,-based electrolyser (at room temperature) required
only1.78,1.95 and 2.10 V to reach a current density of 500,1,000 and
1,500 mA cm?, respectively (Fig. 5¢). Of note, due to the lack of spe-
cific expertise and equipment in the fabrication of an industrial-level
quality membrane electrode with minimal ionic resistance between
cathode and anode, our device still presentsimpedance of -0.3 Q cm?,
contributing ~300 mV of iR drop at 1 A cm™. This, however, does not
affect the evaluation of our catalyst’s intrinsic activity (as shown in
ourstandard three-electrode set-up) or the following durability tests.

Catalyst stability could play an even more important role thanits
activity in practical applications; we thus evaluated the stability of our
Ni-RuO,-based electrolyser, as well as pristine RuO, for comparison,
at 200 mA cm™ (Fig. 5d). The voltage of the RuO, electrolyser was
clearlyincreased following 120 h of electrolysis, suggesting poor OER
stability under practical operation conditions (Fig. 5d). Remarkably,
our Ni-RuO, catalyst showed markedly improved PEM-WE durability:
it was operated for 1,000 h with only a small cell voltage increase in
our initial trial (Fig. 5d). We suspected the slight degradation in cell
performance observed from-~700 h was probably due to detachment
of the Ni-RuO, catalyst from the anode electrode during prolonged
anolyte circulation and gas bubble evolution, because we observed the
presence of some black material (most probably the catalyst) coated
on the inner surface of the anolyte outlet tube after the stability test
(Supplementary Fig.46). We thus used animproved and stronger coat-
ing method to further explore the durability of the Ni-RuO, catalyst
(Methods). The stability of two newly prepared anodes was further
improved (Fig. 5e,f): no obvious cell voltage increase was observed
for these during 1,000 h stability tests. Additionally, much less black
material was observed on the inner surface of the anolyte outlet tubes
after stability tests compared with the initial trial (Supplementary Fig.
47). RuO, still showed much lower stability than Ni-RuO, after elec-
trode preparation optimization (Supplementary Fig. 48). The faradaic
efficiencies of O, generated by the PEM-WE cell were measured as
~100% for Ni-RuO, (Supplementary Fig. 49a). We monitored Ru dissolu-
tion from the Ni-RuO, catalyst by ICP-MS during the 1,000 h stability
test (Supplementary Fig. 49b). A rapid increase in Ru concentration
was observed at the very beginning of the operation, which could be
ascribed to the dissolution of unstable Ru species during the catalyst
activation process. Ru dissolution was gradually stabilized within the
first 500 hand remain nearly unchanged, at -30 ppb, for the remainder
of the stability test. Additionally, our Ni-RuO, catalyst can also be sta-
bly operated under an elevated electrolyte temperature for >1,000 h
without obvious performance degradation (Supplementary Fig. 50).
These stability results clearly demonstrate the great potential of our
Ni-RuO, catalyst for future practical applications.

In summary, we developed a non-iridium-based acidic OER cata-
lyst that can deliver at least 1,000 h of stability under a 200-mA cm™
water-splitting current ina PEM-WE device. The findings in this work
not only provide an effective method and new understanding to
improving catalytic performance of the RuO, catalyst, but also dem-
onstrate its great future potential for implementation in practical
PEM cells for large-scale clean H, generation. While there is still a gap
between our Ni-RuO, catalyst’s stability performance and the typical
industrial requirement (delivering >1 A cm™ current for over 10 years
of operation at 80 °C), this encouraging milestone stability that we

achieved using a Ru-based catalyst clearly suggests the potential of
replacing Ir-based catalysts in the future. More studies can be carried
outinthefutureto furtherimprove the stability of Ru-based catalysts,
such as temperature effects, multi-element doping and so on.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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ability are available at https://doi.org/10.1038/s41563-022-01380-5.
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Methods

Synthesis of catalysts

In a typical procedure, 0.1721 g of RuCl; and 0.0656 g of NiCl,-6H,0
(thatis, RuCl; and NiCl, at a molar ratio of 3:1) were mixed in 150 ml of
1MHCIlandsonicated for2 h. Carbonblack (0.4 g; Cabot, BP2000) was
thenadded and dispersed by stirring for 18 hunder room temperature
to ensure uniform distribution. Next, the mixture was dried by using
arotary evaporator and the remaining powder was collected. The
powder was annealed inaflowing Ar/H, (5% H,) atmosphere at 900 °C
for2 handthenannealedinairat250-550 °C (450 °C as the optimized
temperature) for 3 h. After annealing, 50 mg of product was added to
20 ml of 1M HCl and mixed at room temperature for 12 h to perform
acid leaching, then centrifuged and washed with deionized water three
times. Finally, the sample wasdried at 80 °Cinanoven for12 hto obtain
the Ni-RuO, catalyst. Ru,Ni,O,-AL samples with different amounts of
Ni dopant were also prepared following the same procedure, except
that the level of precursors was tuned in the first step. In addition,
RuO,with noNiincorporated was prepared in a similar method using
RuCl, as precursor. M-RuO, (M=Fe, Co, Zn, Cu) samples with different
metal dopants were also prepared using the same procedure, except
that the precursors used in the first step were different—FeCl;, CoCl,,
Zn(NO,),-6H,0, and CuCl,-2H,0. Of note, the weight ratio of total metal
content in precursors to carbon black support was fixed at 1:4 in all
catalyst synthesis.

Characterization

TEM, HADDF-STEM and EDS elemental mapping were performed ona
Talos F200X transmission electron microscope (at an accelerating volt-
age of200 kV) equipped with an energy-dispersive detector. HR-TEM
and HR-HADDF-STEM images were captured usingaJEM-ARM 200 F
atomic resolution analytical microscope operating at anaccelerating
voltage of 200 kV. XPS data were obtained on an X-ray photoelectron
spectrometer (ESCALab MKII) with an excitation source of Mg K
radiation (1,253.6 eV). XRD data were collected on a Rigaku SmartLab
X-ray diffractometer. XAS measurements were conducted at the Sector
20-BM beamline of the Advanced Photon Source at Argonne National
Laboratory. AlIXAS measurements were carried out at room tempera-
ture under ambient pressure. Samples were measured simultaneously
influorescence mode with metal foils as reference. Data processing and
EXAFSfitting were performed using the Athena program. The XAS data
of NiO and Ni references are from our previous work®.

Electrochemical measurements under athree-electrode system
Inatypical test, 5 mgof catalyst was added to1 ml ofisopropyl alcohol
and 20 pl of Nafion-117-containing solution (5%; Sigma-Aldrich) and
sonicated for1hto obtainawell-dispersed catalyst ink. For electrode
preparation, 16 pl of catalyst ink was drop-cast on a 5.0-mm-diameter
glassy carbon electrode (disk geometric area, 0.196 cm?), resulting
in a catalyst loading of 0.4 mg cm™, and then vacuum dried at room
temperature before usage. All RDE measurements were run at room
temperature in a typical three-electrode cell in an O,-saturated 0.1M
HCIO, electrolyte. A carbon rod (99.99%; Beantown Chemical) and
a saturated calomel electrode (SCE, CH Instruments) were used as
the counter and reference electrode, respectively. An RDE assembly
(no. AFE4TQO50, Pine Instruments) with the prepared glassy carbon
electrode were used as the working electrode, at a rotation rate of
2,500 r.p.m. In this work, all potentials measured against SCE were
converted to the reversible hydrogen electrode (RHE) scale using: £
(potential, versus RHE) = £ (versus SCE) + 0.241V + 0.0591 x pH.In0.1M
HCIO, electrolyte, pH values are all equal to 1.0 in this work as deter-
mined by an Orion Star A111 pH meter (Thermo Scientific). Solution
resistance (R,) was measured by potentiostatic electrochemical imped-
ance spectroscopy at frequencies ranging from 0.1 Hz to 200 kHz. All
measured potentials in RDE tests were 100% iR compensated unless
otherwise specified. LSV tests were recorded at ascanrate of 5mvs™.

Stability was examined by chronopotentiometry testingat10 mA cm™.
EIStests were performed at1.45V (versus RHE) from 0.1 Hzto 200 kHz,
and the results are presented in the form of a Nyquist plot. The ECSA
was determined by: ECSA = C,/C,, where Cy is double-layer capacitance
and C, the specific capacitance of the sample. In this study, a general
specific capacitance of C,=0.035 mF cmZwas used based on typical
reported values”. Cy was determined by the equation Cg, = i./v, where
i.isthe charging currentand vthe scan rate. A series of CV testsin the
non-faradaic potential region 1.18-1.28 V (versus RHE) under different
scan rates (2.5, 5.0, 7.5,10, 15 and 20 mV s™) were performed. And by
plotting measured i, versus v, Cy was obtained from the slopes of the
linear fitting. The roughness factor was calculated by dividing ECSA
by the geometric area of the electrode, which was 0.196 cm™ in this
study. The S-number” was calculated using the following equation:

§=—_"

NRu(dissolved)

within a certain period of time (calculated from total charge) and
NRu(dissolved) IS total dissolved Ru as measured by ICP-MS.

, where ny, is the molar number of total oxygen evolved

DEMS tests

One milligram of catalyst was mixed with 10 wt% of Nafionin 0.5 ml of eth-
anol andthendrop-cast onto the glassy carbon (0.5-mm diameter) work-
ingelectrode. The electrode was dried atroom temperatureforatleast1h
beforetesting. Measurement was performed onaHPR-40 DEMS (Hiden
Analytical) coupled to the flow cellillustrated in Fig. 4d, an Autolab poten-
tiostat (no. PGSTAT204, Metrohm), an OER catalyst modified working
electrode,anAg/AgClreference electrode and aPt wire counterelectrode.
Electrolyte flow rate was controlled at 0.5 ml min™. All electrochemical
results were recorded versus the reference electrode and converted
to RHE following the relationship Epye = Epgjngci + 0.197 + 0.0591 x pH.
Catalysts were first labelled with®0in 0.1 MHCIO, solution created with
180-labelled water (97% *0; Cambridge Isotope Laboratories) for10 min
at 10 mA cm 2 Electrodes and cell were then rinsed with O water for
20 mintoremove any H,"* 0 residual and scannedina 0.1 MHCIO, solution
of H,**0at 0.5 mV s from 1.1V versus RHE until current density reached
50 mA cm™. An electron energy of 70 eV was used for ionization of all
species, with an emission current of 450 pA. All mass-selected product
(m/z=32and 34) was detected by asecondary electron multiplier witha
detector voltage of 1,200 V. Data were averaged every ten points toyield
asmoother MS signal, and m/z 34/32 signals were calculated with the
fitting data. For DEMS measurements using the galvanostatic method,
after labelling and rinsing (as mentioned above) the background was
collected for 10 min before the application of 10 mA cm™ for 30 min to
probe potential oxygen lattice exchange.

PEM-WE tests

For electrolyser tests, a self-made cell was used as the PEM-WE device
and a cation exchange membrane (Nafion 117) as the membrane elec-
trolyte. Around 0.65 mg cmcommercial Pt/C with 20 wt.% Nafion 117
binder was air-brushed onto a carbon paper electrode as an HER cath-
ode. Inour initial trial (Fig. 5d), ~3.1 mg cm™ OER catalyst with 20 wt.%
polytetrafluoroethylene binder was drop-cast onto a platinized titanium
fibre felt electrode. After drying, the electrode was pressed at room
temperature under a low pressure of <0.5 MPa by a regular hot-press
machine. The electrode was then annealed in air for 30 min at 350 °C
and used asan OER anode, which was then circulated with 0.1 MHCIO,
aqueous solution at 4 ml min™. I-V curves were measured in galvano-
static mode at 50-2,200 mA cm2 at room temperature and ambient
pressure. The stability test was carried out at 200 mA cm2atroom tem-
perature and ambient pressure. To further improve the stability of the
Ni-RuO,-based PEM-WE device (Fig. 5e,f), we optimized the electrode
preparation process. The Ni-RuO, catalyst was freshly annealed at 450 °C
before use. We performed the same drop-casting process of Ni-RuO,
onto a platinized titanium fibre felt electrode. The Ni-RuO,-coated
electrode was then pressed under medium (1.5 MPa) or high pressure
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(-3.0 MPa) by a hydraulic press machine at room temperature, fol-
lowed by the same annealing process (350 °C for 30 min) to prepare
the final OER anode. We then performed stability tests at 200 mA cm™
at room temperature and ambient pressure. Additionally, to reduce
electrolyte flushing on the anode coating, we reduced the anolyte cir-
culation flow rate from 4 ml min in our initial trial to 0.5 ml min™ for
medium- and high-pressure-prepared anode-based electrolysers, at
roomtemperature and ambient pressure. All cell voltages measured in
PEM-WE electrolysers were reported without iR compensation. Please
beaware here that the slight voltage difference betweenI-V curves and
chronopotentiometry stability tests may have arisen from the different
electrolyser activization processes or electrolyser resistances.

Computational details

First-principles DFT*>** calculations with a plane-wave basis set were
performed using Vienna ab initio simulation package’** software. The
Perdew, Burke and Ernzernhof functionals of generalized gradient
approximation® were used to describe the terms of electronic exchange
and correlation energy. The energy cut-off of the plane-wave basis was
setat500 eV for plane-wave expansion. Projector-augmented wave*”*
pseudo-potential was used to describe the core electrons. Electronic
energy was converged until the energy difference betweeniterations
was <107 eV. During structure optimization calculations, atomic posi-
tions were relaxed until the force on each ion was <0.01eV A™. The
lattice parameters of rutile RuO, were determined as: a=4.53 A and
c¢=3.12A,inagreementwith a previous computational prediction* of
a=4.54 Aandc=3.14 A. A2 x 2 x1RuO, (110) model with 16 Ru atoms
and 32 O atomswas used inour calculations. The slabmodel consisted
of two atomic layers each of O and Ru; the top two layers (one each of
0O and Ru) were optimized during structure optimization calculations.
A vacuum layer of 15 A thickness was added perpendicularly to the
surfaceto minimize the interaction between periodicimages. To model
the Ni-doped RuO, surface, one Ruatomat abridge siteinthe2 x2 x1
RuO, (110) model was substituted by a Ni atom, leading to a chemical
composition of 2.1 at percentage Ni, 31.3 at percentage Ruand 66.6 at
percentage O. The Brillouin zone was sampled using the Monkhorst™
scheme with 6 x 3 x 1 k-point mesh for RuO, (110) and Ni-RuO, (110).
Due to the strong correlation of d electrons in Ni, a U-/value of 5.3 eV
was adopted®. Zero-point energy corrections, ZPE, were included in
all adsorbate system calculations. These were calculated as
ZPE=73), %hv,., where hisPlanck’s constant and v;is the frequency of the
ithvibrational mode of binding molecules.

Data availability

The data that support the findings of this study are presented in the
main text and the Supplementary Information, and are available from
the corresponding authors upon reasonable request.
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