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Abstract: The chlorine evolution reaction (CER) is the ~ Chlorine Evolution Reaction

primary anodic process in chlor-alkali electrolysis for in-
dustrial chlorine production. Developing electrocatalysts
that produce a high current density at a low overpotential
remains a significant challenge. We report a RuCo alloy
supported on mesoporous hollow carbon (RuCo/MHC) as
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an efficient CER electrocatalyst. The mesoporous carbon
framework provides abundant defect sites and promotes a
uniform dispersion of RuCo alloy nanoparticles. Electron-
ic interactions between the RuCo alloy and the carbon
matrix produce an interfacial charge redistribution, which
changes the electronic structure of unsaturated oxygen
species and optimizes Cl™ adsorption, thereby accelerating
CER kinetics. The material requires an overpotential of only 59 mV to produce a current density of 10 mA cm * and gives bet-
ter kinetics and a stable electrochemical performance. This work indicates a practical way to design durable, low-noble-metal
CER anodes through combining alloy engineering and porous carbon supports.

Key words: Chlorine evolution reaction; RuCo alloy; Mesoporous hollow carbon; Interfacial charge redistribution; Elec-
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catalyst degradation' ). Therefore, developing anodic

. . . catalysts that combine high activity, high selectivity
Chlorine is an essential bulk chemical for the

. . .. . . and long-term stability remains a central objective in
chemical, pharmaceutical, disinfection and organic- & Y )

. . . L lectrochemical chlori duction.
synthesis industries! . Industrially, chlorine is pro- clectrochemicat chiorine production

duced primarily by electrolysis, in which the chlorine In recent years, carbon-based materials have at-

evolution reaction (CER) is the dominant anodic pro- tracted broad interest in electrocatalysis owing to their

cess!’l. The most widely used anodes are dimension- high electrical conductivity, large specific surface area

ally stable anodes (DSAs), which typically comprise Received: April 03,2026
mixed metal oxides containing ruthenium and Revised: May 24, 2026
iridium™ ). However, noble metals can form thermo- Accepted: May 25, 2026

dynamically stable soluble species (e.g., soluble RuO,

or IrO,) under harsh anodic conditions, leading to
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and structural tunability”'"!. Mesoporous hollow car-
bon (MHC), which combines a nanometer-scale
framework with a hollow mesoporous morphology,
provides abundant sites for dispersing metal nano-
particles with effectively suppressed particle aggrega-
tion! """, Its open pore network also facilitates react-
ant transport and rapid removal of gaseous products,
enabling stable performance under high current-dens-

(4191 Moreover, MHC can modulate

ity operation
electronic interactions at the metal-carbon interface by
tuning pore architecture, specific surface area and sur-
face chemistry, thereby affecting the adsorption beha-
vior of reaction intermediates and improving overall
catalytic efficiency!' . Therefore, MHC provides an
attractive platform for CER catalysis, offering oppor-
tunities to simultaneously optimize mass transport,
active-site dispersion, and interfacial electronic struc-
ture.

In addition to optimizing the support architec-
ture, alloying to tune the electronic structure of active
sites also represents an effective strategy to enhance

1] Ruthenium exhib-

electrocatalytic performance
its excellent activity for a range of anodic reactions.
However, its high cost and limited abundance hinder
large-scale application. Alloying Ru with transition
metals can reduce noble-metal loading. Through inter-
metallic electronic interactions, alloy surface electron-
ic states can be modified to optimize intermediate
binding and reaction kinetics. Su et al. encapsulated
RuCo nanoalloys within nitrogen-doped graphene lay-
ers, where the graphene shell suppresses nanoparticle
aggregation and dissolution while preserving efficient
charge transfer at the metal-carbon interface!'”. Cai et
al. prepared ultrathin RuCo alloy nanosheets with in-
terfacial charge redistribution between Ru and Co!'”.
Tang et al. synthesized Ru-Co solid-solution nano-
particles in which strong metal-metal electronic coup-
ling facilitates electron transfer to surface oxygen spe-
cies and helps stabilize the catalytic surface under ox-
idative conditions””. Nevertheless, alloy  nano-
particles remain susceptible to sintering and leaching
at high anodic potentials. Therefore, immobilizing
them on appropriate supports is essential to achieve

both high activity and long-term durability for CER.
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Herein, we report RuCo alloy nanoparticles sup-
ported on MHC (RuCo/MHC) as a high-performance
electrocatalyst for CER. The RuCo nanoparticles are
uniformly dispersed within the mesoporous shell
framework with a narrow size distribution. Mean-
while, the porous, highly conductive carbon scaffold
effectively anchors the alloy nanoparticles, prevent-
ing their aggregation and suppressing their detach-
ment owing to the confinement of the nano carbon
framework, while also facilitating charge transport to
enhance catalytic performance. Ru-Co alloying in-
duces interfacial charge redistribution, which modu-
lates the electronic structure of unsaturated oxygen
species (O%/0") at the catalyst surface, thereby optim-
izing Cl adsorption/desorption and enhancing CER
kinetics. As a result, the RuCo/MHC electrode
requires an overpotential of only 59 mV to reach
10 mA cm  and exhibits a relatively low Tafel slope
of 73.36 mV-dec™'. This work demonstrates that com-
bining alloy engineering with mesoporous hollow car-
bon supports offers a viable route to load low-noble-
metal to attain high-activity and durable CER anodes.

Ammonium hydroxide solution (NH;-H,0), tet-
rapropyl  orthosilicate (TPOS, C,,H,;0,Si),
ruthenium(III) chloride trihydrate (RuCl;-3H,0), Co-
balt(II) nitrate hexahydrate (Co(NO,), 6H,0), sodium
chloride (NaCl) and resorcinol (C(H(O,) were pur-
chased from Shanghai Aladdin Biological Techno-
logy Co., Ltd. Formaldehyde solution (CH,O) and
Nafion 117 were purchased from Macklin Biochemic-
al Technology Co., Ltd. Ethanol (C,H;OH), lithium
fluoride (LiF) and hydrochloric acid (HCI) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
All the reagents were directly used without further
purification. The water used for all experiments was
prepared by a Merck Millipore Milli-Q system (res-
istivity 18.2 M Q cm).

First, 65 mL of ethanol, 15 mL of deionized (DI)
water, and 3.0 mL of ammonium hydroxide were

mixed under ambient conditions. Then, 3.45 mL of
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tetrapropyl orthosilicate (TPOS) was introduced into
the mixture. After stirring for 15 min, 0.4 g of resor-
cinol and 0.56 mL of formaldehyde solution (37%)
were added to the solution. After continuous agitation
for 24 h, silica@resorcinol-formaldehyde (SiO,@RF)
nanospheres were collected by centrifugation, thor-
oughly washed sequentially with DI water and ethan-
ol, and finally dried overnight at 60 °C. Next,
SiO,@RF powder was annealed at 700 °C for 5 h with
a heating rate of 5 °C min ' under N, atmosphere. A
500 mg portion of the SiO,@C composite was treated
with an in situ-generated HF solution (prepared from
0.8 g LiF and 10 mL of 9 mol L™ HC) at 35 °C for 24
h to remove silica, obtaining MHC after centrifuga-
tion, washed with DI water and then dried at 60 °C in

vacuum overnight.

First, 20 mg of Co(NO,;), 6H,0 and 5 mg of
RuCl; 3H,0 were added to 5 mL of deionized water
and sonicated until completely dissolved.  Sub-
sequently, 50 mg of MHC was introduced into the
above solution and stirred for 2 h. The resulting pre-
cursor was washed three times alternately with ethan-
ol and deionized water, collected by centrifugation at
10 000 r min ', and dried in a vacuum oven at 60 °C.
Finally, the dried RuCo oxide/MHC was placed in the
center of a tubular furnace and reduced/calcined un-
der a H,/Ar mixed gas atmosphere at 700 °C for 2 h to
obtain RuCo/loaded mesoporous hollow carbon nano-
spheres (RuCo/MHC). The Ru/MHC was prepared
following the process similar to that of RuCo/MHC
except the absence of Co(NO,), 6H,0.

Field-emission scanning electron microscopy
(FESEM, JEOL JSM-7800F) and transmission elec-
tron microscopy (TEM, JEOL JEM-F200) were util-
ized to evaluate the morphology of the prepared
samples. The crystal structures were characterized by
X-ray diffraction (XRD, Rigaku, D-MAX 2500/PC)
using a high-intensity Cu Ko radiation source (4 =
1.54 A) and operating at a voltage of 40 kV and a cur-
rent of 30 mA. Specific surface areas and pore size

distributions were obtained from nitrogen sorption
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isotherms at 77 K (Micromeritics ASAP2460, USA).
The actual Ru and Co contents were determined by in-
ductively coupled plasma optical emission spectro-
scopy (ICP-OES). XPS data were collected on a
Kratos Axis ULTRA X-ray photoelectron spectromet-
er, and the binding energy of the C 1s peak at
284.6 eV was used as an internal reference. Raman
spectra were recorded using a Horiba LabRAM HR
Evolution with a 532 nm Ar laser. Electron paramag-
netic resonance (EPR) spectra were recorded using a

Bruker EMXplus spectrometer.

Electrochemical measurements were performed
in a standard three-electrode configuration on a
Gamry electrochemical workstation. The working
electrode was carbon paper (1 cm x 1 ¢cm) loaded with
1.5 mg of catalyst. A saturated Ag/AgCl electrode was
served as the reference and a carbon rod was used as
the counter electrode. Experiments were carried out in
an H-type electrolyzer containing freshly prepared
5 mol L™' NaCl electrolyte adjusted to pH=2 with hy-
drochloric acid. The iR compensation was performed
at 95% using the solution resistance determined by the
workstation before each measurement. The catalyst
ink was prepared by dispersing 5 mg of catalyst in
1.0 mL of anhydrous ethanol containing 50 pL of 5%
Nafion, followed by ultrasonication for 30 min to ob-
tain a homogeneous suspension. Subsequently,
300 pL of the catalyst ink was drop-cast onto carbon
paper with a geometric area of 1 cm X 1 cm to achieve
a catalyst loading of 1.5 mg cm™. The electrode was
dried under ambient conditions before electrochemic-
al measurements. Both the synthesized catalysts and
DSA were tested under identical conditions to ensure
comparability. The saturated Ag/AgCl reference elec-
trode was calibrated prior to electrochemical measure-
ments, and all potentials were converted to the revers-
ible hydrogen electrode (RHE) scale according to:

Erug = Eagiagen +0.197 V+0.0592 x pH

The linear sweep voltammetry (LSV) was recor-
ded at a scan rate of 5 mV-s . Electrochemical im-
pedance spectrum (EIS) was measured over the fre-
quency range from 1 mHz to 100 kHz. Cyclic voltam-
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mograms (CVs) were collected at scan rates of 20, 40,
60, 80, 100 and 120 mV's .

The electrochemical double-layer capacitance
(C,) was determined from CV curves collected in a
non-Faradaic potential window of 0.5-0.6 V at scan
rates of 20-120 mV s '. The capacitive current dens-
ity, defined as (Aj/2), was extracted at a fixed poten-
tial and plotted against the scan rate. The slope of the
linear fit was taken as the C, value. The ECSA was

estimated according to

ECsA = CaxXS

S

where C, is assumed to be 0.02 mF cm .

Chlorine selectivity was quantified by iodomet-
ric titration and expressed as:

Y, experimental

S e, (%) = x 100% (1)

theoretical

45 mL of electrolyte is added to the electrolysis
Chro-

noamperometry (CA) was then performed at an ap-

celland purged with argon for 15 min.

plied potential corresponding to a current density
above 10 mA-cm ™ for 120 s. The theoretical amount
of Cl, produced was calculated from the CA current
by:

Vowosea(mol) = [ 24 car @)

2F

Where i is current, ¢ is time (s), F is the Faraday con-
stant, and the factor 1/2 accounts for the 2 electrons
transferred per Cl, molecule. Immediately after CA, a
10 mL aliquot of the electrolyte was transferred to a
glass bottle and excess Nal was added. The solution

turned yellow-brown due to I, formation via:
ClL,+2Nal = L,+2NaCl (3)

The liberated I, was titrated with standardized
0.01 mol L' Na,S,0,. When the yellow solution be-
came colorless, a few drops of 1% (w/v) starch indic-
ator were added (the solution turns blue), and titration
was continued with Na,S,0; until the blue color dis-
appeared. The experimental Cl, yield (mol) was calcu-

lated from the volume of Na,S,0; consumed:

Yexperimenlal(mOI) = 001 X VNaZSZO3 (L)/2 (4)

Vol. 41 | Issue 5 | Oct. 2026 |

Fig. la shows the synthesis procedure of
samples.  First,  silica@resorcinol-formaldehyde
(Si0,@RF) nanospheres were prepared via a modi-
fied Stober method (Fig. S1)". Scanning electron mi-
croscopy (SEM) and transmission electron micro-
scopy (TEM) images show that the as-prepared
Si0,@RF nanospheres are highly uniform with an av-
erage diameter of approximately 300 nm (Fig. S2).
After carbonization and selective etching (Fig. S3),
mesoporous hollow carbon (MHC) spheres were ob-
tained. SEM and TEM images further confirm that the
MHC possesses open surface channels and a well-
defined hollow morphology (Fig. 1b). The as-synthes-
ized MHC was dispersed in deionized water by ultra-
sonication to form a homogeneous suspension.
Ruthenium and cobalt salt precursors were then ad-
ded in a defined ratio, allowing the metal ions to ad-
sorb within the mesoporous network of the MHC.
Owing to its high specific surface area and abundant
pore architecture, the MHC provides ample adsorp-

[22

tion sites for uniform metal loading"”. The resulting
material was dried and subjected to high-temperature
reduction under a H,/Ar atmosphere. During this treat-
ment, the metal ions were reduced to the metallic state
and underwent in-situ alloying, yielding stably
anchored RuCo alloy nanoparticles on the carbon sup-
port and producing the RuCo/MHC composite.

SEM image (Fig. 1c) shows that RuCo/MHC re-
tains an intact hollow-spherical morphology. TEM
image further reveals that the nanoparticles exhibit an
average size of ~ 10 nm. Most particles are uni-
formly dispersed across the sample, suggesting that
the hollow mesoporous architecture exerts a confine-
ment effect that helps suppress excessive particle ag-
High-resolution TEM

(HRTEM) image clearly reveals well-defined lattice

glomeration (Fig. 1d).

fringes (Fig. le). The enlarged HRTEM image in
Fig. 1f shows a lattice spacing of 0.211 nm, corres-
ponding to the (111) plane of alloy RuCo"". The cor-

responding Fourier transform image is shown in
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Fig. 1 (a) Schematic diagram of synthesis of RuCo/MHC. (b) SEM image of MHC, TEM image of MHC (inset of Fig. 1b). (c) SEM image of RuCo/MHC.
(d) TEM image of RuCo/MHC. (e, f) HRTEM image and (g) corresponding Fourier transform image of RuCo/MHC.
(h) EDS elemental mapping of RuCo/MHC

Fig. lg. For comparison, the lattice spacing of Ru
(002) in standard metallic Ru is approximately
0.214 nm (PDF #06-0663), while typical Co-related
lattice spacing is around 0.201 nm. The observed in-
termediate spacing of 0.211 nm suggests lattice con-
traction caused by the incorporation of smaller Co
atoms into the Ru lattice, which is consistent with the
formation of RuCo alloy nanoparticles rather than
separated Ru and Co phases. EDS elemental mapping
indicates a high degree of spatial overlap between Ru
and Co across the entire particle, with no obvious

phase separation, further supporting the uniform an-
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choring of the RuCo alloy on the MHC (Fig. 1h). Col-
lectively, the morphological and structural character-
ization confirms that the impregnation-high-temperat-
ure reduction strategy achieves controlled loading of
RuCo alloy nanoparticles on the hollow mesoporous
carbon support. The hollow and mesoporous architec-
ture of the MHC not only provides abundant exposed
interfaces but also confines and stabilizes the metal
particles, offering a solid structural foundation and in-
terfacial advantages for subsequent electrocatalytic re-
actions'"),

XRD patterns (Fig. 2a) of RuCo/MHC, Ru/MHC
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and MHC show a diffraction peak at 26 = 22.5°,
which corresponds to the graphitic (002) plane. Com-
pared with Ru/MHC (PDF #06-0663), the correspond-
ing peak for RuCo is slightly shifted to higher angles
(Fig. 2b), suggesting that Co atoms enter the Ru lat-
tice and induce lattice contraction””. According to
Bragg’s law, the shift toward higher 26 values corres-
ponds to a reduced lattice spacing, further supporting
the lattice contraction inferred from the HRTEM ana-
lysis. In addition, no distinct diffraction peaks corres-
ponding to metallic Co or cobalt oxides are observed,
suggesting the absence of obvious phase segregation.
Together with the homogeneous Ru and Co distribu-
tions revealed by EDS mapping, these results further
support the successful formation of RuCo alloy nano-
particles on the MHC support. Raman spectra
(Fig. 2c) show characteristic D and G bands at
~ 1350 cm ™' and 1580 cm', respectively, reflecting
structural disorder and the sp” graphitic framework!™".
The 1,/ ratios for RuCo/MHC, Ru/MHC and MHC
are 1.11, 1.08 and 0.92, respectively, indicating a
higher defect density in RuCo/MHC""). EPR spectra
(Fig. 2d) display a pronounced signal at g = 2.003 for
all samples. The sample RuCo/MHC shows the

strongest intensity, which is consistent with the Ra-

man results and indicates more unpaired electrons as-
sociated with defects'").

N, adsorption-desorption isotherms of RuCo/
MHC (Fig. 2e) exhibit a typical type-IV isotherm with
a hysteresis loop in the medium-high relative pressure
region (p/p, = 0.5—0.9), indicating abundant meso-
porosity””). The adsorbed volume increases markedly
with increasing relative pressure, reflecting a large
pore volume and high specific surface area. The pore
size distribution calculated using the nonlocal density
functional theory model (Fig. 2f) reveals a hierarchic-
al pore structure, with micropores centered at
~ 1.3 nm and mesopores centered at ~ 7.6 and
8.8 nm. Such a hierarchical micro/mesoporous archi-
tecture is favorable for exposing accessible active
sites and facilitating electrolyte penetration and mass

30]

transport during CER". The sample has a specific
surface area of 895.4 m® g ' (Table S2). Such a large
surface area combined with the hierarchical meso-
porosity facilitates electrolyte penetration and pro-
motes transport of reactants and products, thereby im-
proving the accessibility of catalytically relevant inter-
facial sites”’'). To further clarify the role of the hollow
porous structure, N, adsorption-desorption isotherms

and pore-size distribution curves of the control
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Fig.2 (a,b) XRD patterns. (c) Raman spectra. (d) EPR spectra of RuCo/MHC, Ru/MHC and MHC. (e) N, adsorption-desorption isotherms of RuCo/MHC.
(f) Pore-size distribution of RuCo/MHC
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samples Ru/MHC and MHC are shown in Fig. S5a, c.
All samples exhibit typical type-IV isotherms with
distinct hysteresis loops, confirming the presence of
mesoporous structures. The corresponding pore size
distributions reveal hierarchical micro/mesoporous
structures, with micropores centered at approximately
1.3 nm and mesopores mainly centered at approxim-
ately 7.3-7.6 and 8.8 nm (Fig. S5b, d). These results
indicate that the hollow porous architecture is well
preserved after metal incorporation. Such accessible
hierarchical pores facilitate electrolyte infiltration, CI”
diffusion, and Cl, release during CER, thereby con-
tributing to the improved CER performance.

The XPS survey spectra of RuCo/MHC and Ru-
MHC (Fig. S6, S7) confirm their expected elemental
compositions. RuCo/MHC contains C, O, Ru and Co,
whereas Ru/MHC contains C, O and Ru. These res-
ults are consistent with the EDS analysis. High-resolu-
tion C 1s fitting (Fig. 3a) exhibits peaks at 284.7,
286.6 and 288.8 eV, attributable to C—C, C—O and

(@)

C1s

Intensity/(a.u.)

295 285

Intensity/(a.u.)

480 470
Binding energy/eV

O—C=0, respectively’”).  Additional features
at ~ 280.6 and 281.3 eV in this region are ascribed to
overlap with Ru 3d signals. The O 1s high-resolution
spectrum can be deconvoluted into three components,
O1 (530.3-530.6 eV) associated with oxygen species
to C—O/C=O0 functional 02
(~531.9 eV) assignable to low-coordination or unsat-
urated oxygen species (O*/0"), and O3 (532.3-

533.2 eV) related to hydroxyl groups or adsorbed sur-

related groups,

face water (Fig. 3b and S8b)"". To avoid ambiguity
from C 1s / Ru 3d overlap, the Ru 3p region is further
examined (Fig. 3c). The high-resolution Ru 3p spec-
trum displays Ru 3p,, and Ru 3p,, peaks at approx-
imately 462.8 and 484.8 eV, respectively. Deconvolu-
tion reveals that the peaks at 462.8 and 484.8 eV cor-
respond to metallic Ru(0), while those at 464.5 and
486.8 eV are assigned to Ru (IV)"".

Compared with the reference Ru/MHC (Ru 3p,,,
~462.5 eV, Ru 3p,, ~ 484.5 eV), the Ru 3p peaks in
RuCo/MHC are shifted to higher binding energies, in-

(b) 01s

Intensity/(a.u.)

540 535 530

Binding energy/eV

Intensity/(a.u.)

810 800 790

Binding energy/eV

Fig.3 High-resolution XPS spectra of (a) C Is, (b) O 1s, (¢) Ru 3p and (d) Co 2p for RuCo/MHC
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dicating reduced electron density at Ru sites and elec-
tronic redistribution at the Ru-Co interface (Fig. S8c).
The observed Ru (IV) component is likely attribut-
able to partial surface oxidation of Ru upon air expos-
ure. In the Co 2p region (Fig. 3d), peaks at 778.5 and
793.4 eV are assigned to metallic Co (0) Co 2p,, and
Co 2p,,, respectively’!. The peaks at 782.5 and
797.7 eV are assigned to Co(Il) 2p,, and Co(Il) 2p,,,
respectively!’”. The presence of Co (II) is likely due
to partial surface oxidation of Co (0) in air. Notably,
the O2 component in the O 1s spectrum of
RuCo/MHC ( ~ 531.7 eV) shifts to lower binding en-
ergy relative to that of Ru/MHC (~ 532.0 eV). The
XPS data demonstrate electronic interactions and in-
terfacial charge modulation among Ru, Co and O in
RuCo/MHCY . ICP-OES analysis further shows
that the Ru and Co contents in RuCo/MHC are 7.72%
and 2.62%, respectively, while the Ru content in
Ru/MHC is 7.61% (Table S1). The comparable Ru
loading between RuCo/MHC and Ru/MHC suggests
that the enhanced CER performance of RuCo/MHC
mainly originates from Ru-Co alloying-induced elec-

tronic modulation rather than increased Ru content.

In a standard three-electrode configuration with

5 mol L™' NaCl (pH=2) as the electrolyte, the elec-
trocatalytic performance of the catalysts for CER was
systematically evaluated. LSV curves (Fig. 4a) and
overpotential bar charts (Fig. 4b) indicate distinct
activities under identical testing conditions. Specific-
ally, RuCo/MHC requires overpotentials of 59 and
148 mV to reach 10 and 100 mA cm, respectively,
which are substantially lower than those of Ru/MHC
(119 and 261 mV). Moreover, at these current densit-
ies RuCo/MHC also outperforms the commercial
DSA (110 and 226 mV). The lower overpotentials
demonstrate that RuCo/MHC requires less energy to
drive CER, reflecting superior electrocatalytic activ-
ity!”!. Notably, comparison with recent reports (Fig.
S9 and Table S3) further highlights the competitive
CER performance of RuCo/MHC. The actual Ru and
Co contents of RuCo/MHC were determined by ICP-
OES to be 7.72% and 2.62%, respectively, corres-
ponding to a Ru loading of 0.116 mg cm* at a cata-
lyst loading of 1.5 mg cm ™. At 142 V vs RHE,
RuCo/MHC delivers a mass activity of 0.086 A mg'
Ru, while the apparent turnover frequency TOF is es-
timated to be 0.045 s ' based on the total Ru content,
suggesting efficient noble-metal utilization and im-
proved cost-effectiveness enabled by Co alloying.
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Fig. 4 (a) LSV curves of RuCo/MHC, Ru/MHC, DSA and MHC at 5 mol L™' NaCl (pH=2). (b) Comparison of overpotential of catalysts at 10 and 100 mA
cm 2. (c) Tafel slopes of different catalysts. (d) C,, of different catalysts. (¢) EIS Nyquist diagram for different catalysts. (f) Chronoamperometric stability test of
RuCo/MHC at 10 mA cm™ for 48 h
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Overall, RuCo/MHC delivers high current densities at
relatively low overpotentials, demonstrating excellent
catalytic performance and practical potential.

As shown in Fig. 4c, RuCo/MHC exhibits a Tafel
slope of 73.36 mV dec ', which is significantly lower
than those of Ru/MHC (102.87 mV dec™'), commer-
cial DSA (82.87 mV dec') and MHC (135.36 mV
dec ™), indicating faster reaction kinetics'". C,, values
are obtained from non-Faradaic CVs at different scan
rates (Fig. 4d). RuCo/MHC shows a Cy of 12.2 mF
cm 2, which is higher than Ru/MHC (8.44 mF cm°),
DSA (10.30 mF c¢m ) and MHC (7.31 mF cm?). This
result implies a larger electrochemically active sur-
face area and improved accessibility of catalytically
relevant interfacial sites (Fig. S11)!"". Furthermore,
EIS Nyquist plots and equivalent-circuit fitting
(Fig. 4e) indicate an interfacial charge-transfer resist-
ance of 11.6 Q for RuCo/MHC, consistent with the
lower charge-transfer impedance and faster interfacial
electron transport!”). Collectively, RuCo/MHC dis-
plays advantages in kinetics, electrochemical active
area and charge transport, which together promote its
excellent CER performance'"”). Chronoamperometry
(Fig. 4f) shows that RuCo/MHC maintains stable elec-
trochemical behavior during continuous operation at
10 mA cm* for 48 h, indicating good operational sta-
bility and durability. After the 48 h stability test at
10 mA cm, post-reaction SEM and TEM images
show that the spherical morphology and hollow meso-
porous structure of RuCo/MHC are largely preserved,
without obvious structural collapse or noticeable nan-
oparticle aggregation (Fig. S12a, b). XPS analysis of
the used catalyst further reveals that the characteristic
chemical states of Ru and Co are largely retained. The
O 1s spectra confirm the preserved oxygen-associated
surface species after the reaction (Fig. S13b). The Ru
3p spectra show the coexistence of metallic Ru and
oxidized Ru species, indicating surface oxidation un-
der anodic conditions (Fig. S13c), while the Co 2p
spectra retain the characteristic Co species (Fig.
S13d). To further evaluate the durability under high
additional

current-density conditions, an chro-

noamperometric test was performed at 100 mA cm >
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(Fig. S14). RuCo/MHC maintains a relatively stable
potential during continuous operation, indicating
stable electrochemical performance at the elevated
current density. In addition, SEM and TEM images
collected after the 100 mA cm” stability test show
that the hollow spherical morphology and dispersed
nanoparticle structure are still maintained (Fig. S15).
These results suggest that the RuCo alloy structure
and interfacial chemical environment remain relat-
ively stable during the CER process, without obvious
phase segregation or significant surface loss of Ru/Co.
The oxygen evolution reaction (OER) activity of
RuCo/MHC is assessed using the LSV method in
1.0 x 102 mol L' HCI (pH=2) (Fig. 5a). The OER
overpotential at 10 mA cm” is 348 mV, revealing a
considerable potential difference as compared with
that of CER (59 mV). The CER Faradaic efficiency is
measured by constant-current electrolysis followed by
standard iodometric titration, with each measurement
independently repeated three times'""!. At 10 mA cm 2,
RuCo/MHC exhibits an average F of 97.2%, higher
than Ru/MHC (94.2%), MHC (91.3%) and the com-
mercial DSA (96.0%) (Fig. 5b). These results indic-
ate that RuCo/MHC effectively suppresses competing
side reactions and achieves high selectivity for chlor-
ine evolution. The CER is generally considered to
proceed via a Volmer-Heyrovsky pathway!”. In the
Volmer step, chloride ions undergo electrochemical
adsorption on the catalytic active site, generating the
surface intermediate CI*. Subsequently, Cl, is pro-
duced through the Heyrovsky step, in which the ad-
sorbed CI* species reacts with CI” from the electro-
lyte accompanied by electron transfer':
2CIl"+#* — Cl*+e” +CI™ (Volmer step) ®)]
Cl*+Cl"— #*+ Cl,+e” (Heyrovsky step) 6)
The variation of the rate-determining step (RDS)
during CER can be evaluated by analyzing the sur-
face coverage of CI* (), which correlates with both
the Tafel slope and the reaction order according to the

following relations"” *'":

_RT

h=—r
F

1
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Fig. 5 (a) LSV curves for CER and OER of RuCo/MHC. (b) The CER selectivity of RuCo/MHC, Ru/MHC, MHC and DSA catalysts in 5 mol L™' NaCl (pH =
2) electrolyte is determined by iodometric titration. (¢) LSV curves of RuCo/MHC at different [C1 ]. (d) logj vs. log [C] ] plots of RuCo/MHC. (e) Structural
model of chlorine intermediates adsorbed on RuCo/MHC. (f) Gibbs free energy of CER process

B dlog j
~ \dlog[CI]

Here, R represents the reaction order, b is the Tafel

) =2-0q (8)

slope, T is the temperature (K), R is the gas constant
(8.314 J K" mol ™), F is the Faraday constant, /3 is the
symmetry factor of charge transfer in the RDS (typic-
ally 0.5), and [CI ] denotes the chloride concentration
in the electrolyte. A reaction order approaching 2 in-
dicates a low CI* surface coverage, suggesting that
the Volmer step dominates the reaction kinetics.

To further elucidate this behavior, LSV measure-
ments were carried out for RuCo/MHC at different
chloride concentrations. As shown in Fig. 5S¢, the CER
polarization curves shift progressively with increas-
ing Cl" concentration, accompanied by an increase in
the catalytic current density. It indicates that the cata-
lytic activity depends on chloride concentration. This
trend can be explained by the Nernst relationship of
CER, where the equilibrium potential (E.zz) varies
with CI" concentration. As illustrated in Fig. 5d, the
reaction order & decreases gradually with increasing
applied potential, implying a continuous increase in
CI* surface coverage. Consequently, the RDS shifts
from the Volmer step at lower potentials to the
Heyrovsky step at higher potentials, indicating a dy-
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namic transition in the kinetic control of the
RuCo/MHC system during CER.

The above results demonstrate that the superior
CER performance of RuCo/MHC arises from the syn-
ergistic interplay between its optimized electronic
structure and unique architecture. Previous studies
have demonstrated that CER on Ru-based catalysts
generally involves the adsorption and transformation
of chlorine-containing intermediates, such as CI* and
*QOCl, and that the binding strength of these interme-
diates plays a key role in determining catalytic kinet-

P91 In addition, heteroatom or

ics and selectivity
multimetal modulation of Ru-based catalysts has been
reported to redistribute the electronic structure of Ru
sites and optimize the adsorption behavior of chlorine-
54-56]

related intermediates! For example, Eu-doped
RuO, enhances CER performance through charge re-
distribution and optimized *OCl adsorption, while
Ru-Sn-Ti electrodes strengthen the Ru-Cl interaction

B8 Consistent

by modulating the Ru d-band center
with these reports, the Ru-Co electronic interaction in
RuCo/MHC may induce interfacial charge redistribu-
tion and modulate the electronic environment of oxy-

gen-associated interfacial sites, thereby optimizing the
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adsorption/desorption behavior of Cl-containing inter-
mediates and facilitating Cl, evolution. Meanwhile,
the oxygen-associated surface species identified by
XPS may participate in the adsorption of reaction in-
termediates or Ru-O-Cl-related interfacial evolution
during CER. Similar oxygen-related active-site ef-
fects have also been reported in CER catalysts, includ-

ing carbon-based systems"”’ !

. The surface oxygen
species in RuCo/MHC are mainly derived from resid-
ual oxygen-containing functional groups in the car-
bon matrix and partial surface oxidation. The relative
content of unsaturated oxygen species is further estim-
ated from the area ratio of the O2 component in the O
1s spectra. RuCo/MHC shows a higher O2 proportion
than Ru-MHC and MHC, indicating that Ru-Co alloy-
ing promotes the formation or stabilization of low-co-
ordination oxygen species (Table S4). Among these
oxygen species, the unsaturated oxygen species are
considered catalytically relevant, and Ru-Co alloying
increases their electron density, thereby modulating
the local electronic structure and interfacial polariza-
tion of the catalyst surface!"”’. Such electronic redistri-
bution may optimize the adsorption/desorption beha-
vior of reaction intermediates, thus promoting CER
activity.

To further understand the role of Ru-Co electron-
ic interaction in modulating CER intermediates, ad-
sorption models of Cl-related intermediates on RuCo-
MHC and Ru/MHC are constructed, as shown in
Fig. 5e and Fig. S16, and the corresponding Gibbs
free-energy profiles for the CER pathway are calcu-
lated at an applied potential of 1.36 V. As shown in
Fig. 5f, Ru/MHC exhibits more negative free-energy
levels for the adsorbed chlorine intermediates, espe-
cially the *Cl—CI state, indicating excessively strong
stabilization of chlorine-containing species. Such
strong adsorption may hinder the subsequent Cl, re-
lease process. In contrast, RuCo/MHC shows a mod-
erated free-energy profile with more balanced stabiliz-
ation of *Cl and *CIl—Cl intermediates. This optim-
ized adsorption strength is more favorable for the ad-
sorption-desorption balance required by the Volmer-
Heyrovsky pathway, thereby facilitating Cl, evolution.
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These results suggest that Co alloying effectively
modulates the electronic structure of oxygen-associ-
ated interfacial sites and alleviates excessively strong
binding of chlorine intermediates. This is consistent
with the improved CER kinetics of RuCo/MHC. In
addition to the electronic modulation induced by Ru-
Co alloying, the hollow mesoporous carbon frame-
work plays a pivotal role in enhancing catalytic effi-

1] Specifically, its high specific surface area

ciency
and abundant porous structure improve the accessibil-
ity of catalytically relevant interfacial sites, while the
interconnected mesoporous channels facilitate effi-
cient electrolyte penetration and Cl transport. Mean-
while, the hollow architecture promotes the rapid de-
tachment of generated Cl, bubbles, effectively mitig-
ating bubble accumulation and reducing mass-trans-
fer resistance under high current densities'"”". Further-
more, the confinement effect of the porous carbon
matrix helps suppress nanoparticle aggregation,
thereby maintaining structural integrity and catalytic
stability during long-term operation. Collectively,
these structural advantages endow RuCo/MHC with
enhanced activity, improved mass-transport kinetics,
and robust durability, making it a highly promising
catalyst for CER.

A Ru-Co alloy supported on MHC was success-
fully constructed as an efficient electrocatalyst for
CER. Benefiting from the porous hollow carbon
framework, RuCo nanoparticles are uniformly dis-
persed and stabilized, improving the accessibility of
catalytically relevant interfacial sites and facilitating
mass transport during the reaction. Alloy formation
induces interfacial electronic redistribution, optimiz-
ing intermediate binding and accelerating CER kinet-
ics. As a result, RuCo/MHC exhibits excellent catalyt-
ic performance in acidic NaCl electrolyte, requiring
only about 59 mV overpotential to achieve a current
density of 10 mA cm°, together with favorable kinet-
ics and good operational stability. This work demon-
strates that integrating alloy engineering with porous

carbon supports provides an effective strategy for de-
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