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Here we present a one-step synthesis of bimetallic cobalt ruthenium sulfide on Vulcan XC-72R carbon (C-CoxRuS) for

electrochemical water splitting, which was coupled with CoTcPP (cobalt 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin) for

improved Oxygen Evolution Reaction (OER) electrocatalysis. Electrochemical analyses reveal that increasing cobalt content

enhances the maximum current density by 8x for HER and 3x for OER. The optimized C-Co,RuS catalyst demonstrates
bifunctional activity with an HER overpotential of -75 mV (vs. RHE) at 10 mA cm?2 and a Tafel slope of 75 mV dec for HER

(Volmer-Heyrovsky mechanism) and an overpotential of 257 mV (vs. RHE) at 10 mA cm?2, with a Tafel slope of 95 mV dec?

for OER. The addition of cobalt to the ruthenium sulfide material facilitates charge transfer and improves active site

accessibility according to Electrochemical Impedance Spectroscopy (EIS) and Electrochemical Active Surface Area (ECSA)

data. Upon CoTcPP compositing the OER overpotential and Tafel plot decrease to 202 mV (vs. RHE) and 79 mV dec further

improving its catalytic activity. These findings position C-Co,RuS/CoTcPP as an efficient, bifunctional electrocatalyst,

providing a viable alternative to common electrocatalysts for water splitting in sustainable energy applications.

Introduction

Hydrogen, with a high energy density (146 kJ g!) and zero
carbon emissions, has emerged as a sustainable solution to the
growing problems of energy depletion and environmental
contamination.12 Currently, the primary method for producing
hydrogen on a large scale is through the steam reforming of
methane.? This process requires high temperature and releases
significant amounts of carbon dioxide.* Therefore, developing
efficient and environmentally sustainable hydrogen production
methods is crucial.> Among various alternatives, water splitting
into hydrogen and oxygen through electrolysis presents a
promising approach to avoid these issues.®

Water splitting consists of two half-reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER). While HER directly produces hydrogen, OER plays a
crucial role in completing the overall redox cycle.”8 HER and
OER occur at 0 V and 1.23 V versus the reversible hydrogen
electrode (RHE) at 298 K, respectively.® However, additional
energy is often required to overcome the activation energy to
initiate the reaction.’® A key limitation in this process is the
sluggish kinetics of the OER, the four-electron half reaction that
significantly limits overall water splitting efficiency.1-13 To
address this bottleneck, the development of efficient
electrocatalysts is critical.  Electrocatalysts the
overpotential, enhance reaction kinetics, and improve energy
conversion efficiency.” In designing such catalysts, factors like
activity, stability, cost, and ease of synthesis must be
considered.1* Platinum-based materials are widely regarded as
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benchmark HER catalysts due to their
However, the high cost and scarcity of platinum hinder its
widespread application.?®

Transition metal chalcogenides (TMCs), particularly sulfides,
have gained interest for electrocatalysis due to their good
electrical conductivity and variable oxidation states, which in
turn, enhance redox activity.20-23 Like the hydrogenase enzyme
structure, the high activity of transition metal sulfides for
hydrogen production is likely due to the presence of metal
sulfur clusters with five ligands that are arranged in a distorted
octahedral configuration.24-26 Ruthenium disulfide (RuSz) is a
transition metal sulfide that is known for its catalytic activity in
hydrodesulfurization (HDS).2” Numerous studies have shown
that catalysts effective for HDS also excel as HER
electrocatalysts, as both reactions involve reversible hydrogen
binding to the catalyst.2428 While ruthenium is classified as a
precious metal, it is significantly more affordable than platinum,
so ruthenium-based materials have gained attention as lower-
cost alternatives for platinum in HER.2? Recent studies have
demonstrated that Ru-based nanostructures, heterostructures,

performance.15-18

and hybrid catalysts can deliver excellent hydrogen-evolution
activity through optimized hydrogen adsorption energetics,
improved conductivity, reduced loading.
Representative examples Ru-containing composite
catalysts, defect-engineered Ru systems, and interfacial Ru-
based electrocatalysts reported in recent literature.30-32
Although  RuS2 has shown promise for HER-related
electrocatalysis, application in water splitting,
particularly under OER  conditions, remains
comparatively underexplored. Additionally, high
loadings are often required, which raises cost concerns and
compromises stability under OER conditions due to the
susceptibility of ruthenium to oxidation at high potentials.33

To improve both the activity and stability of ruthenium-based
catalysts, recent efforts have focused on compositional

and noble-metal
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tuning.3* Introducing a second transition metal, such as cobalt,
into sulfide systems has been shown to enhance
electrochemical performance through electronic modulation,
broader accessible oxidation states, and narrowed band gaps
compared with single-metal sulfides.3>3¢ For example, cobalt
ruthenium  sulfide electrodes have shown promising
electrochemical activities as supercapacitors, which suggests its
potential for electrocatalysis.3?

Another promising approach is incorporating porphyrin-based
molecular structures3839, Porphyrins are a group of highly
conjugated macrocyclic compounds known for their structural
versatility, chemical tunability, and stable mn-conjugated
systems.*? The electronic and chemical properties of porphyrins
can be precisely adjusted through metalation, peripheral
functionalization, and substitution at the meso or B- positions,
which
molecular interactions.*? As a result, porphyrins have gained
applications,
electrocatalysis and photoelectrocatalysis42. In water splitting,
metalloporphyrins, such as cobalt, nickel, and iron porphyrins,
have shown notable activity in OER, due to their ability to

in turn allow for control over redox behavior and

attention in energy conversion particularly in

support  multi-electron  transfer and stabilize reactive
intermediates.*3-%> Recent work has further shown that
porphyrin-based metal architectures, particularly cobalt-

centered systems, can promote oxygen electrocatalysis by
providing structurally defined active sites and facilitating
multielectron 0-0 bond-forming pathways, showing the
broader value of tunable porphyrin motifs in water-splitting
catalyst design. 464 Coupling these modified molecular
frameworks with sulfide provide
structures and efficient electron transfer pathways that can
stabilize active sites38, while reducing the required ruthenium
content.

Herein, we report a modified one-step synthesis method for
cobalt ruthenium sulfide supported on carbon (C-CoxRuS) as a
HER/OER catalyst and its composite with cobalt porphyrin
(CoTcPP) as a catalyst for OER in electrochemical water splitting
(Scheme 1). The introduction of cobalt into the ruthenium
sulfide matrix enhanced catalytic performance while reducing
the overall ruthenium content. Furthermore, with the addition

ruthenium can tunable

0, +H,0+ e ™M

M-OOH pA-OH

H,0 + e

Scheme 1. Schematicillustration of Oxygen Evolution Reaction (OER) on CoTcPP/C
Co4RuS catalytic surface (M represents metal active sites of Co and Ru).

2 | J. Name., 2012, 00, 1-3

of CoTcPP, the resulting composite exhibits a signifjcaptly. Jower
OER overpotential and faster kinetics, eVideARéa3HPE KR4I T
Tafel slope, than its These
improvements may arise from electronic interactions between
ruthenium centers, which
facilitate reactions, and the cobalt
porphyrin, whose conjugated molecular structure promotes
electron delocalization and enhances charge transfer. Together,

constituent components.

the mixed-valence cobalt and

more efficient redox

these features increase the accessibility and utilization of active
sites, resulting in improved electrocatalytic performance.

Experimental

Materials. Ruthenium chloride hydrate (RuClz.xH;0), cobalt
nitrate hexahydrate (Co(NO3)2.6H;0), 4-carboxybenzaldehyde,
propionic acid, and pyrrole were purchased from Sigma-Aldrich.
Vulcan XC-72R carbon black powder was ordered from CABOT.
Nafion was purchased from Alfa Aesar. All the chemicals were
used as received without further purification.

Synthesis of C-CoRuxS. C-CoxRuS (x = Co/Ru molar ratio =0, 1, 2,
and 4) samples were synthesized through a modified one-step
method. For C-CoRuS, C-CozRuS, and C-CosRuS, 178 mg, 118 mg,
and 71 mg RuCls.xHO and 250 mg, 333 mg, and 400 mg
Co(NO3)2.6H20 were used, respectively. For C-RuS, 270 mg
RuCls.xH20 was used. 0.5 ml DI water was added to each
mixture and mixed with 200 mg Vulcan carbon. The resulting
thick paste was placed in a Porcelain combustion boat and
placed inside a tubular furnace. At a temperature of 300°C, a
gaseous flow of 15% H,S/H, was passed through the furnace
with a flow rate of 400 ml/min for 3 hours. Then the furnace
was cooled down,
collected for characterization.

and the resulting black powders were

Synthesis of cobalt 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin
(CoTcPP). CoTcPP was synthesized according to the previously
reported procedure.38 (33.3
mmol) was dissolved in 500 mL of propionic acid and heated to
140°C until complete dissolution. Then 2.23 g pyrrole (33.3
mmol) was added dropwise to the mixture, which was then
refluxed under constant stirring for 2 hours. Then, 100 mL
MeOH was added to the reaction, and the mixture was cooled
down using an ice bath. The product was filtered using a
medium-coarse filter frit. The solid product (H2TcPP) was then
washed with deionized water and dried under vacuum to obtain
a dark purple powder. Afterward, 0.1 g H.TcPP (0.126 mmol)
and 0.0266 g anhydrous Co(OAc). (0.15 mmol) were dissolved
in 20 mL of DMF and were refluxed for one hour. After allowing
the reaction mixture to cool, the resulting product was filtered,
and the filtrate was washed with DI water and dried under
vacuum at 80 °C. The resulting purple powder (0.089 g) with a
yield of 83% was characterized by the UV-Vis technique. The
UV-Vis spectrum of CoTcPP in DMF displays a pronounced Soret
band around 430 nm and distinct Q bands of 550 nm and 595
nm (Figure S1), confirming the successful synthesis of CoTcPP.

5 g of 4-carboxybenzaldehyde

Also, the CoTcPP/C-CosRuS used in this study was made through a
physical mixture of 10 wt% CoTcPP with the C-Co4RuS catalyst. The
purpose of this combination was to investigate the functional

This journal is © The Royal Society of Chemistry 20xx
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synergy between the molecular Co-porphyrin species (which
facilitate O—0 bond formation via Co—N4 centers) and the conductive
Ru—-S framework (which enhances charge transport and stability).

Characterization methods. The phase identification through
powder X-ray diffraction (pXRD) was conducted by a Panalytical
Empyrean 2 X-ray diffractometer system, using Cu-Ka radiation
(A= 1.5416 A) in 20 range of 5-90 and 10-minute scans. The
morphology analysis and microscopic surface image of the
samples were collected using a Hitachi S4800 scanning electron
microscope (SEM) coupled with a Bruker EDX XFlash 6160
energy-dispersive spectroscopy (EDS) system for elemental
mapping. For this, the powdered sample was stuck on an
aluminum stub using conductive carbon tape. Furthermore,
transmission  electron  microscopy (TEM) imaging was
conducted by a JEM-3200FS field emission electron microscope
equipped with a field emission electron gun operating at an
accelerating voltage of 300 kV, while the samples were drop-
cast onto copper grids. X-ray photoelectron spectroscopy
spectra (XPS) were collected on a XPS Nexsa G2 instrument for
analysing the chemical composition and oxidation states of the
samples. The XPS analysis was done with an Al Ka
monochromatic source, with a pass energy of 50.0 eV. The
binding energies were referenced to Cls at 285.0 eV.
Electrochemical measurements. Electrochemical measurements
were carried out with a CH Instrument potentiostat (760E) at
room temperature in athree-electrode cell. A graphite rod was
used as the counter electrode for both HER and OER
experiments. For HER, the electrolyte was 0.5 M H,SO4 aqueous
solution, and the reference electrode was saturated calomel
electrode (SCE), while for OER experiments the electrolyte was
1.0 M KOH aqueous solution, and a Hg/HgO (1.0 M NaOH)
alkaline reference electrode. The working electrode was carbon
paper coated with a drop-casted catalyst ink. The ink was made
by a homogenous mixture of 5 mg of the electrocatalyst, 2.5 mg
of carbon black, 5.0 pl of Nafion as a binding agent, and 1.0 ml
of isopropyl alcohol. The solution was sonicated for 15 minutes
to make a homogeneous solution and was pipetted on the
carbon paper with aloading of 20 pl in a 1.0 x 1.0 cm? area. The
ink was allowed to dry at room temperature for one hour to
leave a uniform layer of material with a catalyst loading of 0.1
mg cm=2,

Linear Sweep Voltammetry (LSV) was done at a scan rate of 5
mV s after correcting with iR compensation, and the potential
was reported versus the reversible hydrogen electrode (RHE)
through the following equations:

Erve = Esce + 0.2415 +0.0591 xpH (1)
Erne = Ealkatine + 0.098 +0.0591 xpH (2)

with a pH of 0 for HER experiments and 14 for OER.

The performance of these materials was analyzed through Tafel
plots by using the stepped potentiostatic method, in which the
potential change was conducted stepwise with a 30 s holding
time at each potential to avoid capacitive current interruption.
Then the equation n = b log j + a was applied, which describes
the relationship between overpotential (n) and current density

This journal is © The Royal Society of Che mistry 20xx
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(), where b represents the Tafel slope and a is a copstant.*oThe
slope of the linear region of the resulting it 1i3 FetRfce 08¢ e
Tafel.

Electrochemical Impedance Spectroscopy (EIS) measurements
were done with a frequency range of 0.1 Hz to 100 kHz at a
potential of 0.2 V at room temperature in a 4 mM solution of
Fe(CN)3/4 in 0.1 M KCl.

The electrochemical active surface area (ECSA) was estimated
using cyclic voltammetry (CV)in a non-faradaic region at varying
scan rates to determine the electrochemical double-layer
capacitance (Ca). From these CVs, the capacitive current at each
scan rate is plotted, and the slope of the linear fit yields Ca.
Then, ECSA is calculated by dividing by the specific capacitance
(Cs) for the catalyst material.>0

All voltammograms in this work are presented following the
U.S. (polarographic)
currents are plotted as positive and anodic (oxidative) currents

convention, where cathodic (reductive)
as negative. The potential axis is displayed with more negative
potentials toward the right and more positive potentials toward
the left. This convention was used consistently throughout all
figures for clarity and uniformity.5!

Results and discussion
Characterization

Cobalt and ruthenium sulfide have been synthesized through
various methods, including hydrothermal, solvothermal,
colloidal, and gas-phase sulfidation techniques.37.52-% Among
these, gas-phase sulfidation, where metal precursors are
supported on a conductive substrate and converted under
H,S/H> flow, offers good control over phase formation and
dispersion.>> In this study, we employed a modified version of
this method using a solvent-limited paste composed of cobalt
ruthenium This approach
solvent use, enhanced precursor dispersion, and
improved contact with the support, leading to more uniform

and salts with Vulcan carbon.

minimized

3 3
i * * C-Co4Ru$S
. x - * . -
;-‘ L C-Co,RuS
S
210 C-CoRuS
=k
=
Q) ®
k. L ¥ Co,S, (04-006-5681)
= i | .
- ' l .« RuS, (04-003-3003)
- L 0 0. -
1 2 1 2 1 M 1
20 40 60 80

20

Figure 1. Powder X-ray diffraction (PXRD) of C-Co,RuS samples, compared with the
standard patterns of RuS, (JCPDS No. 04-003-3003, red squares) and CogSg (JCPDS No.
04-006-5681, blue asterisks), confirmsthat the characteristic diffraction peaks of both
RuS, and CoySg phases are present in all samples.
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ARTICLE
sulfidation and improved electrochemical performance. The
effectiveness of this synthesis method is reflected in the

structural characterization of the resulting materials. Figure 1
presents the powder X-ray diffraction (PXRD) patterns of C-
CosRuS, C-CozRuS, and C-CoRuS samples compared with the
standard XRD patterns of RuS, (JCPDS No. 04-003-3003,
indicated by red squares) and CosSs (JCPDS No. 04-006-5681,
marked by blue asterisks). The diffraction peaks in Figure 1, at
20 of 27.7°, 31.9°, 36.1°, 45.8°, and 54.3°, can be ascribed as
(112), (200), (210), (220), (311) facets of cubic pyrite-RuS:
(JCPDS No. 04-003-3003)3 and 15.4°, 29.8°, 31.1°, 39.5°, 47.5°
and 52° can be ascribed as (111), (311), (222), (331), (511), (440)
facets of CosSs (JCPDS No. 04-006-5681).56 All synthesized
samples show characteristic peaks corresponding to both RuS:
and CosSs phases, confirming the successful formation of a
bimetallic sulfide structure. As the cobalt content increases
from C-CoRuS to C-CosRuS, the intensity of the CosSs peaks
becomes more pronounced, indicating a higher degree of cobalt
in the composite. Also, the presence of sharp and well-defined
peaks in all samples suggests a good crystallinity.

Journal Name

Figure 2. (a) Scanning electron microscopy (SEM) and (b) Transmission electron
microscopy (TEM) images of C-CosRuS show polyhedral micron-sized aggregates
composed of nanosized particles (5-20 nm).

while the TEM image in Figure 2b shows that these structures
are composed of interconnected nanosized particles (5-20 nm).

External morphology appears irregular and non-faceted due to
the nature of the solid-state synthesis, which lacks morphology-
directing agents. The high thermal energy promotes
crystallization, while Vulcan carbon helps disperse and anchor
the particles, preventing excessive sintering and supporting

The morphology of C-CosRuS was investigated through | ) - hical h
Scanning Electron Microscopy (SEM) and Transmission Electron nanoscale  structuring.  This hierarchical —architecture  can
Microscopy (TEM) techniques. The SEM image in Figure 2a
consists of polyhedral particles with sizes around 0.5-1 um,
a) —— Raw data b) Raw data
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Figure 3. X-ray photoelectron spectroscopy (XPS) of C-Co4RuS: (a) Ru 3d and C 1s, (b) Ru 3p, (c) Co 2p, and (d) S 2p binding energy regions. The Co 2p spectrum shows peaks
corresponding to Co?* and Co3* oxidation states, while the Ru 3p and Ru 3d spectrum indicates the presence of Ru%*. The S 2p region was deconvoluted into components attributed

to lattice disulfide species (S,2) and terminal sulfide species (S%). These results confirm the mixed valence states and surface composition characteristic of the bimetallic sulfide

catalyst.
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enhance electrochemical performance by providing high
accessible active sites and improved electron transport
pathways. Furthermore, the  energy-dispersion X-ray

spectroscopy (EDS) mapping (Figure S2) confirms that Ru, S, and
Co elements are uniformly distributed over the carbon paper
electrode.

The surface of the synthesized C-CosRuS nanoparticles was
analyzed using x-ray photoelectron spectroscopy (XPS). Figure 3
(a) to (d) shows multiple deconvoluted peaks for each element.
The deconvoluted Ru 3d spectrum (Figure 3a) reveals two
distinct peaks at 280.2 and 284.6 eV associated with Ru 3ds,2
and Ru 3dsq states, respectively. Further confirmation was
obtained from the Ru 3p spectrum (Figure 3b), which displays
peaks at 461.8 and 484.4 eV, assigned to the Ru 3ps;2 and Ru
3p12 states, These peaks suggest that the
valence state of ruthenium in this sample is 4+.1958 |n the Co 2p

respectively.>?

spectrum (Figure 3c), multiple features observed at 778-785 eV
and 793-803 eV are attributed to Co 2p32 and Co 2py/o,
respectively, along with distinct satellite peaks, which are
characteristic of both Co?* and Co3* oxidation states.>® This
indicates a mixed-valence cobalt environment within the sulfide
The high-resolution S 2p spectrum (Figure 3d) was
into two sulfur doublets corresponding to
environments. The peaks at lower
binding energy are assigned to terminal sulfide species (S%),
while the higher-binding-energy doublet is attributed to
disulfide species (S2¥) associated with the metal
framework.59 Overall, the XPS results confirm the successful
incorporation the
framework with mixed oxidation states, which may contribute
to enhanced catalytic activity by facilitating redox activity and
improved electronic conductivity.

Electrocatalytic performance

lattice.
deconvoluted
different sulfur chemical

sulfide

of cobalt and ruthenium into sulfide

The molar ratio of Co:Ru affects the performance of final
electrocatalyst, including the current density, overpotential and
Tafel slope, so ideally, decreasing the amount of ruthenium
while maintaining its catalytic behavior is desired. For this
purpose, different ratios of Co(NOs)2.6H20: RuCls.xH.0 of 4:1,

400 F
——C-Co,RuS
—— C-Co,RuS
300 - —— C-CoRuS
< —— C-RuS
'E " Pt/C
o 200 | Carbon paper
<
E
B
100
0 1
0.0 -0.1 -0.2 -0.3 -0.4

Potential (V) vs RHE

Figure 4. Linear sweep voltammetry (LSV) curves for C-Co,RuS catalysts toward the
hydrogen evolution reaction (HER) in acidic medium (H,S0O, 0.5 M) and scan rate of
5 mV s?(as referenced by potential vs RHE).
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Figure 5. Tafel plots of C-Co,RuS for hydrogen evolution reaction (HER)in H,S0, 05
M. The Tafel slopes demonstrate that C-CosRuS (75 mV dec?) exhibits significantly

enhanced HER kinetics compared to samples with lower cobalt content and
approaches the performance of the benchmark Pt/C catalyst (47 mV dec?).

2:1, 1:1 and 0:1 were composited with a similar amount of
Vulcan carbon in the same flow rate of H,S. The HER catalytic
performance of C-CoxRuS samples with different Co:Ru ratios
and commercial 20% Pt/C was recorded for comparison. The
resulting LSV (Linear Sweep Voltammetry) curves were
normalized based on the geometrical surface area of the
working electrode and were scanned with a scan rate of 5 mV
s~1. Figure 4 shows LSV curves for C-CoxRuS toward the HER in
acidic medium (H2SOs 0.5 M). Cobalt notably boosts the HER
activity of ruthenium sulfide, with C-CosRuS performing almost
as well as the commercial Pt/C catalyst. Also, the overpotential
at 10 mA cm2 for C-CosRUS (-75 mV) is significantly lower than
the C-RuS (-194 mV). The Tafel plots in Figure 5 further explore
the HER kinetics of the synthesized catalysts. Commercial 20%
Pt/C shows a Tafel slope of 47 mV dec?, consistent with its well-
known catalytic behavior. C-CosRuS has a Tafel slope of 75 mV
dec}, indicating significantly enhanced HER kinetics compared
to C-CozRuS (116 mV dec?), C-CoRuS (124 mV dec?), and C-RuS
(138 mV dec?). This highlights the positive effect of increasing
cobalt content on HER kinetics, which suggests that cobalt
incorporation improves the kinetics by facilitating faster charge
transfer. The Tafel slope can be utilized to characterize the
mechanism of HER and its rate-limiting step. In HER, the Volmer
step involves the electrochemical adsorption of hydrogen (H* +
e > H"), while the Heyrovsky step refers to the electrochemical
desorption of hydrogen (H® + H* + e- > H), and in some
systems, two adsorbed hydrogen atoms combine in the Tafel
step (H" + H* = H).%! Based on the Tafel slopes, all synthesized
samples in this work follow a Volmer-Heyrovsky mechanism,
which means they facilitate HER via proton adsorption followed
by electrochemical desorption, rather than H*
recombination.62.63

The polarization curves and Tafel plots in Figure 6 (a to c)
compare the oxygen evolution reaction (OER) activity of various
catalysts. In Figure 6a, C-CosRuS demonstrates the highest
current density and the lowest overpotential among the others,
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Figure 6. (a) OER polarization curves of C-CosRuS, C-Co,RuS, C-CoRuS, C-RuS, and carbon paper in KOH 1.0 M, showing enhanced activity with increasing cobalt content. (b)
Comparative polarization curves of C-Co4RuS, CoTcPP, and CoTcPP/C-Co,RuS catalyst and a commercial RuO~IrO,/Ti benchmark electrode in 1.0 M KOH, demonstrating the
improvement in OER performance upon CoTcPP modification. (c) Corresponding OER Tafel plots in KOH 1.0 M, where CoTcPP/C-Co,RuS exhibits the lowest Tafel slope (79 mV

dec?), confirming faster reaction kinetics compared to individual components.

indicating the positive effect of cobalt incorporation on OER
performance.

As shown in Figure 6b, further modification of C-CosRuS was
made through physical mixture with 10 wt% CoTcPP (CoTcPP/C-
CosRuS), resulting in enhanced activity compared with pristine
C-Co4RuS and CoTcPP alone, indicating that combining the
porphyrin  with the sulfide-derived framework provides a
beneficial composite effect. The purpose of this combination
was to investigate the functional synergy between the
Co-porphyrin species (which faciltate O-O bond
via Co—Ns centers) Ru-S
framework (which enhances charge transport and stability).
However, while the CoTcPP/CosRuS composite has enhanced
OER activity, its HER activity was not improved compared to C-
CosRUS.  Yet, the composite catalyst achieves an OER
overpotential of 202 mV at 10 mA cm=2, which is significantly
lower than that of CoTcPP (409 mV) and C-CosRuS (257 mV),
highlighting the improved performance arising from their
combination. Also, for further benchmarking, a commercial
RuO~I1rO,/Ti  electrode was evaluated wunder identical
conditions in 1.0 M KOH, showing that the CoTcPP/C-CosRuS
composite exhibits competitive OER  activity while
outperforming the parent C-CosRuS catalyst. The Tafel plots in
Figure 6c reveal that CoTcPP/C-CosRuS exhibits the smallest
Tafel slope (79 mV dec?), lower than C-CosRuS (95 mV dec?)
and CoTcPP (163 mV dec?), indicating faster reaction kinetics
and more efficient charge transfer in the composite catalyst.
Together, these results highlight the effectiveness of cobalt and

molecular

formation and the conductive

porphyrin  modification in improving the OER activity of
ruthenium sulfide while retaining a relatively low nominal Ru
loading (Table S1). Also, as summarized in Table S3, the

CoTcPP/C-CosRuS catalyst developed in this work delivers an
OER overpotential of 202 mV at 10 mA cm2 in 1.0 M KOH, which
is competitive with several reported Ru-based catalysts in
alkaline media. These results suggest that cobalt incorporation
and CoTcPP modification improve the utilization efficiency of
ruthenium while maintaining strong OER activity.

To evaluate the overall water splitting performance, the system
was tested in a three-electrode configuration using CoTcPP/C-
CosRuS as the working electrode and C-CosRuS as the counter

6 | J. Name., 2012, 00, 1-3

electrode in KOH 1.0 M. As illustrated in Figure S3, the modified
electrode system exhibited improved electrocatalytic behavior,
reflected by the response during the
measurement. The overpotential required to reach 10 mA cm-2
was 190 mV, demonstrating that the use of both modified

electrodes enhances the overall water-splitting activity.
To better understand the interfacial electron-transfercharacteristics

increased current

of the catalysts, electrochemical impedance spectroscopy (EIS) was
carried outin 5 mM [Fe(CN)s]3/4-in 0.1 M KCl solution redox probe
(at 0.2V vs Ag/AgCl), to compare the behavior of the electrodes after
each modification step underidentical conditions. This measurement
was used as a conventional indicator of the relative electron-transfer
capability of the electrode surface, rather than as a direct measure
of HER or OER kinetics.546% The results are shown as Nyquist plots in
Figure 7. In these plots, a smaller semicircle in the high-frequency
region corresponds to a lower charge-transfer resistance (Rc),
indicating more efficient electron transfer toward the redox probe .56
The experimental data were fitted using the equivalent circuit
model (Figure S4), and the fitted parameters are summarized in
Table S2. As shown in Figure 7, bare carbon paper exhibits a large

®  Carbon paper 250 -
® (C-Co,RuS 200 | .
800 = CoTcPP/C-Co,RuS Ewo- .
v CoTcPP gwu o ,
— C-RuS 50 ! P
E " PRI B Y ) )
< " u U. 50 100 150 200 250
..9, - L - Z' (ohm)
]
—I\.] 400 | - .
" ]
. %
0 P TR TR SR
0 400 800 1200 1600
Z' (ohm)

Figure 7. Nyquist plots of Carbon paper, C-RuS, C-CosRuS, CoTcPP, and CoTcPP/G
Co,sRuS obtained from EIS measurements in 5 mM [Fe(CN)¢]3/- in 0.1 M KCl
solution redox probe (at 0.2 V vs Ag/AgCl). The smaller semicircle observed for
CoTcPP/C-Co4RuS indicates the lowest charge transfer resistance (Ry) confirming
faster interfacial electron transfer compared to the other samples.

This journal is © The Royal Society of Chemistry 20xx
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semicircle and high Ret (1495 Q), reflecting relatively poor interfacial
electron transfer in the probe electrolyte. Upon introduction of
ruthenium and cobalt sulfide, R decreased significantly, with C-
CosRuS showing Re of 18.1 Q. The incorporation of CoTcPP
further enhanced the interfacial electron-transfer response,
with the CoTcPP/C-CosRuS composite displaying the lowest R
value of 12.79 Q. This reduction in Re, along with increased CPE
values, suggests electronic

improved conductivity. The

improved performance of cobalt ruthenium sulfide may be
attributed to the combined effect of multivalent cobalt and
ruthenium species, which facilitate charge transport within the
catalyst framework.

These results align with previous studies on related Ru-Co
systems, which have shown that Co incorporation can modify
the electronic structure of neighboring Ru sites, enriching the
electron density around Ru and suppressing its over-oxidation
Additionally,
CoTcPP enhances electronic delocalization, further improving
charge transport and catalytic activity.

during catalysis.®” the conjugated structure of

The electrochemically active surface area (ECSA) was estimated
using cyclic voltammetry at scan rates of 20, 40, 60, 80, and 100
mV s within the non-Faradaic potential region for C-CsRuS,
CoTcPP, and CoTcPP/C-CosRuS composite, as shown in Figures
S5 to S7. In this region, where no redox reaction occurs, the
measured current is directly proportional to the double-layer
capacitance (Ca), which serves as an indicator of the number of
accessible electrochemically active sites on the catalyst
surface.®® The Cq valsues were extracted from the slopes of the
linear fits in plots of the current density difference (Aj=(ja—jc)/2)
versus scan rates (Figure 8). ECSA was then calculated using the
relation ECSA = Ca/Cs, where Cs is the specific capacitance,
typically assumed to be 40 uF cm2 for a smooth surface in 1.0
M KOH. The calculated Cgq values were 221.6, 397.2, and 485.1
UWF cm2 for CoTcPP, C-CosRuS, and CoTcPP/C-CosRusS,
corresponding to the ECSA values of 5.54, 9.93, and 12.13 cm?2,
respectively. The CoTcPP/C-CosRuS composite exhibited the

0.06
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Figure 8. Plots of current density difference (Aj = (j, - j)/2) versus scan rate for
CoTcPP (blue), C-CosRuS (red), and CoTcPP/C-Co,RuS (gray) measured in the non-
Faradaicregionin 1.0 M KOH. The slopes of the linear fits correspond to the double-
layer capacitance (Cy), indicatingan increase in electrochemical active surface area

100

(ECSA) upon porphyrin incorporation.
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highest Ca value, indicating the largest electrochemically
accessible interfacial area among the safplés1QEadieI0THIE
results suggest that incorporation of CoTcPP increases the
number of exposed catalytic sites, which
enhanced OER performance. Moreover, the ECSA-normalized
OER curves (Figure S8) show that the composite still exhibits
higher activity after normalization, indicating that the
enhancement can be attributed to interfacial interactions
between CoTcPP and C-CosRuS.

The ability of a catalyst to maintain its performance during
electrochemical reactions is another important factor to
consider. For this purpose, the electrochemical stability of the
catalyst was tested for 0.1 mg cm2 C-CosRuS and 0.1 mg cm-?2
CoTcPP/C-CosRuS on carbon paper for HER and OER,
respectively. The long-term potentiostatic stability tests were
carried out at fixed potentials,

contributes to

and the current density was
monitored over 20 hours. The applied potentials were chosen
slightly beyond the onset potential and near the potential
required to achieve 10-15 mA cm, to ensure stable operation
in the kinetic regime, minimize transient current fluctuations,
and avoid mass-transport limitations (-0.14 V vs RHE for HER
and 1.52 V vs RHE for OER). As shown in Figures S9 and S10, the
current density is stable during both HER and OER for these time
durations. The OER current density of the CoTcPP/C-CosRuS
composite decreases by only 3% in 25 hours, which can be
attributed to the protective and conductive role of the CoTcPP
moiety. While the stability of ruthenium sulfide under oxidative
conditions is typically limited,® in this work, combining it with
CoTcPP significantly improved its durability. The porphyrin likely
mitigates  surface  passivation, preserving the catalytic
performance during prolonged OER operation.

To evaluate the surface chemical stability of the catalyst after
long-term operation, XPS spectra were collected before and
after 25 h of bulk electrolysis in oxidative conditions. As shown
in Figure S11, the characteristic signals of the catalyst are still
observed after the durability test, indicating that the main
chemical framework is largely preserved. However, minor
changes in peak shape and broadening can be seen after
electrolysis, suggesting modification of the surface chemical
environment during operation. The detected oxygen peak in the
electrocatalyst is likely due to the presence of unavoidable
oxide species or surface oxidation occurring during exposure to
air.61 Overall, the post-test XPS results indicate that the catalyst
maintains its overall composition after 25 h of electrolysis, while
undergoing surface evolution that may be associated with the
formation of the real active species during catalysis.

Finally, another parameter that can confirm stability is Faradaic
efficiency (FE). This parameter shows how much of the
produced current accounts for hydrogen or oxygen production.
A high Faradaic efficiency reflects minimal side reactions and
excellent selectivity toward the targeted electrochemical
process. Faradaic efficiency measurements for HER and OER
were conducted in a sealed two-compartment H-cell separated
by a Nafion membrane using 1.0 M KOH electrolyte for OER and
0.5 M H2SO4 electrolyte for HER. Constant-potential electrolysis
was performed at 1.52 V vs. RHE in KOH 1.0 M for OER and -0.14
V vs RHE in 0.5 M H2SO4 for HER for 10 h. The evolved gases
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were sampled from the headspace using a gas-tight syringe and
analyzed by gas chromatography (Shimadzu GC-8A, TCD
detector). The Faradaic efficiency was calculated according to:

FEy, (%) = %‘*2 x 100 (3)
FEo, (%) = "F% x 100 (4)

where F is Faraday’s constant, nis measured gas moles, and Q
is total charge passed. In this study, the Faradaic efficiency for
HER was measured to be 96% with C-CosRuS, and the CoTcPP/C-
CosRuS composite had an FE of 95%, confirming that most of
the charge passed during electrolysis contributes directly to
water splitting, validating the high efficiency and stability of the
catalyst.

Overall, electrochemical analyses confirm that combining the
multivalent nature of cobalt with ruthenium sulfide enhances
both HER and OER performance, while further integration with
cobalt porphyrin produces an even more active and durable
electrocatalyst for OER. This synergy lowers overpotentials and
accelerates reaction kinetics by improving charge-transfer
efficiency and increasing active-site accessibility. Stability tests
reveal minimal performance loss during prolonged operation,
effectively mitigating the oxidative instability typically
associated with ruthenium-based catalysts. These results
position CoTcPP/C-CosRuS as a promising candidate for efficient
and scalable water-splitting applications.

Conclusions

In summary, we have developed a one-step, solvent-limited
synthetic method to prepare a bimetallic cobalt-ruthenium
sulfide electrocatalyst supported on carbon (C-CosRuS), as well
as its composite with a molecular catalyst, a cobalt-based
porphyrin (CoTcPP), for efficient water splitting. The C-CosRuS
catalyst demonstrates promising HER activity, exhibiting an
overpotential of -75 mV at 10 mA cm2 and a Tafel slope of 75
mV dec? in comparison to C-RuS synthesized through the same
method with an overpotential of -194 mV and a Tafel slope of
138 mV decl. In the OER experiment, C-CosRuS,
overpotential of 257 mV at 10 mA cm? with a Tafel slope of 95
mV dec!. Upon addition of 10% of CoTcPP, the CoTcPP/C-
CosRuS composite exhibits a reduction of 19% in the
overpotential (202 mV) and a 17% improvement in Tafel slope
(79 mV dec?). This improved performance is attributed to the
complementary combination between the multivalent metal
chalcogenides and the porphyrin units, which facilitates charge
transfer, increases the number of active sites, and preserves
stability. These findings demonstrate the potential of
integrating molecular catalysts with heterogeneous systems to
develop efficient water splitting electrocatalysts.
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