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% Check for updates The oxygen evolution reaction, as the anodic reaction of many electro-

chemical devices, plays a crucial role in energy conversion. However, the
insufficient stability of non-iridium-based materials during the oxygen evolu-
tion reaction has severely limited the large-scale application of such devices.
Here, using a home-made operando differential electrochemical mass spec-
trometry system, we show a temperature dependent mechanism evolution
effect of RhRu30 in the oxygen evolution process, which highlights the role of
temperature in triggering mechanism evolution. This effect enriches the
strategies for pathway manipulation. Since different kinetic pathways can
influence catalyst stability, this finding suggests that temperature-dependent
pathway regulation may serve as an approach to optimize stability. To evaluate
the potential of RhRus0, for practical applications, we assemble it into a
proton exchange membrane electrolyzer and demonstrate its stability at room
temperature for over 1000 hours at a current density of 200 mA cm™. Density
functional theory studies suggest that the existence of a kinetic barrier related
to lattice oxygen activation might be the reason for the observed temperature
dependent behavior of RhRuzO, at elevated temperatures.

To get rid of the dependence on fossil fuels, the directly use of alkaline water electrolysis (AWE) technology®". Nevertheless, its large-

renewable energy to drive substance conversion and realize an efficient
and clean energy utilization system is the ultimate vision to achieve
sustainable development' ™. As a clean, recyclable energy, hydrogen
(H,) fuels can be generated through water electrolysis with zero-carbon
emission. Proton exchange membrane water electrolysis (PEM-WE) is a
technique that can convert intermittent power into H,, as its high
current density and hydrogen purity are unmatched by conventional

scale application is strongly constrained by the anodic oxygen evolu-
tion reaction (OER), as iridium (Ir)-based materials, with scarce
reserves” (0.02-0.10 ng;,/g) and high price, are currently the only
catalysts considered OER-suitable®™. So far, ruthenium (Ru)-based
materials have been recognized as potential Ir-alternatives in PEM-WE
devices with even much active OER activity". Many efforts have been
made to improve the stability of Ru-based catalysts, especially in three-
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electrode systems. However, as revealed by experimental analysis and
the Pourbaix diagram™'®, under the potential of OER, Ru species will
inevitably undergo peroxidation to form dissolvable RuO, with poor
stability, making them unstable when applied in PEM-WE devices for
practical H, evaluation. This Ru dissolution process is related to its OER
lattice oxygen mechanism (LOM). On the contrary, the OER adsorbate-
evolving mechanism (AEM) can benefit a more stable metal status as
the lattice oxygen won’t evolve in the reaction'". Thus, the mechanism
evolution might be an efficient route to boost the acidic stability of Ru-
based electrocatalysts, which has been seldomly reported so far.
Here, we report the synthesis of a binary metal oxide (BMO),
RhRu;O, and its temperature-dependent mechanism evolution
(TDME) effect in the OER process. In a three-electrode system,
RhRu;0, exhibited an overpotential of only 184 mV at a current density
of 10 mA cm™2, with stability exceeding 200 h, outperforming pristine
RuO,, which sustained less than 50 h. When integrated as an anode
catalyst into a proton exchange membrane water electrolyzer (PEM-
WE) with Pt/C as the cathode, RhRu;0, maintained industrially rele-
vant current densities’® of 200 mAcm~2 for over 1000 h at room
temperature. Techno-economic analysis further confirmed its feasi-
bility for practical applications'®. However, under elevated tempera-
tures typical of industrial conditions, Ru-based materials used as
anodes led to operational instability in the PEM-WE system. To inves-
tigate the underlying mechanisms, we developed a temperature-
controlled electrochemical reactor coupled with a mass
spectrometer°*, Using this tandem experimental setup, operando
isotope labeling experiments revealed a TDME effect. That is, at room
temperature, RhRu;0, catalyzes the OER through the relatively stable
AEM mechanism, while at higher temperatures, the LOM mechanism
emerges, leading to a decrease in catalyst stability. Further suggested
by density functional theory (DFT) calculations, we propose a plausible
explanation for the high-temperature behavior of Ru-based anode
catalysts and their potential applications in PEM-WE systems.

Results

Preparation and characterization of RhRu;0y

Herein, a series of binary metal oxides, MRuzO,, were synthesized by a
three-step method as previously reported®. Firstly, the precursor salts
were wet-impregnated on the structural promoter-carbon black, and
then the precursor salts were reduced to form an alloy loaded on the
carbon black at 900 °C in an H,/Ar atmosphere (Fig. 1a). The presence of
the structural promoter can prevent the agglomeration of the catalyst at
high temperatures, thus exposing more specific surface area. Secondly,
in order to eliminate the effect of non-OER current caused by carbon
oxidation at the OER potential, MRus/C was annealed at 450 °C in air to
remove carbon species, and the alloy is oxidized to the corresponding
binary metal oxide in this process. Thirdly, the obtained binary metal
oxides were acid-leached in 1M HCI to remove the unstable compo-
nents and obtain the MRu;0,. Eventually, RhRus0, was optimized from
a range of platinum group element binary metal oxides.

The X-ray diffraction (XRD) patterns (Fig. 1b) of RhRuzO, and
Hom-RuO, match well with pure RuO, (PDF#43-1027) and RhO,
(PDF#21-1315). Transmission electron microscope (TEM) and aberra-
tion corrected scanning TEM (AC-STEM) showed that our samples have
a smaller size compared to Com-RuO,, and the average particle size of
RhRu;04 was 4.4 nm (Fig. 1c, d and Supplementary Fig. 1-4). From the
corresponding Fast Fourier Transform (FFT) image of Fig. 1c, we can
clearly see the exposed facets of RhRu30, with Miller indices of {110}
and {110}, together with [001] orientation (Fig. 1e). Energy dispersive
spectrometer (EDS) mapping and line-scan analysis demonstrate that
Ru and Rh are evenly distributed (Fig. 1f and Supplementary Fig. 5). The
specific surface area of RhRu;O4 was determined by the Brunauer-
Emmett-Teller (BET) method to be 197.1 m? g! (Supplementary Fig. 6).

The electronic structure of the catalysts was studied by X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy

(XAS) (Supplementary Fig. 7-10). Compared to Hom-RuO, and Com-
RuO,, the binding energies of Ru*' 3d3, and 3ds,, in RhRu;04 show a
slight negative shift (Supplementary Fig. 9), which indicates that the Ru
oxidation state on the surface of RhRu;Oy is the lowest. Peak A in the
XAS spectrum (Supplementary Fig. 10) at the O K-edge represents the
electronic transitions from O Is to unoccupied O 2p-Ru 4d t,, hybri-
dized orbitals***. RhRu30, has the lowest peak A intensity, indicating
that the 4d orbital of its metal atom is occupied more by electrons,
which is consistent with the conclusion obtained in XPS.

In order to better understand the potential dependent oxidation
of Ru during OER, we performed the operando XAS studies. The Ru
K-edge XANES spectrum® (Fig. 1g and Supplementary Fig. 11a) corre-
sponds to the transition from 1s to 5p. The EXAFS spectrum of RhRu;0
and Hom-RuO, shows a dominant peak at around 1.5 A (Fig. 1h and
Supplementary Fig. 11b), which was assigned to the Ru-O coordination.
Figure 1i shows the relationship between the Ru valence state of the
catalyst and Q; absorption edge position at different applied poten-
tials. With the increase of applied potential, the Q; edge position of
RhRu;0, and Hom-RuO, both move towards higher energy (Fig. 1j),
but the slope of RhRu;0y is larger, indicating that it is easier to store
oxidation charges under positive bias, and more oxidation charges
generally lead to higher OER performance™*,

Oxygen evolution performance of RhRu;0,

The OER performance of RhRusO, and control samples (Hom-RuO,,
Com-RuQ,) were carried out in 0.1M HCIO, using a standard RDE
protocol”. It can be seen from the linear sweep voltammetry (LSV) and
Tafel slope curves (Fig. 2a, b, and Supplementary Figs. 12, 13) that the
overpotential of RhRus0, delivering 10 mA cm™ is 184 mV and the Tafel
slope is 54.7 mV/decade (dec). Lower than Hom-RuO, (208 mV, 58.1 mV/
dec) and Com-RuO, (253 mV, 66.4 mV/dec) and other platinum group
elements BMO (Supplementary Fig. 14), which is in line with the operando
XAFS studies discussed above. Electrochemical impedance spectroscopy
(EIS) shows that RhRuzOy has the smallest semicircle radius compared
with Hom-RuO, and Com-RuO, (Fig. 2¢), which indicates that it has the
lowest charge transfer resistance and the best OER kinetics. In order to
fully understand the differences between RhRus;O, and comparison
samples, we also tested the electrochemical capacitance double layer
(Cdl), which is proportional to the electrochemically active surface area
(ECSA). The Cg of RhRu30y is 18.77 mF, which is higher than the 12.03 mF
and 3.76 mF of Hom-RuO, and Com-RuO, (Fig. 2d and Supplementary
Fig. 15 and Supplementary Table 1). This indicates that forming BMO with
Rh can increase the number of active sites of Hom-RuO,.

To assess the kinetic optimization introduced by Rh incorporation,
we further investigated the Tafel slopes (Fig. 2e and Supplementary
Fig. 16) of RhRu304 and Hom-RuO, at elevated temperatures (30, 40, 50,
60 and 70 °C). The Arrhenius plots calculated from the temperature-
dependent Tafel slope show that the apparent activation energy (E,) of
RhRus0, is 10.9 + 0.5 k) mol™ (Fig. 2f), only about a quarter of that of
Hom-RuO, (46.7 +3.7 k) mol™), indicating enhanced reaction kinetics.

In addition, we also tested the stability of the catalysts using
chronopotentiometry, as shown in the Fig. 2g, RhRuz0, showed sta-
bility of over 200 h at 10 mA cm2in 0.1 M HCIO,, which is much higher
than Hom-RuO, and Com-RuO.. In addition, the S number of RhRus0
at 200h is 2.01x10° (Supplementary Fig. 17 and Supplementary
Note 1), even higher than that of rutile IrO, (-1 x 10°%, Sigma-Aldrich)®.
Through the characterization of RhRuz0y after stability test, we found
that neither the morphology nor the electronic structure had obvious
changes (Supplementary Figs. 18-20).

H, production evaluation of RhRuz0, under practical electro-
lyzer conditions

Given the comparable performance of RhRu3O, in RDE, we decided to
evaluate its activity under practical electrolyzer conditions employing
a membrane electrode assembly (MEA), which better represents real
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Fig. 1| Structural characterization of the RhRu;0,. a Schematic diagram of
MRu;0y synthesis process. b XRD patterns of RhRuz;0,, Hom-RuO, and Com-RuO,
(from up to bottom). ¢, d HAADF-STEM images of RhRu3Oy. The inserted histogram
in (c) is the particle size distribution statistics of the corresponding RhRu;0, NPs.
e The fast Fourier transform pattern corresponds to the (d). f HAADF image and
corresponding EDS elemental mapping images of RhRuzOy. g, h Operando X-ray
absorption near edge structure (XANES) (g) and extended X-ray absorption fine

structure (EXAFS) (h) spectra of RhRusOj at the Ru K-edge. The black rectangle
inserted in (g) shows the magnified operando spectrum. i Ru oxidation states as a
function of the Q; edge positions. The Q; edge position is defined as the energy at
normalized absorption of 0.5. j Energy shift of the Q; edge positions and Ru oxi-
dation states shift in RhRu;0, and Hom-RuO, at different potentials compared with
the corresponding sample at 1.24 Vrye.

device architecture. We assembled the PEM-WE devices with RhRu30,
as anode catalyst and Pt/C as cathode catalyst, with platinized Ti fiber
felt as anode porous transport layer (PTL) and carbon paper as cathode
PTL (Fig. 3a, b and Supplementary Fig. 21). As shown by the
current-voltage characteristic (I-V) curves (Fig. 3c), MEA using

RhRu;0, as the anode catalyst layer requires only 1.76, 1.90, 1.99, and
2.06V to achieve a current density of 500, 1000, 1500, and
2000 mA cm™ at room temperature, respectively. While compared to
Com-RuO, (2.15 V) and Hom-RuO, (2.36 V) to achieve 1 A cm™ at room
temperature RhRu;0, shows apparently stack voltage drop.
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Fig. 2 | OER activity of RhRu;0y on RDE in 0.1 M HCIO4. a-c LSV curves (a), Tafel
slope (b) and EIS Nyquist plots (c) of RhRu;0,, Hom-RuO, and Com-RuO,. The
solution resistance was determined from the intersection of the EIS curve with the
real axis when the imaginary part (Z”) equals zero, yielding a value of 25.0 + 0.4 Q.
d Cg plots calculated from CV curves. e Tafel plots of RhRusOy at different

temperatures. f Arrhenius plot of OER exchange current density of RhRu;0y and
Hom-RuO,. g Stability tests of RhRu;0y, Hom-RuO, and Com-RuO,. All the error
bars mentioned above represent the standard deviations of 3 independent
experimental data.

The current density-high frequency resistance (J-HFR) curve
(Supplementary Fig. 22) shows the shape of first decreasing, then
increasing and then decreasing, and it also shows the trend of gradu-
ally shifting to the right with Com-RuO,, Hom-RuO,, RhRu30,. This
indicates that the mass transfer resistance of the catalyst layer com-
posed of RhRu;Oy is also the lowest among the three (Supplemen-
tary Note 2).

What is more, in practical electrolyzer production, stability may
play a more important role. Therefore, we performed the chron-
opotentiometry test at 200 mA cm™ with RhRusO, as the anode cat-
alyst and DIW as the electrolyte at room temperature (Fig. 3d). During
its 1000 h operation time we do not see the obvious stack voltage
increase, indicating that RhRu;0y is one of the few catalysts with
stability more than three orders of magnitude (10*h) in PEM-WE
devices, which also proves that RhRu;0, ranks among the most
advanced Ru based OER catalysts available today (Supplementary
Fig. 23 and Supplementary Table 2)''°. From the cross-section of the
Pt/C || Nafion 115 || RhRu3Oy (Fig. 3e, f), there is no significant change
even after 1000 h of operation. In contrast, Hom-RuO, showed
obvious deterioration within 150 h under the same conditions (Sup-
plementary Fig. 24).

Techno-economic analysis

To confirm the economic potential of producing H, with RhRu30y as a
PEM-WE anode catalyst, based on a recently reported model”® and our
integrated test system, we simulated techno-economic analysis (TEA)
for H, production on an industrial scale (Supplementary Table 3 and
Supplementary Note 3). The parameters used in TEA are derived from
literature reports'®*'®?** and the industrial scale pilot data we descri-
bed above. H, production costs are assessed using the International
Renewable Energy Agency’s global weighted average levelized cost of
electricity (LCOE) for solar photovoltaic (Supplementary Note 3),
which is 0.049$kWh™, at an industry-relevant current density
(0.2 A cm™). The LCOE for solar photovoltaic and onshore wind power
has already met the US Department of Energy (DOE)‘s 2026 H, pro-
duction target™ of 2 $ kg, ~* (Fig. 3g), and the LCOE for offshore wind
power is also approaching the target.

In order to know whether our process can be profitable after
scaling up production, we have listed the subdivision cost of the
entire process in Fig. 3h, in which the electricity cost accounts for
the highest proportion (62.1%). With the development of renewable
energy generation technology, we believe that the cost of H,
will be further reduced. In addition, according to the assessment of
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stability test (e) and after 1000 h stability test (f). g TEA for H, production by PEM
technology at 200 mA cm2, where the black horizontal solid line represents the
voltage required by RhRu30, at 200 mA cm, the black diagonal dashed line
represents DOE’s 2026 H, production cost target, and the region with a diagonal
pattern represents the fossil fuel cost range. h The subdivision cost of H, pro-
duction by PEM technology at a given electricity price of 0.049 $kWh™ and a
current density of 200 mA cm™.

the International Energy Agency (Supplementary Note 3), the global
average levelized cost of hydrogen production from coal is
between 1.9 to 2.5$kg,.,2 7, and the cost of H, production with
RhRu;0y as the PEM-WE anode catalyst is 1.7 $ kg, ™', which is lower
than the cost of hydrogen production from coal, so the process is
profitable.

Investigation of stability difference

After verifying the stability and profitability of RhRus;O0, at
200 mA cm™, we wondered if there were other ways to increase the
current density and thus further widen the profitability range. We have
two options: one is to increase the stack voltage, and the other is to
increase the operation temperature. However, as indicated by
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Pourbaix diagram, excessive stack voltage may cause the dissolve of
Ru species’, so it seems not a proper option. We thus focus on
changing the stack operation temperature to increase the current
density. When we raise the temperature, the current density does
increase at the same voltage (Supplementary Fig. 25). Nevertheless, the
stack voltage showed an apparently increase when we performed the
chronopotentiometry test (Supplementary Fig. 26). These phenomena
have aroused our great curiosity why does the temperature increase
also lead to the performance of RhRu;O, to be unstable.

As reported previously®, if lattice oxygen participates in surface
reconfiguration processes such as bonding and bond breaking in the
OER process, that is, following the lattice oxygen oxidation mechanism
(LOM), the stability of the catalyst will be notably affected. The rela-
tively stable catalysts generally follow the adsorbate evolution
mechanism (AEM) in which lattice oxygen does not participate in the
reaction". However, these two different mechanisms are often used to
explain the stability differences between different catalysts®. This
inspires us to ask whether the same catalyst will follow different
reaction mechanisms at different temperatures, resulting in changes in
catalyst stability when the temperature changes.

In order to uncover the mystery of the stability deterioration of
RhRus0, at high temperatures, we decided to conduct the isotope %0
labeling experiment. However, soon we found that we were stuck in
another swamp, the reactor connected to the mass spectrometer
could not meet our requirements for collecting signals under variable
temperature. There are two reasons: First, the traditional configuration
cannot accurately control the temperature; Second, both the main-
stream Wolter-Heitbaum configuration® and the rarely used Bruck-
enstein configuration® require a porous, hydrophobic polymer
membrane to separate the reaction chamber from the vacuum
chamber, but in our tests, we found that the airtightness of the poly-
mer membrane hardly meets the vacuum requirements of the mass
spectrometer at high temperatures®.

Therefore, we designed a electrochemical reactor configuration
coupling with mass spectrometer (Fig. 4a, b), we name it operando
temperature-controlled differential electrochemical mass spectro-
metry (TC-DEMS). With the help of this tandem experimental device
(Supplementary Fig. 27), we conducted our isotope ®O labeling
experiments. RhRu;O, was labeled with ®0 in H,®0/0.1M HCIO,
(Supplementary Fig. 28), followed by thorough rinsing with H,°O to
remove all the possible 80 species absorbed by the van der Waals force.

We then applied a triangular wave potential to the reactor con-
taining H,'°0/0.1M HCIO, (Fig. 4c, d) to dynamically scan the redox
region of the catalyst while the mass spectrometer collected the mass
signal of 0, (*0 + ®0) and **0, (O + ®0). This waveform was
chosen as it enables continuous access to both metal oxidation and
charge transfer from lattice oxygen ligands to the metal centers,
thereby providing real-time insights into potential-dependent
mechanistic evolutions. Compared with static methods like chron-
opotentiometry or at open circuit potential, triangular scanning offers
broader mechanistic coverage across a wide potential window.

At room temperature, the >0, signal closely followed the shape
and change trend of >0, (Fig. 4c and Supplementary Fig. 29a). We
integral the peak area of **0, and >0, (Fig. 4e, f), and find the ratio of
30,20, is about 0.4% (Supplementary Table 4), corresponding to the
natural abundance of 0 of 0.2%. Moreover, the ratio of 30,:20, is
independent of the number of cycles (Fig. 4g blue line).

However, when we follow the same procedure except to elevated
the temperature to 60 °C (Fig. 4d), we get a notably different infor-
mation than at room temperature, the signal shape of **O, is no longer
the same as that of 0, (Fig. 4f and Supplementary Fig. 29b), and the
peak area gradually decreases with the number of cycles (Fig. 4g gray
line). At the outset, the ratio of the integral peak area of *0,:>20, is
higher than 0.4%, but gradually decreases to around 0.4% as the cycle
happens®. This means that *0 was already present in the lattice of

RhRu;0, during the labeling process and was gradually replaced by °O
during the application of triangular wave potentials.

It is worth noting that the gradual decline in the *0,:20, ratio
over time may also be influenced by thermal isotope exchange or
structural reorganization. For example, ICP confirms that Ru dissolu-
tion slightly increases under elevated temperatures (Supplementary
Fig. 30), which may contribute to the concurrent loss of lattice
incorporated ®0. However, XPS reveals no obvious changes in the
electronic structure of RhRusO,, suggesting that reorganization
remains relatively moderate (Supplementary Fig. 31). Although these
factors may affect the rate or extent of **O, release, they do not
undermine the mechanistic implication. The observed *0,:*20, signal,
notably exceeding the natural abundance baseline after H,"O rinsing,
can be unequivocally attributed to the incorporation of 0 into the
catalyst lattice. Furthermore, to exclude the possibility that the
elevated **0,:0, signal at 60 °C originated from thermal isotope
fractionation, we conducted a control experiment using H,'*0/0.1M
HCIO, electrolyte under identical electrochemical conditions. As
shown in Supplementary Fig. 32, the 3*0,:**0, ratio remained con-
sistently at ~0.4% throughout the measurement, which matches the
natural isotopic background. This control experiment establishes a
temperature-specific baseline at 60 °C, confirming that no isotope
fractionation occurs at 60 °C. Accordingly, the elevated **0,:*20 signal
observed in the labeling experiment (Fig. 4g) should be attributed to
the participation of lattice oxygen.

Together, these findings provide compelling evidence that the
OER mechanism of RhRu3Oy at high temperatures changes from a
complete AEM to lattice-involved mechanism (Supplementary Fig. 33
and Supplementary Note 4). This awakened us that a single catalyst
may exhibit distinct mechanistic pathways depending on the operating
temperature—a phenomenon herein referred to as the TDME effect.
Specifically, the TDME effect can be considered as a gradual mechan-
istic evolution, in which lattice oxygen becomes increasingly involved
in the reaction as temperature rises, while the AEM pathway may still
remain operative. This phenomenon reflects a progressive shift in the
relative contributions of different OER pathways at different tem-
peratures. Notably, this TDME behavior provides a reasonable
mechanistic explanation for the aforementioned instability of RhRuz0y
under high-temperature PEM-WE conditions. Considering the great
potential of the TDME effect in researching and developing water
oxidation catalysts, based on our experience of multiple failures before
finally obtaining a high-quality mass spectrometry signal, we provide a
protocol in the form of a logical flow chart to help readers better design
experiments, detect errors, and modify reactors (Fig. 4h).

In addition, to reinforce the TDME effect suggested by operando
TC-DEMS, we conducted Raman spectroscopy measurements under
isotope labeling conditions. RhRus0y was reacted in electrolytes pre-
pared with H,'®0 at room temperature and 60 °C. As shown in Sup-
plementary Fig. 34, the sample before labeling exhibits two
characteristic vibrational modes at 523 and 643 cm™, corresponding to
the £, and A;; modes of Ru-O bonding*, respectively. Upon labeling
at room temperature, these peaks remained unchanged, indicating
negligible participation of lattice oxygen. In contrast, the sample
labeled at 60°C displayed clear redshifts to 518 and 636cm™,
respectively, confirming that 0 was incorporated into the lattice of
RhRu;0,>*%. Nevertheless, these redshifts remained below the theo-
retical maxima for oxygen isotope substitution, which could be
attributed to the surface-localized ®0O exchange and the partially
involved LOM pathway during the catalytic process (Supplementary
Note 5). The above temperature-dependent isotopic results provide
compelling spectroscopic evidence that lattice oxygen involvement
becomes significant at elevated temperatures, further supporting the
TDME hypothesis.

To further rationalize the TDME behavior, it is essential to address a
seemingly paradoxical observation: the onset of the mechanistic shift is
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Fig. 4 | Operando TC-DEMS performance and suggested protocol for OER. a, b
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not accompanied by a significant change in the Tafel slope. (Fig. 2e).
This phenomenon, however, is not inherently paradoxical. As reported
by Shinagawa et al. in alkaline OER®, the Tafel slope is jointly governed
by the electron transfer characteristics of the rate-determining step
(RDS) and the surface coverage of intermediates formed in preceding
steps. Even if the RDS changes, the Tafel slope may remain largely
unaffected if the coverage of key intermediates does not vary notably®.
Our microkinetic modeling under acidic OER conditions (Supplemen-
tary Note 6 and Supplementary Fig. 35) further supports this notion,
demonstrating that distinct RDS scenarios can produce similar Tafel
behavior due to the dominant influence of intermediate coverage.

These results suggest that relying solely on Tafel slopes may overlook
subtle mechanistic changes, particularly in complex multistep acid OER
electrocatalytic systems. In addition to the microkinetic analysis, the
intrinsic nature of the LOM pathway also helps explain this apparent
inconsistency. Specifically, the RDS in the AEM mechanism
(M-O+H,0~>M-OOH+H*+¢€") involves proton-coupled electron
transfer and is thus governed by electrochemical kinetic. In contrast, the
typical RDS in the LOM mechanism (M-0*+M-0y > O+ M*+ My,c)
does not involve electron transfer and is primarily controlled by ther-
modynamic Brgnsted-Evans—Polanyi (BEP) relationships®®. Such an
electron-transfer-independent step falls beyond the descriptive capacity
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of electrochemical kinetic parameters, such as the Tafel slope. There-
fore, even though the underlying mechanism begins to involve LOM at
elevated temperatures, the Tafel slope may remain largely unchanged.
Based on the microkinetic analysis and the electron-transfer-
independent nature of the RDS in the LOM pathway, the occurrence
of a mechanistic evolution does not necessarily lead to a significant
change in the Tafel slope; the two are neither sufficient nor necessary
conditions for each other.

After having a certain understanding of the TDME effect, the next
critical task is to develop effective strategies for the controllable reg-
ulation of TDME behavior. Typically, the activation of the LOM path-
way is triggered by an upward shift of the O 2p band toward or even
above the Fermi level (E¢), rendering lattice oxygen oxidizable and thus
capable of participating in the reaction". It is worth noting that an
increase in temperature will lead to thermal broadening of the Fermi-
Dirac distribution®’. As a result, O 2p states that are fully occupied and
lie below E; at room temperature may develop partial hole character
under thermal excitation, thereby electronically activating lattice
oxygen and enabling the LOM pathway. To avoid thermally induced
LOM activation, it is critical to ensure that the O 2p band remains below
the Fermi level at the intended operating temperature. However, the
position of the O 2p band should not be lowered arbitrarily. If it
becomes too deep, the hybridization between O 2p and Ru 4d orbitals
will be weakened, leading to reduced Ru-O covalency and a lower Ru
vacancy formation energy, which in turn increases the risk of metal
dissolution and structural degradation***%. This trade-off highlights a
seesaw relationship between Ru-O covalency and the O 2p band
position: while elevating the O 2p band enhances covalency and
bonding stability, an excessively high O 2p level can cross the Fermi
level at the operating temperature, thereby triggering the LOM path-
way and accelerating structural degradation.

Based on this understanding, we propose an electronic structure
design strategy guided by the target operating temperature. Specifi-
cally, the suitable O 2p band position should be determined in reverse
from the desired working temperature range, such that even under
thermal excitation, the O 2p states remain below E;, effectively sup-
pressing or delaying the onset of LOM. In practice, this can be achieved
by incorporating dopants to moderately downshift the O 2p band,
thereby increasing the activation energy required for lattice oxygen
oxidation. Additionally, selecting dopants with appropriate ionic radii
can induce local lattice contraction or strain, enhance structural
compactness, and suppress oxygen diffusion and O-O coupling pro-
cesses, thereby further delaying the onset of the LOM mechanism from
a structural perspective.

Theoretical analysis

To provide theoretical insights into the mechanisms of the switch of
the RhRu;0,, DFT computations were performed. The detailed com-
putational methods are available in the Methods section. Firstly, it is
assumed that incorporating a minor quantity of Rh would negligibly
affect the surface state of the parental RuO,(110). The Rh-doped
models are constructed based on this surface with a distinguished
surface state. Hence, we first conduct the surface state verification on
Ru0,(110), and the results are presented in Fig. 5a, b. Obviously, under
the potential for OER, RuO,(110) will be pre-covered by 1ML O*.
Comparative analysis of various Rh doping sites within the RuO,
matrix demonstrates that incorporation of Rh at the coordination
unsaturated site (CUS) represents the most energetically favorable
configuration, as depicted in Fig. 5c. With this derived structure, it is
now feasible to explore the OER mechanism of the RhRu;0,.

The reaction pathways for the two distinct OER mechanisms are
illustrated in Fig. 5c. Steps 1 through 4 delineate the associative AEM,
while steps 1, 2, 5, and 6 outline the LOM. Subsequently, the free energy
diagrams for these two mechanisms are computed upon RhRu3;0, and
undoped RuO,. The results are presented in Fig. 5d. The Gibbs free

energy (AG) of the rate-determination step (RDS) for AEM and LOM on
RhRuz0, is 0.32eV (HOO*) and 0.27eV (0O*), respectively. Clearly,
RhRuz0, is supposed to exhibit an increased propensity for LOM.
However, the operando TC-DEMS experiments reveal that, under the
room temperature conditions, RhRu;O, predominantly employs AEM,
rather than LOM. This preference is attributed to the kinetic barrier
associated with the activation of lattice oxygen in the LOM pathway,
which becomes a significant factor at lower temperatures. As indicated
by the green peak in Fig. 5d, the activation barrier for this process is
approximately 0.47 eV, which is much higher than AG for both AEM and
LOM. In standard conditions, the presence of this activation barrier
renders the LOM difficult to initiate. However, this barrier can be
effectively surmounted at elevated temperatures, as implied by the Ab
initio molecular dynamics (AIMD) simulations in Supplementary Fig. 36.
Specifically, when the temperature is increased to 360 K, the average
activation barrier for the LOM pathway decreases to 0.34 eV, indicating
that higher temperatures facilitate a more favorable LOM process.

Discussion

In summary, we synthesized a RhRu;0 catalyst with notable activity
and stability in acidic OER. The notable performance of RhRu;Oy
operating in the PEM-WE device also shows its application value in
practical hydrogen production. More importantly, we discovered a so-
called temperature-dependent mechanism evolution (TDME) effect
for RhRu30y during the OER process through the operando TC-DEMS
technology. The reaction path follows AEM at low temperatures, while
LOM is involved at high temperatures. This discovery further enriches
the toolbox for regulating OER reaction pathways. We believe that the
design principles established in this study for modulating TDME
behavior, along with the TDME concept itself, may potentially be
extended to the understanding and optimization of a broader range of
transition metal-based OER catalysts.

Methods

Materials

Rhodium (l1I) Chloride Hydrate (RhCl; Rh 38.5-42.5%), Ruthenium (III)
chloride hydrate (RuCl; Ru 35.0-42.0%), Palladium (1) chloride (PdCl,
Pd 59-60%), Chloroplatinic (IV) acid hydrate (H,PtClg Pt 37.5%), Hex-
achloroiridium (IV) Acid Hydrate (H,IrClg Ir 36.0-44.0%) and per-
chloric acid (HCIO4 70.0-72.0%) were purchased from Sigma-Aldrich
Co., Ltd. Hydrochloric acid (HCI 36.0 ~38.0%) and isopropyl alcohol
(299.95%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Carbon black (BP2000) was purchased from Cabot Carbon Ltd.
HiSPEC 40% Pt on Vulcan XC-72R (Pt/C 40 wt%) was purchased from
Johnson Matthey Catalyst Co., Ruthenium dioxide (RuO,) was pur-
chased from Premetek Co., Ltd. Nafion solution (5 wt%) was purchased
from DuPont Co. Heavy-oxygen water (97.5% '80) was purchased from
Henan Herunsheng Isotope Technology Co., Ltd. All reagents were
purchased without further purification. Ultrapure Milli-Q water (18.2
MQcm™) was used to prepare samples and electrolyte solutions.

Synthesis of catalysts

In a typical synthesis procedure, 0.2 mmol of RhCl; was added to 20 ml
of HCl, dissolved until clear, then 130 ml of deionized water (DIW) was
added, followed by 0.6 mmol of RuCls. The mixture was then ultra-
sonic treated for 2 h. Add 325 mg carbon black (Cabot, BP2000), the
weight of which is 4 times the weight of the total metal in the pre-
cursor, and stir for 18 h to disperse to ensure uniform dispersion. Next,
a rotary evaporator is used to dry the mixture at 80°C, 100 rpm,
8x10%*Pa to collect the remaining powder. The dried powder was
placed in Hy/Ar (5% H,) flowing at 900 °C for 2 h, and annealed in air at
450°C for 3 h, and the heating rate was 5 °C/min. Take 50 mg of the
sample and put it into 20 ml, 1M HCI for acid leaching for 12 h, cen-
trifuge, and then centrifuged and washed with deionized water for 3
times. Finally, the samples were dried overnight in an oven at 60 °C to

Nature Communications | (2025)16:9261


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64286-1

2.0
a 1.0 b RuO, (110)
gz T 71
= 05 15/ =t 0
[0}
£ 5 N >~ -
S L Pristine =— =~ 10 ~
< o " ~%
(D 1/3 ML o =) 5 L HO . 8
- NS /3
~ 05 "":¢ - 0.5 ML Ho
7 s
44( o]
_q oLRu0-(110) ) ) ) Pr/s,,he
0 0.5 1.0 1.5 2.0 0
0 25 50 75 100 125
pH
d 1.0
Rh_RuO, AEM
Rh_RuO, LOM
RuO, AEM
_ RuO, LOM
E 0.5 o*
>
2
(0] HO*
c
()
8 o00-
0*+0,,=0,"(9)+Vo -
Vo + H,0 =H"+ e+H?
U=1.23 eV
_0-5 T T T T T T

Fig. 5 | Computational analysis of the surface state and illustration of the OER
mechanism. a, b Calculated 1D surface Pourbaix diagram as a function of potential
vs. RHE (pH 1; temperature=298.15K) (a) and 2D surface Pourbaix diagram as a

Reaction coordinate

function of potential vs. SHE and pH (temperature: 298.15K) (b) of RuO, (110). ¢, d
AEM and LOM OER mechanisms illustration (c) and relevant free energy diagrams
of these two mechanisms on RhRu;0, and undoped RuO, (d).

obtain RhRu50, catalyst. Other samples of different binary metal oxi-
des MRu30O, (M =1r, Pd, Pt, Ru) are prepared in the same way, but with
different precursors.

Characterizations

X-Ray powder diffraction (XRD) was carried out on a X'Pert MPD X-ray
diffractometer with Cu Ka radiation (A =1.5406 A). The morphology of
the samples was analyzed by a Hitachi 7700 transmission electron
microscope (TEM). High-resolution TEM (HRTEM) and corresponding
energy dispersive X-ray (EDX) spectral element mapping were per-
formed on JEM-F200 with an accelerated voltage of 20-200 KV and
beam current > 2.5nA @ 0.7 nm Probe Size. High-angle annular dark-
field scanning TEM (HAADF-STEM) images were recorded on the FEI
Titan cube Themis G2 300 with a 200 kV probe corrector. The surface
area was calculated by nitrogen adsorption-desorption isotherm using
the Brunauer-Emmett-Teller (BET) method on Micromeritics ASAP
2460. The X-ray photoelectron spectra (XPS) spectra was collected on
Thermo Scientific ESCALAB 250Xi, the monochromatic X-ray source is
Al kot 150 W with a beam spot of 500 pum. The X-ray absorption edge
spectra were collected on the BL14W1 beamline of Shanghai Syn-
chrotron Radiation Facility (SSRF) and analyzed with the software of
Ifeffit Athena. The Q; edge position is defined as the energy at nor-
malized absorption of 0.5. ICP data were obtained by Thermo Fisher
iCAP RQ, and all powder samples were dissolved in boiling aqua regia.
The Ru: Rh molar ratio of our sample is about 3.12:1, so we noted it as

RhRu;0,. Raman spectra were captured using a LabRAM HR Evolution
spectrometer with an excitation wavelength of 633 nm.

Electrochemical measurements

Electrochemical measurements were carried out at room temperature
in a water-jacketed five-neck cell (CO11, Tianjin Aida) using a standard
three-electrode configuration connected to a Multipotentiostat (IM6ex,
ZAHNER Elektrik, Germany) in an O,-saturated 0.1M HCIO, (pH=1%
0.02) electrolyte, which was freshly prepared by diluting 1.66 mL of
HCIO, (Sigma-Aldrich) with deionized water to a final volume of
200mL. A Pt foil (Pt 210, Tianjin Aida) and Hg/Hg,SO, (Saturated
K,SO4, Tianjin Aida) were employed as the counter and reference
electrode, respectively. In a typical test, 5 mg of catalyst was added to
1ml of isopropyl alcohol and 20 ul of Nafion solution (5wt%; Sigma-
Aldrich) and ultrasonicated 1 h to yield a homogeneous catalyst ink. To
avoid the impact of the carbon oxidation current generated by the
glass carbon electrode or the contact resistance generated by the
passivation of other electrode materials on the stability test, we chose
the Au electrode to test our samples. Before electrode preparation, the
Au electrode (area, 0.19625 cm?, Tianjin Aida) surface was cleaned by
Plasma Cleaner (Harrick PDC-002) at 740 V DC, 40 mA DC, 29.6 W for
2 min. After the cleaning procedure, 16 ul catalyst ink was cast on the Au
electrode in four drops, and dried in vacuum at room temperature after
each drop (catalyst loading: 0.4 mg cm™). The prepared Au electrode
was assembled with the RDE assembly (Pine Instruments) as the
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working electrode at a rotation rate of 2500 r.p.m. For the OER
experiment, LSV tests were recorded with a scanning rate of 10 mV s™in
the potential range of 1.1-1.8V versus RHE. All potentials were mea-
sured against the MMS reference electrode and converted to the
reversible hydrogen electrode (RHE) scale by using E (vs RHE)= E
(versus MMS) + 0.645 + 0.0591 x pH***,  Electrochemical impedance
spectroscopy (EIS) data were collected from 0.1 Hz to 100 kHz, at an
amplitude of 5mV at 1.45V (versus RHE). The current density-time (i-t)
curves were measured by chronopotentiometry testing at 10 mA cm™2
ECSA is calculated by: ECSA=Cq/Cs, where Cgq is the double-layer
capacitance and C; is the specific capacitance. According to previous
reports®®, Cs=0.035mFcm™? was selected for calculation. Cgq is
obtained from Cgy, =i./v, where i. is the charging current and v is the
scanning rate. To obtain i. and v, we performed CV tests at several
different scan rates (2.5, 5.0, 7.5, 10, 15, and 20 mVs™) in the non-
Faraday potential region of 1.18-1.28 V (versus RHE). S number is cal-
culated by the following formula: S =ng, /ngypissonved): Where ng, is the
evolved oxygen (calculated from the total charge Q, ny, =it/4eN,) and
Npypissovedy 1S the  amount  of  dissolved total Ru
(MRu(Dissolved) = CRu(Dissolved)*V syyurion /Mpg,) measured by inductively coupled
plasma-mass spectrometry (ICP-MS). To correct the ohmic drop, all
potentials measured in RDE are calibrated using 100% iR compensation.

PEM-WE measurements

The membrane electrode assembly (MEA) was prepared by the catalyst
coating (CCM) method. The ionomer of 30 wt% of the total anode cat-
alyst was uniformly mixed with the anode catalyst (40 wt% for the
cathode) in a solvent with a volume ratio of isopropyl alcohol to water of
1:1. A 3mgcm™ anode catalyst layer (RhRusz0,, Hom-RuO,, Com-Ru0Q,)
and a 0.6 mgcm™ Pt/C layer were formed by vacuum adsorption air
brush at 40°C on a coffee-colored Teflon high temperature cloth
(Jiangsu Aokai New Material Technology Co., Ltd.). Hot press transfer
was then performed on a blank membrane electrode (Nafion 115,
thickness: 127pum, Anhui Contango New Energy Technology Co., Ltd.) of
2*2 cm? at 135 °C, 11 T, 5 min (Model 4386, Carver, Inc.). The assembly of
PEM-WE is shown in (Fig. 3a, b). In order to reduce the contact resistance,
platinum-plated titanium alloy material is selected to make the anode
polar plate, the anode PTL is platinized titanium fiber felt (0.25 mm, SCI
Materials Hub), the gaskets of specific thickness on both sides are made
of polytetrafluoroethylene (PTFE), the cathode PTL is carbon paper, and
the cathode polar plate is made of graphite. All PEM-WE tests were
performed on an integrated electrolysis system (Scribner 600 PEM
Electrolysis Test System). The electrolyte we used was 18 MQ DIW, and
the flow rate was 100 ml/min. The cathode carrier gas was N,, and the
flow rate was 40 ml/min. I-V curves were measured with scan current
mode at 50-2200 mA cm™ at room temperature and ambient pressure.
The stability test was carried out with constant current mode at
2000 mA cm™ at room temperature (or 60 °C) and ambient pressure.

Operando TC-DEMS

The operando TC-DEMS measurements were carried out in a home-
made electrochemical reactor configuration (Yu-Qu configuration)
coupling with a differential electrochemical mass spectrometer (Linglu
QMG 250) and connected by a quartz capillary tube. In order to control
the temperature more accurately, we also added a water-cooling sys-
tem around the heating jacket to ensure the control temperature
accuracy of +0.1°C. The working electrode used is to air-spray the
catalyst on a 1*1 cm? glass carbon sheet with a load of 0.4 mg cm™, the
counter electrode is a carbon rod, and the reference electrode is an Ag/
AgCl solid electrode. In the **0 labeling step, we flushed the Ar flow to
remove air from the reactor for 15 min, then we ran the reactor and
heat up to target temperature. Next, we maintain a constant current
mode of 10 mA cm™, and if the required voltage is close to the RDE test
results, we label it in H,'*0/0.1M HCIO,, for 20 min (Raman spectra
were collected under the same electrochemical labeling conditions); If

inconsistent, the experiment can be corrected by referring to the
reasons for possible failure summarized in our protocol.

The reactor and electrodes were then washed with a large amount
of %0 water and soaked with *O water three times for 5 min each time
to remove any 80 species adsorbed on the catalyst by van der Waals
force. Then, reassembling the operando TC-DEMS equipment and
flushed Ar flow to the reactor for 15 min. The baseline signal of all mass-
selected products (m/z=32 and 34) needs to be stabilized before
heating up to the target temperature, which usually takes about
20 min. The mass signal was smoothed by averaging every twenty data
points. If the signal baseline is still unstable after 30 min, check the air
tightness of the reactor itself and the connection of the quartz capillary
ends. After heating to the target temperature, a triangular wave
potential of 1.1-1.7 V versus RHE is applied at a sweep rate of 2mV s, If
the signal peak can be seen to be notably higher than the baseline, the
test is completed. The signal peak usually has a delay of about 400 s
after the application of the angular wave potential due to capillary
injection. If there is no signal peak notably higher than the baseline,
please refer to our protocol again to check.

The Tafel slopes of RhRu;0, and Hom-RuO, at 30, 40, 50, 60 and
70 °C were measured in the same reactor. The apparent activation
energy (E;, app) is derived from the following formula:

d(logjy) _ Ea,app @
d(%) 2.303R

Where j, is the exchange current density, which can be calculated from
the slope and intercept of the Tafel diagram, the formula is as follows:

2.303RT 2.303RT
— o % H o % A 2
n=="gr log(o) - == 7 "logl) @
jo=10 () 3)

Computational details

Spin-polarized density functional theory (DFT) computations were
conducted via the Vienna ab initio simulation package (VASP)*, in
which the projector augmented wave (PAW) method***’ was
employed. Plane-wave basis set'” was chosen to expand the Kohn-
Sham*® wave functions to consider the valence electrons. The relevant
kinetic energy cutoff was set at 520eV. The revised
Perdew-Burke-Ernzerhof (RPBE) functional® was employed as a
parametrization to the general gradient approximation (GGA)*° to
compute the electron exchange and correlation interactions. All geo-
metrical structures were allowed to be relaxed until the force subject
to each atom less than 0.05 eV/A. The Brillouin zone was sampled by a
(3x3x1) k-point mesh®.. To separate two periodic surfaces along the z-
direction, a 15A vacuum slab was employed. The two bottommost
layers were held stationary at their bulk lattice positions, while the
remaining layers were permitted to undergo relaxation. The Python
Materials Genomics (pymatgen)*? and Atomic Simulation Environment
(ASE) libraries®® were employed to handle crystal structure manipula-
tion, input generation, and the evaluation of surface stabilities. The
computational parameters for bulk structures were derived from the
Materials Project database™. Prior to the study, a series of more rig-
orous computational methodologies were assessed, encompassing
increased kinetic energy cutoffs, expanded k-point mesh grids,
reduced convergence thresholds for forces, augmented layer thick-
ness, and expanded unit cell dimensions. Nevertheless, the variations
in binding energies and the optimized adsorption geometries were
found to be negligible. The methodologies for the surface Pourbaix
diagrams computations were referred to the work by Hansen et al.>,
with the thermodynamics calculated by employing the computational
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hydrogen electrode model, introduced by Ngrskov et al.*, as a func-
tion of pH and electrochemical potential. Corrections for zero-point
energy (ZPE) and entropy were referenced from previous
investigations®’ at standard conditions (298.15 K). Moreover, solvation
corrections were specifically applied to the HO* intermediates, con-
sidering the pronounced stabilization effect attributable to hydrogen
bonding interactions, with correction values cited from the literature®,
To further probe the temperature-induced effect on the mechanism
evolution from AEM to LOM, ab initio molecular dynamics (AIMD)
simulations®**° were performed using the VASP code, employing the
RPBE exchange-correlation functional. The simulations utilized a
plane-wave basis set with an energy cutoff of 400eV and applied
Gaussian smearing with a width of 0.1eV. All simulations were carried
out at the '-point with a time step of 1fs, and the system temperature
was maintained at 360 K using a Nosé thermostat over the course of
10,000 simulation steps. The structures obtained after 5000 steps
were used for further analysis. To note, the relevant structures after
5000 steps are presented in GitHub in an interval of 100 steps.

Data availability

The source data generated in this study are provided in the Source Data
file. MD simulation structures generated in this study have been
deposited in Figshare under accession code https://doi.org/10.6084/
mo.figshare.29554247¢. Source data are provided with this paper.
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