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Co-doped RuIr nanoparticles for enhanced activity
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Developing highly active and stable bifunctional electrocatalysts for overall water splitting is critical for

sustainable hydrogen production. Herein, the introduction of Co dopants into RuIr alloys resulted in a

comprehensive enhancement of both HER and OER activities and stability. Co dopants tuned the elec-

tronic structure of Ru/Ir, optimizing the hydrogen binding energy and weakening the OH adsorption

ability on Ru/Ir active sites, thereby enhancing HER performance. Co-Ru0.55Ir0.45Ox required only a

21.2 mV overpotential to achieve 10 mA cm−2, with a Tafel slope of 27.9 mV dec−1 and a TOF of 7.18 H2

per s (at −0.15 V vs. RHE) in the alkaline HER. Additionally, the electrochemical dissolution of Co and the

increase in oxygen vacancies promoted the formation of oxygen-deficient Ru/Ir–Ov species, which are

identified as the actual active sites for the OER, thereby initiating a continuous metal site–oxygen vacancy

synergistic mechanism (MS-OvSM). In this pathway, two OH− species nucleophilically attack the adjacent

Ru/Ir–Ov pair and directly couple to form *O–O* intermediates, thus improving OER activity. Co-

Ru0.55Ir0.45Ox exhibited an overpotential of 242 mV at 10 mA cm−2, with a Tafel slope of 41.8 mV dec−1,

and a TOF of 3.23 O2 per s (at 1.60 V vs. RHE) in alkaline solution. The d–d orbital interactions between

Co and RuIr facilitated the electron transfer from Co to Ir and Ru, suppressing particle agglomeration and

the dissolution of Ru/Ir species due to severe oxidation, thereby enhancing stability. The constructed Co-

Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox electrolyzer achieved 10 mA cm−2 at a potential of 1.51 V, demonstrating

its potential application in overall water splitting.

Introduction

The effective production of hydrogen via overall water splitting
is considered one of the most promising pathways for renew-
able energy generation.1 The successful electrochemical con-
version of water into hydrogen is heavily reliant on efficient
electrocatalysts for both the hydrogen and oxygen evolution
reactions (HER/OER), which are energy-intensive processes
that demand significant overpotentials to proceed.2 Because
the dominant OER electrocatalysts at the anode are highly sus-
ceptible to severe degradation in acidic environments, alkaline
water electrolysis presents a more promising industrial route
for large-scale green hydrogen production.3 Although plati-
num-based catalysts have demonstrated exceptional HER
activity, their high cost and sluggish reaction kinetics in alka-
line solutions limit their large-scale application.4 On the other
hand, the most commonly used OER catalysts currently are

RuO2 or IrO2, which suffer from low stability and high overpo-
tentials under alkaline conditions due to their strong binding
energy with oxygen-containing intermediates, making them
less efficient for sustainable water splitting.5 Since both the
HER and OER are complex processes involving multiple steps
and electron transfers, they result in considerable voltage
gaps.6 Therefore, developing bifunctional electrocatalysts that
can simultaneously improve the activity and stability of the
alkaline HER and OER is essential for enhancing the overall
efficiency of water splitting.

In recent years, ruthenium (Ru)-based catalysts have gained
attention as viable substitutes for platinum (Pt) due to their
lower cost and comparable Gibbs free energy change of H*
(ΔGH*) in the HER.7 Nevertheless, the intense interaction
between Ru 4d and H 1s orbitals often leads to an excessively
high binding energy of Ru–H, hindering the efficient adsorp-
tion and desorption of H.8 In addition, the robust binding of
hydroxide (OH) with Ru impedes the transfer of OHad (OHad +
e− → OH−), resulting in the poisoning of Ru sites and conse-
quently limiting the water dissociation efficiency.9,10 On the
other hand, while Ru-based catalysts are recognized for their
outstanding OER activity, their long-term stability under oper-
ating conditions remains a major challenge, limiting their
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practical application. The surface of Ru is prone to excessive
oxidation during the OER process, leading to the formation of
soluble RuO4

2−, which consequently reduces the stability of
the catalyst.11 Additionally, the strong binding energy between
lattice oxygen and oxygen-containing intermediates slows
down the reaction kinetics.12 Therefore, developing Ru-based
bifunctional electrocatalysts to address the aforementioned
issues is crucial for the practical application of water electroly-
sis in hydrogen production. Recent studies have shown that
the binding strength between Ru and H/OH can be modulated
by adjusting the electronic structure of Ru 4d orbitals. Alloying
Ru with iridium (Ir), which has a higher work function, helps
optimize the electronic structure of Ru, thereby achieving an
optimal Ru–H binding energy that accelerates the HER kine-
tics.13 At the same time, the alloying process weakens Ru’s
adsorption of OH, which facilitates the exposure of more
unblocked active sites for water dissociation.14 Additionally,
due to the superior corrosion resistance of Ir-based materials,
an “Ir protective framework” can form on the surface of RuIr
particles, effectively inhibiting Ru dissolution during the OER
process.15,16 For example, Qiao et al. reported a core–shell
structured Ru@IrOx nanocrystal that exhibits both enhanced
OER activity and stability. This improvement is attributed to
the charge redistribution at the interface, which effectively
maintains the stability of the Ru/Ir oxidation states.17 Doping
RuIr electrocatalysts with transition metals possessing partially
filled d-orbitals can further enhance their catalytic activity.
The strong d–d orbital interactions can regulate the redistribu-
tion of electron density on the catalyst surface, thereby opti-
mizing the adsorption energies of reaction intermediates
(such as H*, OH*, O*, and OOH*), which in turn improves the
reaction kinetics.18,19 However, the intrinsic mechanism by
which transition metals affect the activity and stability of RuIr
catalysts for overall water splitting is not yet fully understood.

In this work, we have introduced a Co-doped RuIr alloy elec-
trocatalyst with superior performance in both the HER and
OER under alkaline conditions. The Co dopants altered the
electronic structure of Ru/Ir, optimizing the hydrogen binding
energy and reducing the OH adsorption strength on the active
sites of Ru/Ir, thus enhancing HER performance. Furthermore,
the electrochemical dissolution of Co and the formation of
oxygen vacancies promoted the creation of low-coordinated
oxygen species (OI−) on the RuIr alloy surface. These electro-
philic OI− species facilitated the nucleophilic attack of H2O,
leading to the fast generation of OOHads, thereby improving
OER activity. The Co-Ru0.55Ir0.45Ox electrocatalyst exhibited a
low overpotential of 21.2 mV to achieve 10 mA cm−2, with a
Tafel slope of 27.9 mV dec−1 and a TOF of 7.18 H2 per s (at
−0.15 V vs. RHE) in the alkaline HER. This electrocatalyst
demonstrated an overpotential of only 278 mV at 10 mA cm−2,
with a Tafel slope of 41.8 mV dec−1 and a TOF of 2.08 O2 per s
(at 1.60 V vs. RHE) in the alkaline OER. Additionally, the d–d
orbital interactions between Co and RuIr promoted electron
transfer from Co to Ir and Ru, which suppressed particle aggre-
gation and the dissolution of Ru/Ir species caused by severe
oxidation, thus enhancing the catalyst’s stability. The Co-

Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox electrolyzer achieved a current
density of 10 mA cm−2 at a low potential of 1.51 V and demon-
strated stable operation for over 60 h at various current den-
sities, highlighting its potential application value in overall
water splitting.

Results and discussion
Morphology and structure characterization of catalysts

The Co-Ru0.55Ir0.45Ox alloy particles were synthesized via the
polyol reflux method, and the detailed experimental procedure
is provided in the SI. Transmission electron microscopy (TEM)
images revealed that the particles exhibited a segmented lotus
root-like morphology (Fig. 1a), a morphology similar to that
observed in Ru0.55Ir0.45Ox alloys (Fig. S1a). High-resolution
TEM (HR-TEM) images of region 1 in Fig. 1a show lattice spa-
cings of 0.216 nm and 0.222 nm, corresponding to the (011̄0)
plane of hcp-RuIr and the (111) plane of fcc-RuIr, respectively
(Fig. 1b). Region 2 in Fig. 1a corresponds to the junction
between particles, resembling the “internodes” of the lotus
root. The HR-TEM image (Fig. 1c) shows that the particles at
the top exhibited lattice spacings of 0.199 nm and 0.216 nm,
corresponding to the (101̄1) and (011̄0) planes of the hcp-RuIr
alloy. The particles at the bottom displayed a larger lattice
spacing (0.222 nm), corresponding to the (111) plane of the
fcc-RuIr alloy. The diffraction spots obtained from the Fourier
transform of the TEM images also confirm the coexistence of
hcp and fcc phases in RuIr alloys. A similar heterogeneous
structure was observed in Ru0.55Ir0.45Ox alloy particles as well
(Fig. S1b). We hypothesize that the formation of this distinc-
tive structure is attributed to the differing reduction rates of
Ru3+ and Ir4+: H2Cl6Ir undergoes reduction more readily than
RuCl3 in ethylene glycol solution, leading to the preferential
nucleation of hexagonal Ir-rich crystal seeds with fcc-(111)
facets. These Ir-enriched seeds then serve as nucleation
centers, facilitating the epitaxial growth of hcp-phase RuIr
alloys by reducing the energy required for nucleation and
growth.20 The distinctive lotus root-like heterogeneous struc-
ture significantly expands the surface area of alloys, promoting
the exposure of additional active sites and improving the
accessibility of molecules for electrocatalytic processes.21 The
uniform distribution of Co, Ru, and Ir elements across the
entire particle range in the EDS images confirms the formation
of Co-doped RuIr alloy particles (Fig. 1d and Fig. S2). Similarly,
the overlap of Ru and Ir elements in the Ru0.55Ir0.45Ox sample
confirms the formation of the RuIr alloys (Fig. S3). The mass
fractions as well as the atomic ratios of Ru and Ir were further
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Table S1). The results indicate that the
atomic ratio of Ru to Ir in both Co-Ru0.55Ir0.45Ox and
Ru0.55Ir0.45Ox samples was approximately 55 : 45.

The powder X-ray diffraction (XRD) pattern shows that Co-
Ru0.55Ir0.45Ox nanoparticles exhibited the strongest diffraction
peak at 41.62°, with the peak position located between the
strongest peaks of Ru (JCPDS: PDF#65-1863) and Ir (JCPDS:
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PDF#65-9327) (Fig. 1e). For RuxIr1−x alloys, as the Ru com-
ponent increased, the strongest diffraction peak of the RuIr
alloy shifted from 40.64° to 43.75°, indicating the formation of
the RuIr alloy (Fig. S4). The XRD patterns of Co-Ru0.55Ir0.45Ox

and Ru0.55Ir0.45Ox were similar, with the peak position shifting
0.43° towards higher angles for Co-Ru0.55Ir0.45Ox. This suggests
that Co doping does not alter the crystal structure of the RuIr
alloy but generates a compressive strain effect due to the
smaller atomic radius of Co (126 pm) compared to Ru (132
pm) and Ir (136 pm). The electron paramagnetic resonance
(EPR) results show that both catalysts exhibited a peak at g =
2.003, indicating the presence of oxygen vacancies in both cat-
alysts, which may have been introduced by unavoidable
surface oxidation.22 The peak intensity of Co-Ru0.55Ir0.45Ox was
higher than that of Ru0.55Ir0.45Ox, suggesting that Co doping
increased the concentration of oxygen vacancies in the RuIr
alloy due to its lower resistance to oxidative corrosion (Fig. 1f).

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the surface valence states and electronic structure of the
catalysts. The XPS survey spectra exhibit elemental signals con-

sistent with the precursor composition, confirming the suc-
cessful synthesis of the catalysts (Fig. S5). In addition, the Co
2p spectrum of Co-Ru0.55Ir0.45Ox shows an unacceptable
signal-to-noise ratio (Fig. S6) due to the low Co content
(2.93 wt%), making it difficult to be detected by the low-energy
X-ray source (Al Kα: 1486.6 eV). The O 1s spectra were fitted
into three components: M–O (M = Ru, Ir and Co) at 530.6 eV,
oxygen vacancies (OO-V) at 531.7 eV, and O–H species (OO–H) at
533.2 eV (Fig. 1g). Compared to Ru0.55Ir0.45Ox, the Co-
Ru0.55Ir0.45Ox sample exhibited a decreased M–O content and
an increased OO-V content (Fig. S7), indicating that Co doping
reduced the surface lattice oxygen of the RuIr alloys while
enhancing the concentration of oxygen vacancies, which is
consistent with the EPR results.23 The high-resolution Ru 3p
spectra revealed the presence of both Ru0 and Run+ valence
states in the catalysts. The Ru 3p spectra of Co-Ru0.55Ir0.45Ox

can be deconvoluted into 3p3/2 (461.6 eV) and 3p1/2 (483.8 eV)
of Ru0 components, as well as Run+ components at 3p3/2 (464.4
eV) and 3p1/2 (485.6 eV), indicating the presence of surface-oxi-
dized RuOx species (Fig. 1h).

24,25 Additionally, compared to Ru

Fig. 1 (a) TEM and (b and c) HR-TEM images of Co-Ru0.55Ir0.45Ox. (d) EDS mappings of Co-Ru0.55Ir0.45Ox. (e) XRD patterns of Co-Ru0.55Ir0.45Ox,
Ru0.55Ir0.45Ox, Ru and Ir nanoparticles. (f ) EPR spectra of Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox. XPS spectra of (g) O 1s, (h) Ru 3p and (i) Ir 4f orbitals.
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nanoparticles, both Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox

samples showed a negative shift (0.58 eV) of binding energy
for Ru, suggesting that the formation of the RuIr alloy
increases the electron cloud density of Ru. Although Co
doping exerted minimal influence on the Ru 3p XPS features,
the Ru 3d spectra revealed a 0.15 eV negative shift in the Ru
3d5/2 peak upon Co incorporation, suggesting an increased
electron density on Ru induced by Co doping (Fig. S8). The Ir
4f spectra of Co-Ru0.55Ir0.45Ox were deconvoluted into 4f7/2
(60.6 eV) and 4f5/2 (63.6 eV) of Ir0, as well as Ir4+ 4f7/2 (61.6 eV)
and 4f5/2 (64.6 eV), indicating the coexistence of metallic Ir
and IrOx species (Fig. 1i).14 Additionally, in the Ru0.55Ir0.45Ox

sample, the binding energy of Ir was shifted positively by 0.11
eV compared to Ir nanoparticles. Combining this with the
changes in the Ru valence state, it can be concluded that alloy-
ing promotes electron transfer from Ir to Ru. More impor-
tantly, compared to Ru0.55Ir0.45Ox, Co-Ru0.55Ir0.45Ox exhibited a
negative binding energy shift of 0.38 eV, suggesting that Co
doping facilitates electron transfer from Co to Ir due to the
strong d–d orbital interaction.18 We propose that Co doping
facilitates electron transfer along the Co → Ir → Ru pathway
and increases the concentration of oxygen vacancies, thereby
providing a theoretical basis for optimizing the adsorption
energies of HER/OER intermediates and enhancing the overall
catalytic performance.

Evaluation of HER performance

The catalyst’s performance for the hydrogen evolution reaction
(HER) was evaluated in a H2-saturated 1 M KOH electrolyte
with a three-electrode system. Initially, a series of RuxIr1−x cata-
lysts were synthesized and their HER performances were sys-
tematically evaluated to determine the optimal Ru/Ir atomic
ratio. The polarization curves revealed that the Ru0.55Ir0.45 cata-
lyst exhibited the best HER performance (Fig. S10), which was
attributed to its moderate hydrogen binding energy (HBE) and
more active sites unoccupied by adsorbed OHad. The hydrogen
underpotential deposition (Hupd) peak potential in CV curves
reflects the HBE of the active sites, while the charge of the
Hupd peak (QH) corresponds to the amount of Had on the active
sites (Fig. S11a). The results indicate that, with increasing Ir
content in the RuxIr1−x alloys, the Hupd peak potential shifts
positively, implying an enhancement in the Ru/Ir–H binding
strength. However, a weak HBE is unfavorable for water dis-
sociation, while an excessively strong HBE hinders the desorp-
tion of Had and the subsequent formation of H2. Additionally,
QH displayed a volcano-shaped trend with increasing Ir
content, reaching a maximum at the Ru0.55Ir0.45 catalyst,
suggesting the highest number of accessible active sites for
water dissociation at this ratio (Fig. S11b). Therefore, the
Ru : Ir atomic ratio was fixed at 0.55 : 0.45 in the subsequent
study to systematically evaluate the influence of Co doping on
the catalytic performance. To optimize the Co doping ratio, we
systematically varied the CoCl2 precursor amount
(3.1–30.8 mg) during synthesis and characterized the resulting
electrocatalysts. The polarization curves exhibited a distinct
volcano-type relationship between HER activity and CoCl2

content, with peak catalytic performance achieved at an
optimal CoCl2 dosage of 7.7 mg (Fig. S12). Remarkably, this
optimal composition also exhibited superior oxygen evolution
reaction (OER) activity in an O2-saturated electrolyte (Fig. S13),
demonstrating exceptional bifunctional catalytic properties.
Consequently, we established 7.7 mg as the optimal CoCl2
dosage for all subsequent research.

Linear sweep voltammetry (LSV) revealed that the Co-
Ru0.55Ir0.45Ox catalyst exhibited the highest activity, achieving a
current density of 10 mA cm−2 at an overpotential of 21.2 mV,
which is lower than the 23.3 mV for Ru0.55Ir0.45Ox and 33.3 mV
for the commercial Pt/C catalyst (Fig. 2a and b). And its per-
formance approaches or even surpasses that of recently
reported Ru/Ir-based catalysts (Table S2). The results from the
accelerated degradation tests (ADTs) show that after 5000 CV
cycles, the Co-Ru0.55Ir0.45Ox catalyst exhibited a minimal
increase in overpotential of only 4.2 mV at a current density of
150 mA cm−2, which is significantly lower than the 16.9 mV
for Ru0.55Ir0.45Ox and 10.2 mV for commercial Pt/C. At a poten-
tial of −0.10 V vs. RHE, the mass activity of the Co-
Ru0.55Ir0.45Ox reached 6.90 A mgPGM

−1, approximately 1.93
times higher than that of Ru0.55Ir0.45Ox (3.58 A mgPGM

−1) and
7.34 times greater than that of commercial Pt/C (0.94 A
mgPGM

−1). These results indicate that the introduction of Co
atoms significantly enhances both the activity and stability for
the HER. The electrochemically active surface areas (ECSAs) of
the electrocatalysts were determined from the double-layer
capacitance (Cdl). As shown in Fig. S14 and Table S3, Co-
Ru0.55Ir0.45Ox exhibited a higher Cdl value (43.3 mF cm−2) and
ECSA (1082.5 cm2), indicating that Co doping increased the
concentration of oxygen vacancies and introduced the strain
effect at the atomic level, which collectively increased the
ECSA of the catalyst.18,26 The ECSA-normalized LSV curves
reflect the intrinsic activity of the catalysts (Fig. S15). The
results suggest that the Co-Ru0.55Ir0.45Ox catalyst exhibited
superior specific activity compared to Ru0.55Ir0.45Ox. The Tafel
slopes were derived from the LSV curves and used to study the
reaction kinetics of the catalysts. The Tafel slope for Co-
Ru0.55Ir0.45Ox was calculated to be 27.9 mV dec−1, which was
lower than that of Ru0.55Ir0.45 (32.7 mV dec−1) and Pt/C
(44.4 mV dec−1) (Fig. 2c). The similar Tafel slopes suggest that
all electrocatalysts follow the Volmer–Heyrovsky mechanism
for the HER, where the rate-determining step is the sluggish
dissociation of water molecules (Volmer step: H2O + e− → Had

+ OH−).27 Exchange current density ( j0) values of the catalysts
were obtained by applying the extrapolation method to the
Tafel plots (Fig. S16). Co-Ru0.55Ir0.45Ox displayed a higher j0
value of 3.181 mA cm−2 compared to 2.142 mA cm−2 for
Ru0.55Ir0.45Ox. These results indicate that Co doping boosts the
catalytic activity and reaction kinetics of the HER.28,29 At a
potential of −0.15 V vs. RHE, the turnover frequency (TOF) of
Co-Ru0.55Ir0.45Ox reached a maximum value of 7.18 H2 per s,
approximately 4.08 times higher than that of commercial Pt/C
(1.76 H2 per s) and 1.67 times higher than Ru0.55Ir0.45Ox (4.29
H2 per s), further confirming the superior intrinsic HER
activity of the Co-Ru0.55Ir0.45Ox catalyst (Fig. 2d).
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To investigate the reason for the improved HER perform-
ance with Co doping, the CO stripping method was first
employed to examine the OH adsorption ability on the active
sites, as adsorbed OHad facilitates the oxidation of adsorbed
CO (COad) to CO2 (OHad + COad → CO2 + H+ + e−).30 As shown
in Fig. 2e, the Co-Ru0.55Ir0.45Ox catalyst exhibited higher onset
(0.507 V vs. RHE) and peak potentials (0.631 V vs. RHE) for CO
oxidation compared to Ru0.55Ir0.45Ox, indicating that Co
doping weakens the OH adsorption strength on the Ru/Ir
active sites. The reduced OH adsorption promotes the rapid
transfer of OHad generated in the Volmer step from the active
sites to the electrolyte, thus providing more unoccupied active
sites for the HER.31 The Hupd peak potential of Co-
Ru0.55Ir0.45Ox (0.179 V vs. RHE) was slightly higher than that of
Ru0.55Ir0.45Ox (0.170 V vs. RHE), suggesting that the Co
dopants slightly strengthen the HBE on the Ru/Ir active sites,
which effectively promotes water dissociation during the
Volmer step. Additionally, the QH of Co-Ru0.55Ir0.45Ox was
larger than that of Ru0.55Ir0.45Ox, which can be attributed to
the inhibition of the occupation of active sites by OHad due to
Co doping, thus exposing more active sites for water dis-
sociation (Fig. 2f).32

Operando EIS tests were conducted at different applied
potentials to reveal the adsorption/desorption dynamics of

intermediates on the catalyst surface. As shown in Fig. S17,
Co-Ru0.55Ir0.45Ox exhibited the same ohmic resistance (Rs) as
Ru0.55Ir0.45Ox, indicating that the conductivity of the catalyst
remains unchanged. However, Co-Ru0.55Ir0.45Ox displayed a
lower charge transfer resistance (Rct) at all applied potentials,
suggesting that Co doping accelerates charge transfer during
the reaction process. Notably, the phase angle in the Bode-
phase plot at low frequencies (<100 Hz) reflects charge trans-
fer at the electrode–electrolyte interface.33 Compared to
Ru0.55Ir0.45Ox, Co-Ru0.55Ir0.45Ox showed a rapid decrease in
the phase angle within a potential range of −0.025 to −0.050
V vs. RHE, demonstrating that Co dopants promote charge
transfer at the electrode–electrolyte interface and accelerate
the HER kinetics (Fig. 2g and h). The enhanced HER per-
formance is attributed to the electronic structure modulation
of Ru/Ir induced by Co dopants via d–d orbital hybridization,
optimizing H and OH adsorption on Ru/Ir sites. Electron
transfer from Co to Ir resulted in a downward shift of the
d-band center of Ir (away from the Fermi level), weakening
the Had and OHad adsorption on Ir sites, while a slight
upshift of Ru’s d-band center enhanced the Ru–H binding
strength.23 These effects promoted the dissociation of H2O
and the subsequent desorption of Had to form H2 on Ru/Ir
sites. Meanwhile, the weakened OHad adsorption facilitated

Fig. 2 Hydrogen evolution reaction (HER) performance of Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox in 1 M KOH solution: (a) polarization curves before
and after 5k CV sweeps between −0.4 and 0.1 V (vs. RHE) at a scan rate of 100 mV s−1. (b) Overpotential required to obtain 10 mA cm−2 (left panel)
and the mass activity at a potential of −0.10 V vs. RHE (right panel) for Co-Ru0.55Ir0.45Ox, Ru0.55Ir0.45Ox and commercial Pt/C. (c) Tafel slope, (d) turn-
over frequency, (e) CO-stripping analysis, and (f ) the hydrogen desorption region determined by cyclic voltammetry. Phase images in Bode plots of
(g) Co-Ru0.55Ir0.45Ox and (h) Ru0.55Ir0.45Ox under different voltages. (i) Stability test recorded at a constant current density of 100 mA cm−2.
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its rapid removal into the electrolyte, thus exposing more
active sites for sustained H2O dissociation during the Volmer
step.

In addition to the excellent HER activity, the Co-
Ru0.55Ir0.45Ox catalyst demonstrates outstanding HER stability.
After operating stably for 100 h at a current density of 100 mA
cm−2, Co-Ru0.55Ir0.45Ox exhibited only a 0.37 mV h−1 potential
decay, which was lower than that of Ru0.55Ir0.45Ox (0.53 mV
h−1) (Fig. 2i). We hypothesize that the robust HER stability
arises from the strong d–d orbital hybridization between Co
and Ru/Ir atoms, which enhances the structural stability of the
RuIr crystal, thereby suppressing the agglomeration and leach-
ing of the less crystalline Ru/Ir atoms during the reaction
process.34

The changes in the surface elemental valence states of the
catalysts after stability tests were investigated by XPS. For both
Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox, the XPS spectra of Ru 3p
and Ir 4f orbitals exhibited positive shifts in binding energy,
indicating varying degrees of surface oxidation of the RuIr
alloys after long-term chronoamperometry measurements. The
decrease in the electron density around Ru and Ir atoms
hampers the electron transfer to H2O for the formation of Had,
thus deteriorating the HER activity of both electrocatalysts.4

However, The Ru 3p orbital shift was significantly attenuated
in Co-Ru0.55Ir0.45Ox (ΔBE = 0.99 eV) compared to the undoped
Ru0.55Ir0.45Ox (ΔBE = 1.47 eV) (Fig. 3a and b). Similarly, the Ir
4f orbital in Co-Ru0.55Ir0.45Ox showed a smaller positive shift
of 0.57 eV, significantly lower than that in Ru0.55Ir0.45Ox

(Fig. 3c and d). These results suggest that electron transfer
from Co to Ru/Ir via d–d orbital hybridization partially sup-
presses the oxidation of Ru and Ir during HER operation,
thereby enhancing catalytic stability.

Evaluation of OER performance

The OER performance of the catalysts was evaluated in O2-
saturated 1 M KOH solution. Fig. 4a shows the polarization
curves of the catalysts, indicating that the Co-Ru0.55Ir0.45Ox

catalyst exhibited the best performance, requiring an overpo-
tential of only 242 mV to reach a current density of 10 mA
cm−2, which was lower than those of Ru0.55Ir0.45Ox (253 mV)
and commercial RuO2 (280 mV). At a potential of 1.60 V vs.
RHE, the mass activity of Co-Ru0.55Ir0.45Ox reached
9.24 mgPGM

−1 (Fig. 4b), which was ca. 1.49 times higher than
that of Ru0.55Ir0.45Ox (6.21 A mgPGM

−1) and 23.10 times higher
than that of commercial RuO2 (0.40 A mgPGM

−1). ADT results
show that after 5000 (5k) cycles at a scan rate of 100 mV s−1 in
the potential range of 1.2–1.8 V vs. RHE, the overpotential of
Co-Ru0.55Ir0.45Ox increased by only 2.5 mV when the current
density reached 150 mA cm−2, significantly lower than those of
Ru0.55Ir0.45Ox (29.9 mV) and commercial RuO2 (7.8 mV). The
higher stability of commercial RuO2 is attributed to its stable
crystal structure.35 In contrast, the poor stability of
Ru0.55Ir0.45Ox is due to the small particle size and poor crystal-
linity of the alloy particles synthesized by the polyol reflux
method, leading to particle agglomeration and inevitable dis-
solution of Ru/Ir atoms during the OER process. These results
demonstrate that Co doping effectively enhances the catalytic
activity and stability of the OER catalyst. The catalyst’s ECSAs
were calculated from the Cdl, and the results showed that the
ECSA of Co-Ru0.55Ir0.45Ox was 437.5 cm−2, ca. 1.27 times that
of Ru0.55Ir0.45Ox (345.0 cm−2), which is attributed to the com-
pressive strain introduced at the atomic level by Co doping
(Fig. S18 and Table S5). The ECSA-normalized LSV curves show
that the specific activity of the Co-Ru0.55Ir0.45Ox catalyst was
superior to that of Ru0.55Ir0.45Ox (Fig. S19). The Tafel slope of
Co-Ru0.55Ir0.45Ox (41.8 mV dec−1) was lower than those of
Ru0.55Ir0.45Ox (45.6 mV dec−1) and commercial RuO2 (61.6 mV
dec−1), indicating that Co-Ru0.55Ir0.45Ox exhibited faster OER
kinetics (Fig. 4c). Additionally, at a potential of 1.60 V vs. RHE,
the TOF value of Co-Ru0.55Ir0.45Ox reached 3.23 O2 per s,
approximately 1.43 times that of Ru0.55Ir0.45Ox (2.26 O2 per s)
and 32.30 times that of RuO2 (0.10 O2 per s), further confirm-
ing the excellent intrinsic OER activity of Co-Ru0.55Ir0.45Ox

(Fig. 4d). It is noteworthy that we observed a significant
change in the CV curves of Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox

catalysts after 5k cycles in the OER working potential range
(Fig. S20). To elucidate this phenomenon, we recorded the LSV
and corresponding CV curves of Co-Ru0.55Ir0.45Ox from 0 to 40
cycles (Fig. S21). The results show that the CV curves of Co-
Ru0.55Ir0.45Ox gradually changed during the continuous
electrochemical cycling and reached a stable shape after 30
cycles. Meanwhile, the LSV curves revealed that the OER
activity of the catalyst improved with increasing number of
testing cycles and reached its stable activity after 30 cycles.
These results indicate that surface reconstruction and dynamic
evolution of the active species occurred in Co-Ru0.55Ir0.45Ox

during the OER.36,37 ICP-OES was used to determine the con-
centrations of Co, Ru, and Ir dissolved in the electrolyte after

Fig. 3 XPS spectra of Ru 3p of (a) Co-Ru0.55Ir0.45Ox and (b)
Ru0.55Ir0.45Ox before and after the HER stability test. XPS spectra of Ir 4f
of (c) Co-Ru0.55Ir0.45Ox and (d) Ru0.55Ir0.45Ox before and after the HER
stability test.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 20096–20106 | 20101

Pu
bl

is
he

d 
on

 2
0 

 1
40

4.
 D

ow
nl

oa
de

d 
on

 1
1/

12
/1

40
4 

03
:5

5:
04

 ..
 

View Article Online

https://doi.org/10.1039/d5nr02238j


5k cycles (Table S6). The results show that the concentrations
of Ru and Ir in the solution were much lower for Co-
Ru0.55Ir0.45Ox after ADTs compared to Ru0.55Ir0.45Ox. This indi-
cates that the Co dopants facilitated electron transfer from Co
to Ir and Ru through d–d orbital hybridization, while electron
transfer from Ir to Ru also occurred within the RuIr alloys.
This prevented the excessive oxidation and dissolution of Ru/Ir
species, thereby enhancing the stability of the catalyst. The Co
element was also detected in the solution of Co-Ru0.55Ir0.45Ox,
considering the mass percentages of Co, Ru, and Ir in Co-
Ru0.55Ir0.45Ox, we found that the dissolution degree of Co was
higher than that of Ru and Ir, indicating that Co preferentially
leaches out during the OER process.

The CV curves reflect the evolution of the Ru/Ir species
before the OER process (Fig. 4e). The redox peaks appearing at
0.45–0.85 V vs. RHE correspond to the oxidation–reduction
evolution of Ru0/4+ or Ir0/4+.38,39 The peak intensity for Co-
Ru0.55Ir0.45Ox was notably lower than that of Ru0.55Ir0.45Ox,
suggesting that, as a result of electronic coupling, electrons
from Co were transferred to Ir, and then to Ru. This sequential
electron transfer effectively mitigates the over-oxidation of the
Ru/Ir species. The peaks appearing at 1.10–1.40 V vs. RHE
correspond to the redox peaks of Ru4+/6+, at which point the

Ru species undergo excessive oxidation to soluble RuO4
2−,

leading to irreversible dissolution. The oxidation peak of Co-
Ru0.55Ir0.45Ox was lower than that of Ru0.55Ir0.45Ox, demonstrat-
ing that Co dopants effectively prevent the dissolution of Ru
during the OER process, thereby improving the structural
stability of the Co-Ru0.55Ir0.45Ox.

40 The Nyquist plot shows that
the Rct of Co-Ru0.55Ir0.45Ox at 1.50 V vs. RHE was 2.9 Ω, lower
than 4.3 Ω of the Ru0.55Ir0.45Ox catalyst, indicating its
enhanced charge transfer capability (Fig. 4f). Operando EIS
tests showed that Co-Ru0.55Ir0.45Ox exhibited a consistently
lower Rct than Ru0.55Ir0.45Ox across the entire OER operating
range, indicating its superior reaction kinetics (Fig. S22).
Furthermore, the Bode-phase plot revealed that, compared to
Ru0.55Ir0.45Ox, Co-Ru0.55Ir0.45Ox demonstrated a significant
decrease in the phase angle at low frequencies (<100 Hz)
within a range of 1.40–1.50 V vs. RHE, suggesting that Co
doping enhances charge transfer at the electrode–electrolyte
interface (Fig. 4g and h). During the OER process, both Co-
Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox electrocatalysts undergo
surface reconstruction, resulting in the formation of Ru(Ir)O2

species that bind oxygen-containing intermediates excessively
strongly, thus impeding the OER.12,41 However, in Co-
Ru0.55Ir0.45Ox, the preferential electrochemical dissolution of

Fig. 4 Oxygen evolution reaction (OER) performance of Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox in 1 M KOH solution: (a) polarization curves before and
after 5k CV sweeps between 1.2 and 1.8 V (vs. RHE) at a scan rate of 100 mV s−1. (b) Overpotential required to obtain 10 mA cm−2 (left panel) and the
mass activity at the potential of 1.60 V vs. RHE (right panel) for Co-Ru0.55Ir0.45Ox, Ru0.55Ir0.45Ox and commercial RuO2. (c) Tafel slope and (d) turnover
frequency. (e) Cyclic voltammetry of Co-Ru0.55Ir0.45Ox and Ru0.55Ir0.45Ox at a scan rate of 2 mV s−1. (f ) Nyquist plot at 1.50 V vs. RHE. Phase images
in Bode plots of (g) Co-Ru0.55Ir0.45Ox and (h) Ru0.55Ir0.45Ox under different voltages. (i) Stability test recorded at a constant current density of 20 mA
cm−2.
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Co induces the formation of cationic vacancies, which partially
remove coordinated oxygen atoms from the surrounding Ru(Ir)
O2 species.

42 As a result, oxygen-deficient Ru/Ir–Ov species are
generated and serve as the actual active sites for the OER.34

The presence of Ru/Ir–Ov sites alters the OER mechanism from
the traditional adsorbate evolution mechanism (AEM) to a
metal site-oxygen vacancy synergistic mechanism (MS-OvSM).
In this pathway, two OH− species nucleophilically attack the
adjacent Ru/Ir–Ov pair and directly couple to form *O–O* inter-
mediates, thereby circumventing the high formation energy
required for the *OOH intermediate in the traditional AEM
pathway. Consequently, the OER activity is significantly
enhanced.43

Furthermore, Co-Ru0.55Ir0.45Ox exhibited superior stability
compared to Ru0.55Ir0.45Ox. After operating at a current
density of 20 mA cm−2 for 100 h, Co-Ru0.55Ir0.45Ox showed a
much smaller increase in the overpotential (0.40 mV h−1)
compared to Ru0.55Ir0.45Ox (1.84 mV h−1, 30 h) (Fig. 4i). This
exceptional stability was attributed to the d–d orbital inter-
actions between Co and Ru/Ir, which facilitated the transfer
of electrons from Co to Ir and Ru, thereby suppressing the
dissolution of Ru/Ir species due to severe oxidation during
the OER.

The XPS spectra obtained after the stability tests further
support this conclusion. In both Co-Ru0.55Ir0.45Ox and
Ru0.55Ir0.45Ox samples, the characteristic peaks of Ru 3p and Ir
4f orbitals shifted toward higher binding energies, indicating
inevitable surface oxidation of Ru and Ir during the OER
process, resulting in the formation of Run+ and Irn+ species.
For Co-Ru0.55Ir0.45Ox, the peaks corresponding to the Ru 3p
exhibited a positive shift of 1.28 eV (Fig. 5a), whereas the
characteristic Ru 3p signal in Ru0.55Ir0.45 disappeared entirely
(Fig. 5b). This disappearance may be attributed to the excessive
oxidation of Ru, leading to the formation of soluble RuO4

2−

and substantial leaching of Ru species into the electrolyte.44

Similarly, the XPS spectra revealed that the peaks corres-
ponding to the Ir 4f orbital in the Co-Ru0.55Ir0.45Ox sample
exhibited smaller shifts than those in Ru0.55Ir0.45Ox (Fig. 5c
and d). These findings suggest that the preferential leaching of
Co, along with the electron delocalization induced by d–d
orbital hybridization, effectively suppresses the over-oxidation
and subsequent dissolution of Ru/Ir species during the OER
process, thereby mitigating the loss of active sites and enhan-
cing the stability of the catalyst.

As shown in Fig. 5e, the morphology of the Co-
Ru0.55Ir0.45Ox nanoparticles remained nearly unchanged after
long-term operation. However, the HR-TEM image (Fig. 5f)
revealed distinct lattice spacings of 0.222 nm and 0.227 nm,
corresponding to the (101) facet of RuIr and the (200) facet of
Ru/Ir–O, respectively. These observations were further sup-
ported by the fast Fourier transform (FFT) pattern (Fig. 5g).
Combined with the CV curves (Fig. 4e), the results indicate
that Ru/Ir species underwent partial transformation into Ru/
Ir–O species during the OER process. Moreover, the EDS map-
pings (Fig. S23) showed a homogeneous distribution of Ru, Ir,
and Co elements within the particles, confirming the struc-

tural stability of the Co-Ru0.55Ir0.45Ox catalyst under OER
conditions.

Evaluation of overall water splitting performance

The overall water splitting performance was tested in a two-
electrode system with a 1.0 M KOH electrolyte to evaluate the
hydrogen production performance of Co-Ru0.55Ir0.45Ox as a
bifunctional catalyst. Fig. 6a shows the polarization curves for
the three systems. The Co-Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox

system exhibited a potential of 1.51 V at a current density of
10 mA cm−2, which was lower than those of Ru0.55Ir0.45Ox||
Ru0.55Ir0.45Ox (1.53 V) and Pt/C||RuO2 (1.55 V). Additionally, at
a high current density of 200 mA cm−2, the potential of the Co-
Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox system remained below 1.70
V. The performance is comparable to those of the most
advanced Ru/Ir-based bifunctional catalysts reported thus far
(Fig. 6b and Table S7). This demonstrates the promising poten-
tial of Co-Ru0.55Ir0.45Ox as a bifunctional catalyst for hydrogen
production in water electrolysis. The long-term stability of
overall water splitting was evaluated using the chronopotentio-
metry method. The Co-Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox system
demonstrated superior activity and stability during continuous
water electrolysis compared to the Ru0.55Ir0.45Ox||Ru0.55Ir0.45Ox

system, further confirming the important role of Co doping in
maintaining catalyst stability (Fig. 6c, Fig. S24). Fig. S25 shows
that when Co-Ru0.55Ir0.45Ox was used as the catalyst in the

Fig. 5 XPS spectra of Ru 3p of (a) Co-Ru0.55Ir0.45Ox and (b)
Ru0.55Ir0.45Ox before and after the OER stability test. XPS spectra of Ir 4f
of (c) Co-Ru0.55Ir0.45Ox and (d) Ru0.55Ir0.45Ox before and after the OER
stability test. TEM image (e), HR-TEM image (f ) and relevant FFT (g) of
Co-Ru0.55Ir0.45Ox after the OER stability test.
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H-cell for overall water splitting, the volume ratio of H2 to O2

collected via the drainage method was 2 : 1. In addition, the
experimentally measured and theoretically calculated molar
amounts of H2 and O2 during the overall water splitting
process showed excellent agreement. This confirms that Co-
Ru0.55Ir0.45Ox almost achieves 100% faradaic efficiency,
demonstrating its high energy conversion efficiency as a
bifunctional electrocatalyst for water electrolysis (Fig. 6d).45

Conclusions

In summary, introducing Co dopants into RuIr alloys
enhanced both the activity and stability of the catalysts for the
alkaline HER and OER. For the HER, Co-Ru0.55Ir0.45Ox required
only a 21.2 mV overpotential to achieve a current density of
10 mA cm−2. The Tafel slope of 27.9 mV dec−1 and TOF of 7.18
H2 per s (at −0.15 V vs. RHE) demonstrate its fast reaction
kinetics and excellent intrinsic activity. This improvement was
attributed to Co dopants, which weakened the OH adsorption
and optimized the hydrogen binding energy of Ru/Ir active
sites, thereby exposing more active sites for water dissociation
and facilitating the conversion of Had to H2 via the Heyrovsky
step. The boosted HER stability was due to the strong d–d
orbital hybridization between Co and Ru/Ir atoms, which
inhibited the aggregation and leaching of Ru/Ir atoms during
the reaction process. For the OER, the improved activity of Co-
Ru0.55Ir0.45Ox (η = 242 mV at 10 mA cm−2, Tafel slope =
41.8 mV dec−1, TOF = 3.23 O2 per s at 1.60 V vs. RHE) was

attributed to the electrochemical dissolution of Co atoms and
the enriched surface oxygen vacancies. These factors led to
partial loss of coordinated oxygen from surrounding Ru(Ir)O2

and the formation of oxygen-deficient Ru/Ir–Ov species. These
Ru/Ir–Ov species serve as the actual OER active sites and acti-
vate a metal site–oxygen vacancy synergistic mechanism
(MS-OvSM), wherein two OH− nucleophilically attack the adja-
cent Ru/Ir–Ov pair to form *O–O* intermediates directly, thus
significantly enhancing OER activity. Moreover, the d–d orbital
interaction between Co dopants and Ru/Ir facilitated the elec-
tron transfer from Co to Ir and Ru, thereby inhibiting the
leaching of Ru/Ir species due to over-oxidation, which
enhanced OER stability. Additionally, the constructed Co-
Ru0.55Ir0.45Ox||Co-Ru0.55Ir0.45Ox electrolyzer achieved a current
density of 10 mA cm−2 at a lower potential of 1.51 V and
remained stable for over 60 h at different current densities.
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