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There is an urgent need to develop a cost-effective and highly efficient acidic OER catalyst to support the
progress of proton exchange membrane water electrolysis technology. Ruthenium-based catalysts, which
possess high activity and significantly lower cost compared to iridium-based catalysts, emerge as com-
petitive candidates. However, their suboptimal stability constrains the wide application of RuO,. Herein,
we develop ultra-small Big gsRug 950, nanocrystal with diameter of approximately 6.5 + 0.1 nm for acidic
OER. The Big gsRug 950, nanocrystal electrocatalyst exhibits a low overpotential of 203.5 mV at 10 mA
cm™ and 300+ hour stability at a high water-splitting current density of 100 mA cm™2 in 0.5 M H,504
with a low decay rate of 0.44 mV h™!. Density functional theory (DFT) calculation results confirmed the

adsorbate evolving mechanism (AEM) occurring on Big gsRug 9505, which prevents lattice oxygen from
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participating in the reaction, thus avoiding the collapse of the structure. We proved that the Bi dopants
could play a crucial role in not only reducing the energy barrier of the potential-determining step, but
also delivering electrons to Ru sites, thereby alleviating the over-oxidation of Ru active sites and enhan-
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Introduction

As a significant route to develop green hydrogen energy, the
water electrolysis technique attracts tremendous attention due
to the cleanliness and sustainability to utilize renewable
energy sources.' > Compared to alkaline water electrolyzers
with thick separating membranes, proton exchange membrane
water electrolysis (PEMWE) electrolyzers are designed to be
more compact,” only with a membrane thickness ranging from
20 to 300 pm.* PEMWE electrolyzers can achieve a high
current density of over 2 A cm™2,*° making them highly suit-
able for rapid response to intermittent renewable power
sources.® Additionally, PEMWE electrolyzers can meet the
energy conversion requirements at the terawatt (TW) scale and
produce high-purity compressed hydrogen products.>’
Nevertheless, the development of PEM water electrolysis is
largely constrained by the inferior stability and high overpoten-
tial of the anodic oxygen evolution reaction (OER) in harsh
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acidic media, which is due to its sluggish four-electron
process.®’

Recently, ruthenium and iridium oxides have been con-
sidered as acidic OER catalyst candidates for practical appli-
cation of PEMWE electrolyzers.'®™* In this regard, ruthenium
is much cheaper than iridium (less than 10% of iridium) to
meet the application in a wide range from industry to daily
life.”>”"> However, enhancing the stability of ruthenium-based
catalysts represents a significant challenge that currently
needs to be addressed. The stability of Ru-based catalysts is
predominantly limited by the formation of overoxidized Ru
containing species, such as RuOy, which is soluble and gradu-
ally leaches into the electrolyte during the OER process."® To
simultaneously improve the catalytic activity and stability of
Ru-based catalysts, various strategies, including doping with
heterogeneous metal atoms,"”>* strain engineering® >’ and
constructing a heterostructure,”®>® have been extensively
applied to achieve this goal. Although techniques such as
impregnation or electrochemical deposition can produce
highly dispersed single-atom catalysts with enhanced atomic
efficiency, they may increase the complexity and cost of pro-
duction. Surface modifications that involve organic molecules
or metal ions can improve catalytic activity, yet they might
adversely affect stability.***" Among these techniques to
improve the catalytic performance of Ru-based catalysts, the
doping strategy is one of the most effective and facile methods

This journal is © The Royal Society of Chemistry 2024
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to boost the stability due to its ability to modify the electronic
structure and surface properties of the catalyst. Furthermore,
doping also enables the modulation of the acid-base pro-
perties and active sites on the catalyst surface, which makes it
a powerful tool in enhancing the catalytic performance of Ru-
based catalysts.'” 222432

Bismuth (Bi), known for its variable oxidation states (+3
and +5) and high redox potential, possesses promising poten-
tial in enhancing the valence state and stabilizing lattice struc-
tures. Bi possesses a remarkably low electronegativity (2.02),
implying its reluctance to readily acquire electrons.
Additionally, bismuth’s relatively large atomic radius allows it
to regulate the lattice structure of host materials through
tensile strain during doping, further modulating their physical
and chemical characteristics. Besides, bismuth is not only rela-
tively non-toxic, which makes it environmentally friendly, but
also inexpensive so as to reduce the use of the precious metal,
thereby lowering overall costs. These unique properties of Bi
make it a strong candidate for doping applications.

Herein, we successfully doped different ratios (x) of
bismuth elements into the RuO, lattice by the sol-gel method
to obtain BiRu;_,O, nanocrystals with the diameter of 6.5 +
0.1 nm. X-ray photoelectron spectroscopy analysis on the
Big.05RUg 050, sample demonstrates that the introduction of Bi
atoms could regulate the valence state of Ru to be lower than
+4. Then, the BiyosRU( 950, anode was evaluated in 0.5 M
H,S0, for OER and shows a low overpotential (203.5 mV) at a
current density of 10 mA em™> and excellent stability (more
than 300 h) at a current density of 100 mA cm™> with a small
decay rate (0.44 mV h™"). We found that Bi,Ru,_,O, electroca-
talysts showed better performance than home-made RuO, (the
corresponding overpotential is 227.8 mV, 183.3 h at 100 mA
em~?) and commercial RuO, (403.0 mV, <5 h at 100 mA cm™?)
counterparts. Furthermore, theoretical calculations confirm
that the OER occurring on the Big gsRug 050, catalyst follows
the adsorbate evolution mechanism (AEM) pathway so as to
effectively suppress the participation of lattice oxygen. As a
result, the strengthened M-O bonds in Big¢sRug 950, could
prevent the formation of soluble high-valent Ru species for the
robust OER process in acidic media.

Experimental section
Materials synthesis

Different ratios of Bi atoms were introduced into the RuO,
lattice to partially replace the Ru atom by the sol-gel method
utilizing citric acid as the coordination agent in deionized
water, as shown in Fig. 1a. In a typical synthesis, BiCl; was
first pre-dissolved in 5 mL of 37% HCI and then added to a
5 mL aqueous solution of citric acid after adding ruthenium(ur)
nitrosyl nitrate (1.5% Ru w/v solution in H,0). The above
solution was continuously stirred for 6 hours at 75 °C in a
closed system to obtain a sol-gel, which was then dried in air
at 80 °C for about 10 h to obtain the powder. Finally, the col-
lected powder was annealed at 400 °C for 5 h in air to obtain

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
a BiCl,
RuCl,
Citric Acid
stirring drying
75°C,6h annealing in M
the air
b 2828 35.26
| AN B0y
5 ; 35
S Big.05RU( 0505 s
= . 2 Big 03RUg 970,
2 Bio0sRUp707 2
2 2
c c
= HM-RuO,| = HM-RUO,
(110)} (101)| @11
(200) Am C-RUOZ
20 40 60 80 28 29 35 36
26 (degree) 20 (degree)
d ’ .

Fig. 1 Synthesis and structural characterization of the as-prepared
BixRu;_xO,. (a) Schematic of the synthesis of the BiyRu;_,O, samples. (b
and c) XRD patterns of the as-synthesized BiRu;_,O, (x = 0, 0.03, 0.05
and 0.10), HM-RuO, and C-RuO,. The black dashed lines indicate the
positions of the corresponding crystal plane peaks from C—RuO,. (d)
TEM image obtained from the Big osRug.9502> sample. (€) HRTEM image
of Big.osRUg.950,. (f) SEM image and the corresponding EDS elemental
mappings of the Bip gsRuUg.950, sample.

the Bi,Ru;_,O, samples (x = 0.03, 0.05 and 0.10). In addition,
homemade RuO, without element doping (HM-RuO,) was syn-
thesized by a similar synthesis procedure without adding BiCl;
and the SbgosRU 960, sample was also synthesized by a
similar synthesis procedure through replacing BiCl; with
SbCl;.

Structural characterization

Scanning electron microscopy (SEM) images of various
samples were obtained on a Zeiss SUPRAS55 scanning electron
microscope with Energy Dispersive Spectroscopy (EDS) operat-
ing at an accelerating voltage of 15.00 kV. Transmission
Electron Microscopy (TEM) was carried out on a Hitachi
HT7700 and High-Resolution Transmission Electron
Microscopy (HR-TEM) was performed on a Thermo Electron
ESCALAB250 XPS spectrometer. X-ray diffraction (XRD) pat-
terns were recorded on a Bruker D2 Phaser diffractometer with
Cu Ko radiation of 1.54184 A at a scan rate slower than 2°
min~" in the 26 range from 20 degrees to 80 degrees. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using an X-ray photoelectron spectrometer (Thermo
Electron ESCALAB 250). We used adventitious carbon contami-
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nation as a charge reference (284.8 eV) for XPS spectra and
employed the software named Thermo Avantage to accurately
fit XPS peaks.

Electrochemical measurements

To prepare the working electrode, 5 mg of various powder cata-
lysts and 20 pL of Nafion 117 solution (5 wt%) were ultrasoni-
cated in 1 mL of ethanol for more than 1 h to first produce a
well-dispersed ink, and the prepared ink was drop-cast onto a
carbon paper with an area of 1 x 1 ecm?, which was dried under
infrared light to provide a catalyst loading of about 5 mg cm >
(3.47 mgr, cm ). After this, the carbon paper was clamped
onto the electrode holder. The electrochemical measurements
on the different working electrodes were performed in 0.5 M
H,SO, electrolyte using a typical three-electrode system on an
electrochemical station (CHI660E, Chenhua), with a Pt plate
and a saturated calomel electrode (SCE) as the counter elec-
trode and the reference electrode, respectively. Linear sweep-
ing voltammograms (LSVs) were measured at a scan rate of
5 mV s~' from 0.8 to 1.8 (V vs. SCE), which were converted to
electrode potentials with respect to the reversible hydrogen
electrode and undergone 100% iR correction. The electro-
chemical impedance spectroscopy (EIS) measurements were
performed at 1.24 V in a frequency range from 10° to 1 Hz. To
analyse the electrochemical active surface areas (ECSAs), the
electrochemical double-layer capacitances (Cq;) were calculated
using cyclic voltammetry (CV) curves recorded at different scan
rates (5, 10, 15, 20, 25 and 30 mV s~ ') in the potential range of
0.6-0.8 (V vs. SCE). In a two-electrode system with a Pt plate as
the counter electrode, chronopotentiometry curves were
recorded at a current density of 100 mA cm™ to evaluate the
stability of the electrode. In situ Raman measurements were
conducted in a 0.1 M HCIO, solution, with the voltage ranging
from 1.05 V to 1.32 V against the reversible hydrogen electrode
reference electrode. The counter electrode was a platinum
sheet electrode of 0.5 x 0.5 cm® The working electrode was
prepared using the same catalyst loading and preparation
methods as those employed in the three-electrode system tests.

DFT calculations

Given the fact of the dispersion of Bi atoms, a rutile
Bi,Ru;,0,, model was established to simulate the
Big05Rug.950, catalyst (Fig. S1f). Density functional theory
(DFT) calculations were performed on the Bi,Ruz,0;, model
using the Vienna Ab initio Simulation Package (VASP) to probe
the electronic and structural properties of Big gsRUg.050,.%%2*
These calculations were performed using the projector-aug-
mented wave (PAW) method in conjunction with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) to model the electronic interactions within the
system.>>” A similar structure with oxygen vacancies (Bi-O,~
RuO,) and a rutile pure RuO, model (RuO,) were also estab-
lished as a comparison (Fig. S2 and S37). In our research, the
(110) surface of rutile phase ruthenium dioxide (RuO,) has
been selected for our DFT calculations.*®° All structures were
spin polarized, and all atoms were fully relaxed with an energy
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convergence tolerance of 10~° eV per atom, and the final force
on each atom was less than 0.05 eV A™. When calculating the
absorption free energy change of intermediates, we followed
the steps shown in Fig. 4a and b and fixed the bottom three
layers of atoms in the cell.

We employed a Monkhorst-Pack k-point grid with sampling
parameters of 4 X 3 x 1 to effectively sample the Brillouin
zone.*® A high-energy cutoff value of 500 eV was selected for
the plane-wave basis set for more accurate calculations. To
further enhance the accuracy of our calculation, we optimized
the geometric and electronic structures using the DFT + U
method with a Hubbard U value of 2.0 for Ru.*"*? See the ESI{
for more details.

Results and discussion
Materials characterization

As shown in Fig. 1a, Bi,Ru;_,0, samples (x = 0, 0.03, 0.05 and
0.10) were prepared using a sol-gel method (see the
Experimental section for details). X-ray diffraction (XRD) pat-
terns of these samples (Fig. 1b) show that the as-prepared
Bi,Ru,_,O, samples possess the same crystal phase as rutile
RuO, (JCPDS file no. 43-1027) without any evidence for impur-
ity from Bi,03, suggesting the successful Bi substitution of the
Ru site in RuO, crystals. The enlarged XRD pattern (Fig. 1c)
reveals that shifts towards lower angles for the (110) and (101)
peaks compared to those of C-RuO, are observed in the
Bi,Ru;_,O, samples due to the Bi element substitution. The
TEM images in Fig. 1d and Fig. S4-S6t confirm that the crys-
tallite size of 6.5 + 0.1 nm for the Big osRug.950, sample is sig-
nificantly smaller than those of C-RuO, (>50 nm) and HM-
RuO, (12.9 + 0.2 nm), consistent with the XRD patterns in
Fig. 1b. Furthermore, compared with that of C-RuO,
(Fig. S77), the HRTEM image of Biy o5Ru,.050, in Fig. 1e shows
slightly enlarged lattice fringes of 0.327 nm and 0.265 nm for
the (110) and (101) crystal planes, respectively, which are
larger than those (0.317 nm and 0.250 nm) for C-RuO,,
further confirming the successful introduction of larger radius
Bi atoms into the lattice structure of rutile ruthenium dioxide.
The SEM images in Fig. 1f and Fig. S8f show that the
Bi,Ru;_,O, and HM-RuO, samples exhibit a rough surface
with smaller particle sizes compared to that of C-RuO,
(Fig. S9f). The corresponding elemental mapping of
Big.05sRU(.950, showed a uniform distribution of Ru and Bi
elements. Due to the limited oxidation states of bismuth (Bi)
at +3 and +5, it is not favorable for the formation of a solid
solution that matches the coordination number of the rutile
phase, so a relatively low doping concentration was selected.
The elemental ratios of Bi in different samples were confirmed
as 3 at%, 5 at%, and 10 at% in Table S1.7

To delve into the valence state of Ru and Bi elements in the
samples, we conducted a thorough XPS characterization. As
shown in Fig. 2a, the XPS spectra clearly show the character-
istic peaks of various elements, including Bi, Ru and
O. Subsequently, the fitting of the Ru 3p peak (Fig. 2b) of

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 XPS analysis of the Big osRug 950, sample. (a) XPS survey spectra
of Big.osRUp9502, HM—RUO, and C-RuO,. (b) Ru 3p XPS spectra of
Bio.o5sRU0 9502, HM—RuO, and C-RuO,. (c) Bi 4f XPS spectra of
Bio_osRUo_gst and BIC[_?,

Big.05RUg. 050, shows two peaks located at 465.31 and 487.71 eV
corresponding to Ru 3p;,, and Ru 3py,. A slight shift of 0.2 eV
to the higher binding energy than that of HM-RuO, and 0.3
eV to the higher binding energy than that of commercial RuO,
(C-Ru0,) were observed in the Big osRu.950, sample, indicat-
ing a decrease in the oxidation state of Ru sites after introdu-
cing Bi atoms. The Ru 3p;/, peak can be deconvoluted into two
peaks centred at 465.11 eV and 467.71 eV, which are assigned
to the Ru®" and Ru®* species, respectively. Compared to that of
HM-RuO,, the ratio of Ru*'/Ru*" in BigosRugos0, was
increased from 0.30 to 0.85, implying the reduction of the Ru
valence state. The deconvolution of the Bi 4f orbital reveals the
presence of a higher valence state than +3, compared with that
of the commercial BiCl; reference sample. Hence, it could be
concluded that the electron transferred from Bi to nearby Ru
sites through bridge oxygen to create more low valent Ru sites,
which would probably modulate the adsorption of oxygen
intermediates and improve the OER catalytic activity and stabi-
lity. Additionally, the O 1s XPS spectra could be deconvoluted
into lattice oxygen (Op), metal-OH bond (M-OH), oxygen
defect (Oy), and adsorbed water (O,qs) peaks, respectively
(Fig. S101).3* It can be observed that the oxygen defect peak
ratio in Big osRU( 950, is 0.23, higher than that of C-RuO,
(0.16) and higher than that of HM-RuO, (0.21), indicating the
higher activity (Table S2).

Acidic OER performance of Bi,Ru,_,O, electrocatalysts

To delve into the catalytic performance of Bi,Ru,_,O, towards
the oxygen evolution reaction (OER) under acidic conditions, a
comprehensive series of electrochemical tests were conducted.
As a comparison, C-RuO, and HM-RuO, were also tested
under the same conditions. Firstly, a linear sweep voltammetry
(LSV) study was conducted in a traditional three-electrode
system using 0.5 M H,SO, (see the Experimental section for
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the details), as presented in Fig. 3a, which reveals that the
Big.05RU 950, electrode requires an overpotential of 203.5 mV
to deliver a current density of 10 mA cm™>, which is much
lower than those of C-RuO, (403.0 mV), HM-RuO, (227.8 mV),
Big 03RU 970, (213.2 mV), and Big 19Rug 000, (207.8 mV) elec-
trodes. This result indicates the significant positive role of Bi
doping in the electrochemical activity (Table S31). The ECSA
values of the various electrodes (Table S4f) were investigated
through obtaining the Cy, values in Fig. S11 and S12,} indicat-
ing that Bi doping can affect the morphology of RuO, positively
and thereby increase the number of active sites. The ECSA com-
parison of the various electrodes (Table S4t) and the accord-
ingly normalized polarization curves in Fig. S13} indicate that
Bi doping can affect the morphology of RuO, positively and
thereby increase the number of active sites. Furthermore, the
significant enhancement in the specific activity of Bi,Ru;_,O,
(lower than 242.4 mV at 10 mA cm >, omalizea) cOmpared to
HM-RuO, (254 mV at 10 mA cm > gmalized) and C-RuO,
(257 mV at 10 mA cm >, ormalizea) SUggests that the important
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Fig. 3 Electrocatalytic performances of the BiRu;_,O, catalysts
towards the OER. (a) Polarization curves in 0.5 M H,SO, electrolyte at a
scan rate of 5 mV s for the BiyRu;_ O, HM—RuO, and C—RuO; elec-
trodes. (b) Corresponding Tafel plots of the Bi,Ru;_,O, HM-RuO, and
C-RuO, electrodes. (c) Chronopotentiometry tests of Big osRuUg 9502,
HM-RuO, and C-RuO, at 100 mA cm™@ in 0.5 M H,SO,. (d)
Comparison of the operation time (h) and decay rate (mV h™) between
the Big.osRUp.9502, Sbg.04RU0 9602 and reported Ir- and Ru-based cata-
lysts at their reported current densities. The star represents stability at a
current density of 100 mA cm™2, the square represents stability at 50 mA
cm 2, and the circle represents stability at 10 mA cm™2. (e)
Chronopotentiometry curve of the PEM electrolyzer at 60 mA cm™2
using Bip.osRUp 9502 as the anode catalyst in pure water at 80 °C. The
inset shows the device diagram.
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role of Bi doping in improving the activity of ruthenium
dioxide. The Tafel plot extracted from the polarization curve in
Fig. 3b shows that the Tafel slopes of Bi,Ru;_,0,, with values
ranging from 52.90 to 58.15 mV dec™" for different x values are
significantly lower than those of C-RuO, (153.17 mV dec )
and HM-RuO, (71.64 mV dec™"), indicating the faster kinetics
for OER and accelerating electron transfer. The low Tafel slope
of 52.90 mV dec™ on the BigsRug050, electrocatalyst, com-
pared with other reported catalysts in Table S5,1 suggests the
faster electron transfer kinetics. The electrochemical impedance
spectroscopy (EIS) result further reveals that BijsRug.050,
showed a smaller solution resistance value (0.898 ) than
those of HM-RuO, and C-RuO, (2.316 Q and 1.328 Q, respect-
ively) (Fig. S147), indicating a superior electrochemical process
and providing further evidence of the important role of Bi
doping in RuO,.

Catalyst stability at a high current density is also crucial for
applying an acidic OER electrode to the industrial scale. In
this regard, we investigated and compared the stability of the
as-synthesized catalysts and C-RuO, by chronopotentiometry
(CP) measurements at a high current density of 100 mA cm™>
(Fig. 3c and Fig. S15%). Dramatically, decay is observed within
5 hour testing on the C-Ru0Q, electrodes under 100 mA cm™>.
Notably, the BiyosRU.950, electrode could be continuously
operated at 100 mA cm ™2 for more than 300 h with a low decay
rate of 0.44 mV h™', outperforming the HM-RuO, electrodes
(242 mV decay within 183.3 h) and presenting a 60-fold
improvement compared to C-RuO,, which shows that Bi
element incorporated via the sol-gel method is beneficial for
improving the activity and stability. Based on the results pre-
sented in Fig. S16,1 along with the dependence of TOF values
on dopant concentrations for various catalysts as illustrated in
Fig. S17,T the cumulative evidence conclusively shows that an
optimal dopant concentration can enhance the number of
active sites for OER, thereby increasing the electrochemical
activity of the material. This, in turn, leads to simultaneous
improvements in both reactivity and stability. To further evalu-
ate the stability of Bij osRug050,, we retested the electrode
after it had been running at 100 mA cm™> for 188 hours
(Fig. S18f). The EIS and LSV curves remained largely
unchanged after 188 h stability testing, demonstrating the cat-
alyst’s remarkable stability (Fig. S19 and S207). Fig. 3d shows
the comparison of the stability of the Bij osRu.950, catalyst
with other reported ones, clearly demonstrating its promising
stability for acidic OER (Fig. S21 and Table S67).

In situ Raman measurements were conducted in a 0.1 M
HCIO, solution, with the voltage ranging from 1.05 V to 1.32 V
against the reversible hydrogen electrode reference electrode
(Fig. S227%). In the potential range of 1.05 V-1.32 V (vs. RHE),
the intensity of the 457 cm™' peak, attributed to hydrated
Ru0,,*® gradually increases and then remains unchanged,
suggesting an enhanced adsorption of water molecules. In
contrast, the 515 cm™ peak remains stably unchanged in
intensity and position within the potential window of 1.05 V-
1.24 V, demonstrating that the surface chemical state corres-
ponding to the E, vibrational mode does not undergo signifi-
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cant alteration within this range.?” Besides, when the potential
increases, its disappearance at potentials higher than 1.26 V
may suggest surface reconstruction, potentially involving a
transition from a crystalline to an amorphous state.
Furthermore, the peak corresponding to the A;, vibrational
mode is proven to remain unchanged within the potential
range of 1.05 V-1.26 V, demonstrating the relative stability of
the corresponding chemical bonds or structures.”” Upon
increasing the potential to between 1.28 V and 1.32 V, the peak
red shifts slightly to 626 cm™", suggesting a small increase in
bond length and a decrease in oxidation state.*”"*®

Given the excellent electrocatalytic performance of the
Big.osRUg 950, catalyst for acidic OER in a two-electrode system,
we further performed chronopotentiometry tests in a PEM
electrolyzer device (insert in Fig. 3e) with Bij gsRu.050, (10 mg
cm™?) as the anodic catalyst and Pt/C (40 wt%, 10 mg cm ™) as
the cathodic catalyst. Membrane electrode assemblies (MEAs)
were prepared by the catalyst coating method (CCM), ie.,
spraying catalyst ink on a 1 x 1 cm® Nafion 117 membrane.
The test was performed at atmospheric pressure and 80 °C
with liquid water injected on the anode side of the cell. The
PEM electrolyzer using the BigosRug950, catalyst could
operate at 60 mA cm ™ for more than 15 hours with the initial
cell voltage less than 1.5 V (Fig. 3e).

In addition, the antimony (Sb)-doped RuO, (ie.,
Sb,Ru;_,0,) electrocatalyst for acidic OER was also explored.
For comparison with the Bi, gsRug.950, sample, the content
of Sb (x) was regulated to around 0.05. The Sbg¢4Rug 9602
sample was synthesized through the same method and the
Sb content in Sb,Ru;_,0, was confirmed through EDS spec-
tral analysis (Table S7t). As shown in Fig. S23-525,f the XRD
pattern, SEM image and EDS mapping analysis of the
Sby.04RUp 060, sample showed that Sb was successfully doped
into the rutile RuO, lattice and exhibits a similar mor-
phology to that of Bigos5Ru.050,. Specifically, Sbg ¢4RU.0602
achieved an overpotential of 285.2 mV at 10 mA cm 2
(Fig. S267) and could operate stably at 100 mA em™> for
250 hours (Fig. S277), demonstrating a slightly inferior per-
formance for acidic OER than that of the Bigy ¢sRU(.950,
electrocatalyst.

Theoretical calculations

To gain a deeper understanding of the electronic structure and
properties modulated by Bi doping in ruthenium dioxide, we
performed density functional theory (DFT) calculations. These
calculations provide insights into the electronic structure and
catalytic mechanism at the fundamental level.

There are typically two mechanisms in electrocatalysis: the
adsorption evolution mechanism (AEM) (Fig. 4a) and the
lattice oxygen mediated mechanism (LOM) (Fig. 4b). In the
LOM, lattice oxygen atoms located at two adjacent sites directly
couples to form an O-O bond, leading to the release of oxygen.
Although not requiring the formation of intermediate
adsorbed species like *OOH, which may lead to higher activity,
this process involves lattice oxygen, thereby elevating the risk
of structural collapse and potentially resulting in inferior

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 DFT calculation results. (a) Diagram of the AEM for the acidic
OER. (b) Diagram of the LOM for the acidic OER. (c) Gibbs free energy
diagram for the acidic OER via the AEM (left panel) and the LOM (right
panel) of Bi-O,—RuO; (yellow line), Bi;Ruz40, (red line) and RuO, (blue
line). Values with different colors represent the energy barrier of the
corresponding mechanism for Bi—-O,—RuO,, BiRusz407, and RuO,. (d)
Calculated positions of the Ru 3d band center and O 2p band center for
the RuO, model and the Biz4Ru,0,, model (unit: eV). (¢) Charge density
difference plot of Bi,Rusz407,. The blue and yellow shaded areas show
the electron density depletion and accumulation, respectively.

stability.">** To explore the main mechanism occurring on
Bi,Ru;_,0,, we calculated the Gibbs free energies of various
intermediates on Bi,Ruz40,, and RuO, involving in the AEM
and LOM. As shown in Fig. 4c, the Gibbs energy change for
the LOM (2.86 eV) is higher than that for the AEM (1.63 eV),
which indicates that the AEM is more favourable (Table S87),
which is consistent with the pH dependency experiment result
(Fig. S287).** The free energy diagram showed that the poten-
tial-determining steps (PDSs) of both RuO, and Bi,Ruz,0;,
were the formation of OOH* from O*. The calculated Gibbs
energy change of the PDS of Bi,Ru3,0, was 1.63 €V, lower than
that of RuO, (2.02 eV), demonstrating the relatively lower over-
potential and higher activity of Bi,Ruz40;,. Additionally,
theoretical calculations were also conducted on the Gibbs free
energy diagram for OER via the AEM and the LOM of the Bi-
0O,~-RuO, structure containing oxygen vacancies. In this case,
to guarantee a homogeneous distribution of oxygen vacancies,
three randomly selected types of oxygen atoms were removed
to simulate the oxygen vacancy contained structure, and the
following structural optimization providing a stable configur-
ation was screened and is depicted in Fig. S3.7 Clearly, Fig. 4c
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shows a notable decrease in the energy barrier (1.55 eV) for
theoretical overpotential for the oxygen evolution reaction
(OER) under both AEM and LOM pathways, indicating the OER
process following the AEM pathway with superior stability.

As depicted in Fig. 4d, the Ru 3d band center of Biz;;Ru,05,
is located at —0.443 eV, which is significantly shifted further
away from the Fermi level compared to the —0.368 eV of pure
ruthenium dioxide (RuO,). This shift in the d-band center of
Bi34Ru,05, results in an enhanced adsorption of *XOOH, which
can help to balance the four-electron process and lead to the
enhancement of the reaction activity.*> In addition, the charge
distribution between Bi and Ru also played an important role
in promoting the OER. Charge density difference analysis has
unveiled that the presence of Bi atoms significantly alters the
charge distribution on the surface of Bi,Ruz,05,, promoting
the accumulation of charge at the Ru sites, thereby enhancing
the overall stability of the catalyst (Fig. 4e). Furthermore, we
calculated the demetalisation energies of surface Ru sites in
Bi-O,-RuO,, Bi,Ru3,0,, and RuO,. As shown in Fig. 529,} the
demetalisation energies of Bi,Ru;,0,, and Bi-O,~-RuO, are
3.89 eV and 4.02 eV, respectively, much higher than that of
RuO, (3.29 eV), indicating a greater resistance to dissolution.
This finding consists with our experimental results and pro-
vides strong evidence that Bi doping effectively enhances the
stability of the catalyst. In summary, by doping Bi into RuO,,
the electronic structure of RuO, and the adsorption energy of
reaction intermediates were adjusted, which is beneficial for
stabilization of RuO, and protects Ru sites from over-oxidation
during OER catalysis at a high current density.

Conclusions

To sum up, this work demonstrates the promising potential of
introducing bismuth (Bi) element to improve the activity and
stability of rutile RuO, for acidic OER. The activity and stability
of RuO, could be enhanced through appropriate Bi substi-
tution. The Biy ¢sRuU.950, electrocatalyst demonstrates a low
overpotential of 203.5 mV at 10 mA cm™> and excellent stability
for over 300 h under a high water-splitting current of 100 mA
cm™? in 0.5 M H,SO,. Experimental and theoretical investi-
gations verified that the OER follows the adsorbate evolving
mechanism (AEM) on Big ¢sRu 950, and the energy barrier of
the potential-determining step is effectively reduced after
introducing Bi dopants. Overall, this study lays a foundation
for efficient energy conversion and contributes to the ongoing
effort to develop effective and sustainable electrocatalysts for
proton exchange membrane water electrolyzers and green
hydrogen energy.
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