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The acidic oxygen evolution reaction (OER) is central to water electrolysis using proton-exchange
membranes. However, even as benchmark catalysts in the acidic OER, Ru-based catalysts still suffer
from sluggish kinetics owing to the scaling relationship that arises from the traditional concerted
proton-electron transfer (CPET) process. Motivated by the knowledge that a charged surface may
be favorable for accelerating the OER kinetics, we posited the incorporation of elements with pseu-
docapacitive properties into Ru-based catalysts. Herein, we report a RuPbOx electrocatalyst for
efficient and stable water oxidation in acid with a low overpotential of 191 mV to reach 10 mA cm-2
and a low Tafel slope of 39 mV dec-!. The combination of electrochemical analysis, X-ray photoelec-
tron spectroscopy, and in situ Raman spectroscopy demonstrated that the improved OER kinetics
was associated with the formation of superoxide precursors on the strongly charged surface after
Pb incorporation, indicating a non-concerted proton-electron transfer mechanism for the OER on
RuPbO.
© 2022, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

sion resistance, Ru-based catalysts are the optimal alternative
to Ir-based catalysts [9]. Unfortunately, a considerable overpo-

The oxygen evolution reaction (OER) is crucial for achieving
a renewable energy cycle [1,2]. To achieve wide application of
proton exchange membrane (PEM) electrolysis for hydrogen
production, OER electrocatalysts that are active in acidic envi-
ronments are urgently required [3-5]. Therefore, the design of
highly efficient and durable OER catalysts and understanding
the interfacial process remains an unmet challenge [6].

However, the harsh corrosive conditions of the OER limit
acidic OER catalysts to ruthenium and iridium oxides [6-8],
while the scarcity of Ir inhibits its large-scale application. Ow-
ing to their relative abundance, high OER activity, and corro-

tential is added to the actual process due to the complex and
multiple steps in the OER. Thus, even as benchmark catalysts,
Ru oxide catalysts still suffer from sluggish kinetics [10].

RuO: is generally considered to undergo a concerted pro-
ton-electron transfer (CPET) process during the OER, in which
the proton(s) and electron(s) are transferred synchronously at
each step. Therefore, the OER activity is limited by the scaling
relationship that arises from CPET [11]. Prior studies suggest
that involving a non-concerted proton-electron transfer path-
way can break the scaling relationship and improve the OER
performance in alkaline electrolytes [11,12]. Highly alkaline

* Corresponding author. Tel: +86-21-31242803; E-mail: bozhang@fudan.edu.cn

t Contributed equally to this work.

This work was supported by the National Natural Science Foundation of China (21875042, 21634003, 51573027), Ministry of Science and Technolo-
gy of the People's Republic of China (2016YFA0203302), Shanghai Municipal Committee of Science and Technology (18QA140080, 16]JC1400702)

and the Program for Eastern Scholars at Shanghai Institutions.

DOI: 10.1016/S1872-2067(21)63856-1 | http://www.sciencedirect.com/journal/chinese-journal-of-catalysis | Chin. ]. Catal,, Vol. 43, No. 1, January 2022


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(21)63856-1&domain=pdf

Rui Huang et al. / Chinese Journal of Catalysis 43 (2022) 130-138 131

environments facilitate the deprotonation process and form
charged species (e.g, O” and O27), thereby decoupling proton
and electron transfer [13-15]. Compared with alkaline condi-
tions, it is difficult to decouple H* and e™ in the acidic OER be-
cause of the proton-rich environment. Therefore, most studies
on Ru-based catalysts in the acidic OER did not achieve
non-concerted proton-electron transfer steps [6,16,17]. To
trigger the non-concerted proton-electron transfer process,
modulating the charging state of the catalyst surface may be a
promising strategy, by which deprotonation might be facilitat-
ed and the charged species can be stabilized under acidic con-
ditions [18].

Motivated by the excellent pseudocapacitive properties and
stability of lead and Pb oxides in acid [19,20], we posit that
incorporating Pb into the Ru oxide lattice could alter the
charging capability of the catalyst surface, thereby facilitating
the formation of charged species to promote the non-concerted
proton-electron transfer mechanism in order to enhance the
OER performance.

In this study, a Ru-Pb binary oxide (RuPbOx) electrocatalyst
with homogeneous atomic dispersion is synthesized for the
acidic OER. The catalyst affords a low overpotential of 191 mV
to reach 10 mA cm-2 and a low Tafel slope of 39 mV dec-?,
which is lower than that of commercial nano-RuO:z. Electro-
chemical analysis and in situ Raman spectroscopy show that
doping with Pb atoms changes the surface state of the pre-OER
catalysts, enhances the charge capacity of the catalysts, and
triggers the non-concerted proton-electron transfer mecha-
nism to improve the OER performance.

2. Experimental
2.1. Materials

Ruthenium chloride hydrate (RuCls-xH20), ruthenium oxide
(Ru02), carbon black (Vulcan XC-72), and Nafion® (5 wt% in a
mixture of lower aliphatic alcohols and water) were purchased
from Sigma-Aldrich. Lead acetate trihydrate (Pb(Ac)2-3H20)
was purchased from Adamas-beta. Pt/C (40%) was obtained
from Johnson Matthey. N,N-dimethylformamide (DMF), etha-
nol, isopropanol, and acetone were purchased from Sinopharm
Reagent. H2180 (99%) was purchased from Nukem Isotope. D20
(99.9%) and D2SOs (99.5%) were purchased from Cambridge
Isotope. TGP-H-060 carbon paper (CP) was purchased from
Toray. Freudenberg H23C9 gas diffusion layers were pur-
chased from Fuel Cell Store. All the chemicals were used with-
out further purification.

2.2.  Synthesis of materials

A series of RuPbOx catalysts was synthesized by modifying a
previously reported sol-gel method [21]. The typical procedure
for RuPbOyx synthesis is as follows: 0.75 mmol RuCl3-xH20 and
0.15 mmol Pb(Ac)2:3H20 were first dissolved in 3 mL DMF. The
vessel with the solution was sealed and chilled in a refrigerator
for 2 h, after which a clean stirring bar was placed into the so-
lution. H20 (0.2 mL) and propylene oxide (0.5 mL) were simul-

taneously dropped into the solution under stirring. The con-
tainer was sealed and the mixture was aged for 12 h. Thereaf-
ter, the reaction was quenched by adding acetone, and the pre-
cipitates were immersed in acetone for 1 d, followed by cen-
trifugation and washing with acetone three times to thoroughly
remove propylene oxide and DMF. The as-prepared powder
was dried under vacuum conditions. Afterward, the black
powder was annealed in a tube furnace at 500 °C in air for 1 h
at a ramp rate of 2 °C min-1. Catalysts with different Ru:Pb rati-
os were synthesized using the same procedure as that for
RuPbOyx. The total amount of metal salt precursors was kept at
0.9 mmol, and the ratio of the different precursors was varied.

2.3.  Characterizations of catalysts

High-resolution  transmission electron  microscopy
(HR-TEM) images and corresponding energy-dispersive X-ray
spectroscopy (EDX) elemental maps were obtained using a
JEOL-2100F TEM equipped with an Oxford energy dispersive
spectrometer. Powder X-ray diffraction (PXRD) patterns were
obtained using a Bruker D8 Advance diffractometer equipped
with a Cu-K» X-ray source. X-ray photoelectron spectroscopy
(XPS) measurements were conducted on a Thermo Scientific
K-alpha X-ray photoelectron spectrometer with a monochro-
matic Al-Kq X-ray source (1486.6 eV). The XPS data were fur-
ther analyzed using CasaXPS software. Owing to the overlap of
the C 1s and Ru 3d peaks, the binding energy was calibrated
relative to the C-F2 peaks from the Nafion® ionomer (290.8 eV)
[22,23]. The details of X-ray absorption spectroscopy (XAS)
measurements and analysis are provided in the Supporting

Information (SI) and Supplementary Note 2.
2.4.  Electrochemical measurements

Electrochemical measurements were performed in a
three-electrode system using a potentiostat (Metrohm Autolab
M204), with a saturated Hg/Hg2S04 electrode (MSE, E° = 0.652
V vs. RHE at 25 °C) as the reference electrode and platinum foil
as the counter electrode. To prepare the catalyst film on glassy
carbon rotating disk electrodes (GCE, 3 mm in diameter), 5 mg
of catalyst and 2 mg of carbon black were dispersed in 980 pL
of a mixture of water and ethanol (5:1, v/v), after which 20 pL
of 5 wt% Nafion® ionomer solution was added. The suspension
was immersed in an ultrasonic bath for at least 60 min to ob-
tain a homogeneous ink. Thereafter, 4.5 pL of the catalyst ink
was carefully deposited onto the GCE (the loading mass was
0.32 mg cm-2). Detailed electrochemical protocols are provided
in the SI.

2.5. In situ Raman measurements

In situ electrochemical Raman spectroscopy measurements
were carried out on a Renishaw In Via Qontor Raman spec-
trometer equipped with a 50x objective and 300 mW 785 nm
laser. A homemade polytetrafluoroethylene electrochemical
cell was used for the in situ measurements. A saturated
Ag/AgCl electrode was used as the reference electrode, and a Pt
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wire was used as the counter electrode. The working electrodes
were prepared by airbrushing the catalyst powder onto the
CPs. In situ Raman spectra were collected in conjunction with
linear sweep voltammetry (LSV) measurements. The applied
potential was elevated from 0.9 to 1.5 V vs. RHE at a scan rate of
2 mV s-1. Each spectrum was acquired under 1.2 mW laser il-
lumination (1% laser power and 40% optical efficiency) for 10
s. During the in situ measurements, the LiveTrack module was
used to ensure that the laser focused on the sample to relieve
interference from the bubbles generated in the OER. The above
measurements were carried out in ordinary 0.5 M H2SO4,
D2S04, and 180 labeled H2SO4 solutions to verify the isotope
effect of the OER intermediates.

3. Results and discussion
3.1. Material characterization
The as-prepared catalyst was first studied using TEM, which

demonstrated that the synthesized Ru-Pb oxide catalysts had a
particle size of ca. 10 nm (Fig. 1(a)). The HR-TEM images and
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the corresponding fast Fourier-transform (FFT, Fig. 1(b) and
inset) pattern indicated that the catalysts possessed the rutile
structure. The spacing of the (110) crystal plane increased
slightly upon Pb doping. Because Pb ions (0.94 A for Pb2+ and
0.77 A for Pb#+) have a larger radius than Ru#* ions (0.62 A)
[24], these deviations are plausibly due to the incorporation of
Pb ions into the RuOz lattice. The PXRD results confirmed suc-
cessful doping with Pb. As shown in Fig. 1(c), all the XRD peaks
of the catalysts matched well with those of rutile RuOz2 in the
tetragonal system and P42 /mnm space group, where the peaks
were negatively shifted by ~0.1° upon Pb doping, while no
peaks related to Pb compounds were observed, indicating that
the Pb ions may be dispersed in the rutile matrix instead of
forming other phases. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and EDX
were employed to analyze the elemental distribution of the
as-prepared catalysts (Fig. 1(d)). The elemental maps (Figs.
1(e)-(g)) show that Ru, Pb, and O were uniformly distributed
over the entire catalyst, indicating the successful preparation of
RuPbOy catalysts. In addition, the EDX analysis indicated that
the atomic ratio of Ru/Pb was 4.3:1 when the feed ratio was
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Fig. 1. Characterization of RuPbOx catalyst. (a) TEM image. Scale bar: 50 nm. (b) HR-TEM image. Inset: FFT pattern from the nanoparticle can be in-
dexed to (110), (101), and (211) planes of rutile structure. Scale bar: 10 nm. (c) XRD patterns. (d-g) HADDF-STEM image and EDX element mappings.
Scale bar: 50 nm. (h) Normalized Ru K-edge XANES spectra of RuPbOy, Ru powder, RuCls, and commercial RuOz. (i) Fourier-transform EXAFS profile

of Ru K-edge for RuPbO,, Ru powder, RuCls, and commercial RuOa.
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5:1.

XAS was further carried out to elucidate the electronic and
atomic structures of RuPbOx. Ru K-edge X-ray absorption near
edge structure (XANES) analysis of the rutile-type RuPbOx
showed that the absorption energy of RuPbOx is similar to that
of Ru(IV)O2, which is different from that of metallic Ru(0)
powder and Ru(III)Cls, suggesting that the oxidation state of Ru
in RuPbOyx is close to +4 (Fig. 1(h)). Ru K-edge extended X-ray
absorption fine structure (EXAFS) analysis was also applied to
reveal the local structures of the Ru-0 and Ru-Ru bonds. From
the Fourier-transformed (FT) radial structure of the
k2-weighted EXAFS spectra (Fig. 1(i)), it was determined that
the peak at 1.50 A for RuO:z is associated with Ru-0, while the
peaks at 2.60 and 3.22 A arise from the back scatterings of
Ru-Ru in the second and third shell [25]. Compared with RuOz,
RuPbOx showed decreased intensity of the third shell Ru-Ru
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scattering, which could be ascribed to the decreased Ru-Ru
coordination number after Pb doping. The detailed structural
parameters of RuPbOx were obtained by fitting the EXAFS data
(Supplementary Note 2). The best fit was obtained when the
Ru-Pb scattering path was considered in the third-shell fitting
(Fig. S1 and Table S1), indicating that Pb and Ru reached atom-
ic-level blending in the rutile lattice.

3.2.  Electrochemical performance

The OER performance of the catalysts in 0.5 M H2S04 was
evaluated by linear sweep voltammetry (LSV) (Fig. 2(a) and
Table S2). After incorporating Pb atoms, the OER activity was
enhanced to various extents compared to that of commercial
nano-RuO: (Fig. S2), where the best performing catalyst was
RusPb10x (based on the feed ratio, denoted as RuPbOx in the
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Fig. 2. Electrochemical performance. (a) OER polarization curves of different catalysts. The curves were 95% iR-compensated; (b) 10 and mass activ-
ities of different catalysts; (c) Steady-state Tafel plots for different catalysts; (d) Steady-state polarization curve of RuPbOx in PEM electrolyzer. Inset:
schematic of PEM electrolyzer; (e) Chronopotentiometry stability test of RuPbOyat 10 mA cm-2
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following discussion). The RuPbOx catalyst required an over-
potential of only 191+3 mV to reach 10 mA cm-2 (110), which is
a 94 mV improvement compared to that of RuO2. The
mass-specific activity of RuPbOx was 594 A gru~1, which is more
than 20 times higher than that of RuO2 (28 A gru1), ranking it
among the most active Ru-based catalysts in acid (Fig. 2(b) and
Table S3). The turnover frequencies (TOFs) were also estimat-
ed on the basis of the total Ru loading (an underestimated
method). The TOF of RuPbOx was approximately 0.143 s-1 at
1.50 V vs. RHE, which is 20 times higher than that of pristine
RuO2 (0.007 s-1) (Fig. S3). To compare the intrinsic activity of
RuPbOy and RuOz, both the electrochemical surface area (ECSA)
and Brunauer-Emmett-Teller (BET) surface areas were used to
normalize the OER current (Supplementary Note 1, Figs.
S4-S7). RuPbOx afforded a higher OER current density than
RuO: (Figs. S6-S7), indicating that the improved OER activity is
not due to the increase in the surface area, but rather to the
intrinsic activity of the active sites.

The kinetic profiles of RuPbOx and RuOz were studied using
electrochemical impedance spectroscopy (EIS) and
steady-state Tafel measurements. EIS anlaysis showed that
RuPbOyx had a smaller charge-transfer resistance than RuO:
(Figs. S8 and S9), while the effective surface double-layer ca-
pacitance (Caiefr) of RuPbOx was higher than that of RuO2 (Table
S4), suggesting faster OER kinetics on RuPbOy and a stronger
surface charging capability. In the steady-state Tafel measure-
ments, both catalysts exhibited approximate two-step Tafel
behavior. At high overpotentials, the Tafel slope for both cata-
lysts was ~120 mV dec-1, which can be attributed to the de-
composition of H20 (M + H20 —» M-OH + H* + e-) as the
rate-determining step [26,27]. In the low overpotential region,

pristine RuO2 demonstrated a Tafel slope of 63 mV dec-1, which
is close to previously reported values [28-31]. This value is
believed to be associated with the deprotonation of *OH (M-OH
— M-O + H* + e), as the rate-limiting step. In contrast, the Tafel
slope was 39 mV dec-! for RuPbOyx, which not only indicates
faster kinetics on the Pb-doped catalyst, but also suggests a
change in the rate-determining step. According to the previous
microkinetic analysis, the Tafel slope of ~40 mV dec-! may be
associated with the decoupled proton-electron transfer step as
the rate-determining step [26]. This is discussed in detail later.

The OER stability of RuPbOx was then evaluated using
chronopotentiometry at 10 mA cm-2 (Fig. 2(e)). The overpo-
tential increased by only 85 mV for this new catalyst during
100 h of continuous electrolysis, which is superior to the per-
formance of other doped Ru-based electrocatalysts [30,32,33].
To further verify the electrochemical performance of RuPbOy in
practical systems, the catalyst was utilized in a 5 cm2 PEM elec-
trolyzer for water electrolysis under industrial conditions (80
°C) (Fig. 2(d)). The cell only required 2 V (without any com-
pensation) to reach an electrolysis current density of 1 A cm-2.
The above results further validated the superior OER activity
and stability of RuPbOx.

3.3.  Analysis of surface chemical state of RuPbOx

To investigate the origin of the high activity of RuPbOy, com-
bined cyclic voltammetry (CV), pulse voltammetry (PV), and
XPS analyses were used to study the surface chemical states of
the catalysts. Over the potential range of 0-1.5 V vs. RHE, RuP-
bOx exhibited capacitive behavior and two redox reaction peaks
in the CV cycle (Fig. 3(a)). The first peak in the region of 0.5-0.8
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V originates from the oxidation of Ru3+ to Ru#+, and the second
peak at 1.1-1.4 V, before the OER onset, is assigned to surface
charging and evolution of the chemical state of the catalyst
[34,35]. Compared to RuOz, RuPbOx exhibited a more promi-
nent redox profile, indicating that the surface of RuPbOx was
strongly charged and was oxidized before the OER onset.

Such pseudocapacitive charging effects can also be probed
by PV (Fig. 3(b) and Fig. S10). The total charge stored on the
catalyst surfaces (the charge density was normalized by the
ECSA to eliminate the surface area effect) was measured by
integrating the cathodic pulse current (Fig. S10). The RuPbOx
catalyst demonstrated 8-15 times stronger surface charging
than the pristine catalyst within the OER potential window. It
has been pointed out that for Ru- (or Ir-) based materials, the
OER rate is directly associated with this pseudocapacitive
charging effect [18]. The catalyst surface can store charge
through surface deprotonation. In RuPbOy, this surface charg-
ing process may lead to the formation of a highly OER active
surface before the OER, and some charged species may be sta-
bilized on the catalyst surface and serve as reaction precursors.
These charged surface species favor the non-concerted pro-
ton-electron transfer process [13].

The surface chemical environment of the post-OER catalysts
was then examined using O 1s XPS (Figs. 3(c) and 3(d)). Three
different oxygen species were resolved through deconvolution
of the peaks of both RuPbOx and RuO2 (Table S5). The peak at
~534.2 eV is assigned to adsorbed water, whereas the peaks at
531.4 and 528.8 eV are related to hydroxyl groups and lattice
oxygen, respectively [36]. Compared with RuO2, RuPbOx con-
tained a larger proportion of adsorbed water and surface O
species, suggesting that more active oxygen species were ter-
minated on the catalyst surface, with fewer less-reactive diva-
lent surface oxygen species [37].

3.4. Insitu Raman spectroscopy

To further understand the evolution of the surface species of
RuPbOyx during the OER process, in situ electrochemical Raman
spectroscopy (EC-Raman) was performed. Figs. 3(e) and 3(f)
show the in situ Raman spectra of RuPbOx and RuO2. Two major
Raman features, located at ca. 528 and 644 cm-1, were ob-
served for both RuPbOy and RuOz, which can be assigned to the
Eg and A1g modes in the rutile-type structure, respectively [38].
The Bzg mode (716 cm-1, which originated from the Ru-O
stretching vibration in the lattice) was faint for RuPbOy, indi-
cating that the surface microstructure of RuPbOy is different
from that of RuO2, which is consistent with the XPS signals of
weak lattice O in RuPbOx. The peaks at 800-1100 cm-! are from
the electrolyte (Fig. S11) [39].

RuPbOx showed a distinct Raman peak at ~1158 cm-1, the
intensity of which changed obviously as the potential increased
from 0.9 to 1.5 V vs. RHE. In contrast, this Raman peak was not
detected for RuO2z (Fig. 3(f)). Deuterium isotopic substitution
measurements showed that this peak did not exhibit discerni-
ble shifts, whereas in the H2S1804 electrolyte, the peak shifted
to lower wavenumber (approximately 1148 cm-1) (Fig. S12).
The above results confirmed that the intermediates with sig-

nals around 1158 cm-! are oxygen-related species. According
to previous literature, this peak could be assigned to the 0-O
stretching vibration of the superoxide ion (02-) [13,40-43]. The
presence of charged superoxide species demonstrates that the
catalyst surface was pre-oxidized to a highly active state before
the OER. As the applied potential increased, the superoxide
species decomposed and released Oz.

3.5.  Non-concerted proton-electron transfer step in OER

The observation of charged superoxide OER precursors in
the Raman studies suggest that the OER process on the RuPbOx
surface may proceed via a non-concerted proton-electron
transfer pathway, which is distinct from that on RuO2. We fur-
ther investigated the pH-dependence of the OER activity (Fig.
S13). At a given overpotential (7 = 300 mV), the OER current of
RuPbOy increased significantly as the pH decreased (Fig. 4(a)),
demonstrating a reaction order (dlog(i)/dpH)e of -0.87. The
Tafel slope also decreased with decreasing pH (Fig. 4(b)). The
pH-dependence of the OER activity on the RHE scale indicated
non-concerted proton-electron transfer steps during the OER
[12]. In contrast, the OER activity of RuO2 showed a weak de-
pendence on the pH, which is consistent with classical CPET
steps [8].

Based on the above results, we propose a possible mecha-
nism for the electrocatalytic OER on RuPbOy, which differs from
the concerted proton-electron transfer mechanism that only
considers uncharged adsorbates (or adsorbates with all equal
charges) [12,13].

Non-concerted proton-electron OER mechanisms:

M + H20 — M-OH + H* + e- 1)
M-OH — M-0 + H* + e (2)

M-O + H20 — M-O0OH + H* + e- 3)
M-OOH + H20 — M-00- + H30* 4)
M-00- - M + Oz + e 5)

Egs. (4) and (5) demonstrate that in this mechanism, de-
coupling of the proton and electron transfer processes (Fig.
4(c)), in which the M-OOH species are first deprotonated and
form superoxide species M-007, is followed by an electron
transfer step and release of Oz. Previous microkinetic analysis
of this non-concerted mechanism gave a theoretical Tafel slope
of 40 mV dec-! at low overpotential [26], where the present
experimental value is very close to the theoretical value.

This mechanism is achieved by atomic-scale doping of Pb in
the RuPbOx catalyst. The incorporation of Pb modified the local
microstructure of rutile Ru oxide and increased the pseudo-
capacitive charging capability of the catalyst surface. This
strongly charged surface promotes the deprotonation of sur-
face oxo-species and stabilizes the charged OER precursors,
such as superoxide ions (0z7), resulting in a decoupled pro-
ton-electron transfer process.

4. Conclusions
A RuPbOx electrocatalyst was developed for the acidic OER

using a modified sol-gel method. The catalyst achieved a low
overpotential of 191 mV to reach 10 mA cm-2 and a low Tafel
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Fig. 4. Non-concerted proton-electron transfer steps on RuPbO. (a) pH-dependent OER activity of RuPbOx and RuO: at n = 300 mV; (b)
pH-Dependence of Tafel slope of RuPbOy; (c) Schematic of the non-concerted proton-electron transfer mechanism. Brown balls: Ru, black balls: Pb,
white balls: O, red ball: H. The active oxygen species are marked with yellow.

slope of 39 mV dec-, where the slope is superior to that of
commercial nano-RuOz. The combination of electrochemical
analysis, XPS, and in situ Raman spectroscopy demonstrated
that the improved OER Kinetics is associated with the for-
mation of superoxide precursors on the strongly charged sur-
face after Pb incorporation, indicating a non-concerted pro-
ton-electron transfer mechanism for the OER on RuPbOx. These
results pave the way for the design of efficient and durable
electrocatalysts for the OER and other electrocatalytic applica-
tions.
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Supporting information is available in the online version of
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fEFE R F-H TR Ru-Pb — ST BB 4E L5 _ERUOERZEN =

8 L
}%‘ fg{i \_U%_:éj%‘—l H Ta %Z%Bia g{i 7&
FEHREBRATHER, REWATIREREA LR E, Li§200438

W JF R %A T T 2R S (OER) B A6 772 ST - 28 # IS (PEM) FELAR /K R (A% O 1) R Rud& AL 7R ARG PEOER
R PR AEAE AL 7, FLOERYE MEWE A% G2 (1 Hp 1R] - F G B ek R 5 SR (1) LU A9 5% 8 B PR, AT SR AFAE BN J1 22 IR G2 I [l . T
Ao HL R 10T ] B T I OERS) /12 AR, A SORE HLAG JBE HL 251 52 (1 70 2 P I A RuE A 46 77 LASR FHOEREPE. A3
SR FH — o et () 2 - 5 S 12 1) 4649 B RuPb O, HL A AL R, T IR 14 2% R T v RORN AR BI/K AL, 51 23 R0 B B B XU 48
W ROt 45 SR BH, RuPbO,MEALTTI N Z110 nm¥ikE, Ru. POAIOJE T 51 A fEMEAL T b, T B TR . b 22k as
RRY, ZMELFIER10 mA em B ALY 191 + 3 mV, ML TR KRUO,FETF 794 mV. Z 48 4k 71 (5 & b
F AL SRR (TOF) M 8 T RuOF2 =1 72015, &0 b 2 iG MM AU(ECSA) H — LI OER i B B 35 32 7, SR WIPbIB 4R 5 2
&AL I A E VG . Tafel5h /124 8 98 45 3 22 W, RuPbO, [f) Tafel £ % 39 mV dec ', MRuO, K 963 mV dec, W]



138 Rui Huang et al. / Chinese Journal of Catalysis 43 (2022) 130-138

RuPbO, 5 RuO, i B IRANH]. iZRuPbO MEALFIE R H BT e e P, 7210 mA em > FLIRL % R OE SR 100 s ik BAL
AXHRTESS mV. 5% A7 R FE Tl 26 E(80 °C) T IR 128 He IS (PEM) FEL 2 B b, BIIK T A om > FLI 26 JEE I 4 fl b L IR
L2 V.

fa F XS 28 56 HE T BE 1 (XPS)« AL ZE AT LR SR 437 B G RERF 7T 1 AL 7R THT AL SRS, ki AR 22 VEAF 7 32 B, Pb
B Ja AL B A S SR 10 FRRE /7. O 1s XPSZE R M, [V 5 RuPbO R THI# 58 Z G A A B 5. WAk 22 5 A h 20
W FE W, 7EZ11158 em™ VB T R SRR MR A Ah 4 HR 5 06, il 25 PR 35 (R0 388, 6 AR A A I T R IR RO B T
DA bS58 45 A N, RuPbO, fif 46 55 7E OER I #2 HR AT BB 48 JJ7 T — A~ 5 RuO, A R 1 3E B [A) Jit - L A& i % 42, RuPbO, [
OERVEVEHRIL T pHAH M, 3t —BAE B T AR R F- TR R A, TR TP 44 T LLRE &40 A EALET I )5
AU R, HEIN T e AR THD 1 P 2 M A7 LR 0. I B LT 2 TR AT DA B 5 4 H DR 1) 25 T4k R A28 1 FUIFIOER
AT DR (3] e SR B8 1), ANTTRE - FE T RS I R AR, 18 Ll ¢ R ) R 1, 32 TFOER T 1.
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