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ABSTRACT: The electrochemical chlorine evolution reaction (CER) is
one of the most important electrochemical reactions. Typically, iridium
(Ir)- or ruthenium (Ru)-based mixed metal oxides have been used as
electrocatalysts for the CER due to their high activities and durabilities.
However, the scarcity of Ir and Ru has indicated the need to develop
alternative earth-abundant transition-metal-based CER catalysts. In this
study, we report a Co;0, nanoparticle (NP) catalyst synthesized by a
hydrothermal method. Furthermore, Ru was successfully incorporated into
the Co;0, NPs (Ru,Co;_,O, NPs) for further improvement of catalytic
performance in chlorine generation. Electrokinetic analyses combined with
in situ X-ray absorption near-edge structure (XANES) results suggested an
identical CER mechanism for the Co;0, NPs and Ru,Co;_,O, NPs.

Ru-doped Co;0, Nanoparticles

O« QO c.

Various characterization techniques demonstrated that the homogeneous

substitution of Ru*" ions into the Co®* octahedral sites enhanced the structural disorder and changed the electronic state of Co;0,,
resulting in additional exposed active sites. Remarkably, the RujCo0,9,0, NP electrode exhibited outstanding stability for more
than 150 h even at a high current density of S00 mA/cm? which shows its commercial viability for active chlorine generation.

1. INTRODUCTION

Chlorine (Cl,) has been extensively used as a basic chemical in
the production of polymers, pharmaceuticals, and dyes.'
Currently, most of the chlorine has been produced by a
chlor-alkali process that entails the chlorine evolution reaction
(CER) in conjunction with the hydrogen evolution reaction
(HER), and over 150 TWh of electric energy is consumed
annually by this process.” In addition to gaseous chlorine,
active chlorine (AC), which consists of hypochlorous acid
(HCIO) and hypochlorite ions (ClO™) generated during the
CER, is important for wastewater and ballast water treatment
as it effectively removes harmful organisms causing ecological
problems.3 A rational design of highly efficient, selective, and
durable anodes is crucial to address the energy challenges
because the electrode materials mainly determine the chlorine
yield and the overall power consumption of the system."
Dimensionally stable anodes (DSAs) consisting of iridium (Ir)-
and ruthenium (Ru)-based mixed metal oxides (MMOs) have
been most widely used as industrial CER catalysts due to their
low overpotentials and high stabilities in the CER.®” However,
the requirement of high noble metal contents (at least 30 atom
%) has been considered a challenge to overcome.”” Therefore,
developing earth-abundant metal-based CER catalysts with
high catalytic activities and stabilities is highly desirable.

In this respect, several nonprecious metal oxide-based
catalysts and single-atom catalysts, such as transition-metal

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

antimonates, Ti—V—Sn—Sb-oxide, Co;0, nanoarrays, and Pt—
N, site-doped carbon nanotubes (Pt;/CNTs), have been
explored as alternative CER catalysts.'””"® However, the
aforementioned materials exhibited limited stabilities far lower
than those of industrially available catalysts, which constrain
scalable application. Furthermore, the mechanistic under-
standing of the CER with these materials has remained
unclear. Investigation of the detailed reaction kinetics and
verification of the rate-determining step (RDS) are important
research directions required for a fundamental understanding
of the catalytic characteristics and the design of efficient and
selective electrocatalysts.'* Recently, our group reported
monodisperse Co;0, nanoparticles (NPs) coated on a
fluorine-doped tin oxide (FTO) anode as an earth-abundant
transition-metal-based CER catalyst synthesized by the hot-
injection method."® It showed a high CER performance and
selectivity under neutral pH. Furthermore, based on electro-
kinetic and spectroscopic analyses, a chlorine-evolving
mechanism was proposed for the Co;0, NPs. However,
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efforts to achieve practical utility with the Co;04 NPs, such as
improving the stability under high anodic potential and
overcoming the sluggish reaction kinetics, have not been
addressed.

Heteroatom engineering has been widely employed to tune
the coordination environments and electronic structures of
transition-metal-oxide (TMO) catalysts, thereby enhancing
their intrinsic catalytic properties.'°”"” Based on this principle,
several attempts have been made to incorporate secondary
metal atoms into the spinel Co;0, lattice and control the
populations of the tetrahedral Co®* and octahedral Co®* sites,
which led to surface reconstruction and tuning of the
adsorption capacities of intermediates.”””>* As proven by
theoretical calculations and spectroscopic results, Ru has
optimal adsorption energies for the intermediates of various
oxidation processes.”””> The substituted Ru species hasten
electron transfer and provide oxygen vacancies and exposed
active sites, thus accelerating the overall reaction kinetics.”*’
Specifically, Qi et al. fabricated inter-doped (Ru—Co)O,
nanosheet arrays as efficient bifunctional catalysts for overall
water splitting. The enhanced activity was attributed to the
heterogeneous interfacial electronic interaction of Co and Ru,
as well as to the enlarged active surface area resulting from Ru
doping.*® Additionally, Ru doping plays an important role in
improving the electrical conductivity and lowering the charge-
transfer resistance.”” However, to date, a comprehensive study
of Ru-doped CER electrocatalysts encompassing a microscopic
mechanistic understanding, as well as evaluations of the
electrochemical stability under commercial level of current
density, has not been explored.

Herein, we designed and fabricated Co;0, NPs via a facile
and scalable hydrothermal method and incorporated Ru into
the Co;04 NPs by mixing them with a Ru precursor followed
by thermal annealing. Comprehensive characterization, includ-
ing X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy (TEM) analyses,
demonstrated that the Ru** ions were uniformly incorporated
in the octahedral Co®" sites, resulting in changes in the
electronic state and distortion of the Co;0, crystal structure.
The RujyCo0,9,04 NPs exhibited superior CER activity
compared to RuO, and commercial DSA under neutral brine
condition. In addition, by combining electrokinetic and in situ
X-ray absorption near-edge structure (XANES) analyses, the
chlorine evolution mechanism for the Co;0, NPs and
Ru,Co;_,O, NPs was proposed. The enhanced catalytic
performance was attributed to the highly active Ru dopants
located at the octahedral sites and the additional active sites
caused by the structural disorder. Notably, Ru, 4,Co, 0, NPs
deposited on a titanium (Ti) substrate showed a lifetime of
over 150 h at a current density of 500 mA/cm?, which was ten
times longer than that of the RuO, anode.

2. EXPERIMENTAL SECTION

2.1. Hydrothermal Synthesis of Co;0, NPs. Hydro-
thermal Co;0, (HT-Co;0,) NPs were synthesized by
modifying the hydrothermal synthetic process reported
previously.””*" Cobalt(II) acetate tetrahydrate (1 g) was
dissolved in ethanol (50 mL) under 45 °C for 10 min, and
ammonium hydroxide (6.6 mL) was added dropwise under
vigorous stirring. Then, the solution was transferred into a
Teflon-lined autoclave and held at 150 °C for 3 h. Afterward,
acetone (200 mL) was added to the crude solution, followed
by centrifugation at 13,500 rpm for 20 min. The precipitated

products were dispersed in methanol (24 mL), and the
washing procedure was repeated by adding acetone and
centrifugation. The final HT-Co;0, NP product was stored in
ethanol (2 mL).

2.2. Ruthenium Treatment of the HT-Co;0, NPs and
Electrode Preparation. The HT-Co;0, NPs were purified
by mixing the HT-Co0;0, NP product (20 L) and acetone (1
mL), followed by centrifugation at 13,500 rpm for 3 min. For
ruthenium incorporation into the HT-Co;0, NPs, ruthenium-
(II) acetylacetonate was dispersed in ethanol with a molar
ratio of Ru/(Co + Ru) from 0 to 10 atom %. Then, the Co,0,
NP precipitate was homogeneously dispersed with the as-
prepared ruthenium(III) acetylacetonate solution (20 wuL).
The final dispersed product was drop-coated on a Ti plate or
an FTO substrate over an area of 0.5 cm? Afterward, heat
treatment was conducted at 300 °C for 1 h. In the case of an
electrode designed for lifetime measurements, ruthenium (III)
acetylacetonate was dispersed in a mixture of isopropyl alcohol
(IPA) and water with a volume ratio of 85:15, followed by
homogeneous mixing with the precipitated Co;O, NPs. Then,
the mixture solution was brush-coated on the Ti substrate and
dried at 500 °C for 5 min. This process was repeated 10 times.
Finally, the coated electrode underwent thermal annealing at
500 °C for 1 h.

2.3. Synthesis of the RuO, Electrode. The RuO,
electrode was prepared by modifying the previous thermal
decomposition method."””> A 10 mM RuCl; solution in a
mixed solvent with a 1:19 volume ratio of water and ethanol
was drop-coated on the Ti plate substrate, followed by
annealing at 300 °C for 1 h. For an electrode designed for
lifetime measurements, layer-by-layer brush-coating and a 500
°C for 1 h annealing process were applied as described for the
Ru,Co;_,0, NP electrode.

2.4. Material Characterization. The surface morphology
of the Ru,Co;_,O, NP electrode was characterized using a
field-emission scanning electron microscope (SEM; Model:
SUPRA S5VP, Carl Zeiss, Germany) with an acceleration
voltage of 2 kV. The morphology and electron diffraction
pattern were determined by field-emission TEM (JEM-2100F,
JEOL, Japan) with an accelerating voltage of 200 kV. The
TEM samples were prepared by blading the electrode surface
and dispersing the peeled off particles with ethanol, followed
by dropping them onto the TEM grid. The XRD patterns were
obtained using a high-resolution X-ray diffractometer (Smar-
tLab, Rigaku, Japan) equipped with Cu Ka radiation (4 =
1.5406 A) and measured over a 26 range of 10—70° with step
sizes of 0.02° and a scan rate of 1°/min. The surface
characteristics of the HT-Co;0, and Ru,Co;_,O, NPs were
examined by XPS (K-alpha, Thermo Fisher Scientific). The
obtained spectra were deconvoluted using CasaXPS software
after a Shirley-type background correction. All of the binding
energies in the XPS spectra were calibrated to the C 1s peak
(284.8 eV). XANES measurements were carried out on a
BL10C beamline at the Pohang Accelerator Laboratory (PLS
II), Korea, with a ring current of 350 mA at an electron beam
energy of 3.0 GeV. The spectra were measured in fluorescence
mode at the Co K-edge region. The in situ potential-
dependent XANES spectra were collected with an in situ
electrochemical cell. Detailed electrochemical cell configura-
tions were illustrated in our previous studies.'”** The contents
of Co and Ru in the catalysts were analyzed by inductively
coupled plasma mass spectrometry (ICP—MS; Model: 7900
ICP—MS, Agilent Technologies, Japan). The samples for

https://doi.org/10.1021/acsomega.3c04525
ACS Omega 2023, 8, 35034—-35043


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

~— HI-Co,0, NPs
HT-Co,0, NPs

Intensity (a.u)

00-042-1467 Co,0,

Current density (mA/cm?)

l——HI-Co,0, NPs / Ti
| —— HT-Co,0, NPs / Ti

20 30 40

26 (%)

50 60

70

12 14 16 18
Potential (V vs. NHE)

08 1.0 20 22

Figure 1. TEM images of (a) hot-injection Co;0, (HI-Co;0,) NPs and (b) hydrothermal Co;0, (HT-Co;0,) NPs. (c) XRD patterns of the HI-
Co;0, NPs and HT-Co;0, NPs, respectively. (d) Polarization-corrected cyclic voltammetry (CV) curves of HI-Co;0, NPs and HT-Co;0, NPs

under a neutral 0.6 M NaCl, respectively.

ICP—MS were prepared by fully dissolving the catalysts on the
electrodes with hydrochloric acid.

2.5. Electrochemical Measurements. All of the electro-
chemical measurements except the long-term stability tests
were conducted in a three-electrode system where a Pt foil and
a Ag/AgCl/3 M KCl electrode were used as the counter
electrode and reference electrode, respectively. All of the
applied potentials were converted to the normal hydrogen
electrode (NHE) scale with the following equation: E (vs
NHE) = E (vs Ag/AgCl) + 0.205 V. All electrochemical
experiments were carried out without iR correction. Cyclic
voltammetry (CV) was performed with a scan rate of S0 mV
s™' with stirring. The polarization-corrected curves were
obtained by averaging the current densities in the forward
and backward scans. The Tafel slopes were obtained from the
steady-state current densities by chronopotentiometry (CP).
Long-term stability was measured with a two-electrode system
in which a titanium mesh was used as a counter electrode.

2.6. Product Analysis. The N,N-diethyl-p-phenylenedi-
amine (DPD) colorimetric method was used to quantify the
active chlorine generated. A Pocket Colorimeter II and DPD
reagents were purchased from Hach. A sample solution was
prepared by extracting the electrolyte, which underwent S min
of electrolysis at a certain current density followed by dilution
at least 10 times.
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3. RESULTS AND DISCUSSION

3.1. Synthesis of the HT-Co;0, NPs. The HT-Co,;0,
NPs were synthesized by modifying the hydrothermal process
reported previously.’”*"** Additionally, monodispersed hot-
injection Co;0, (HI-Co;0,) NPs were prepared by thermal
decomposition, as reported earlier.'” As shown in the TEM
images in Figure la,b, rhombic NPs with a diameter of 10—15
nm were obtained through the hot-injection method, and 8—
12 nm-sized NPs were synthesized by the hydrothermal
process. The XRD patterns for both the HI-Co;0, NPs and
HT-Co3;0, NPs showed no difference, and the peaks at 26 =
19.0, 31.3, 36.9, 44.9, 59.5, and 65.4° corresponded to the
(111), (220), (311), (400), (511), and (440) planes of cubic
Co;0, (JCPDS no. 00-042-1467) (Figure 1lc). Furthermore,
the Co 2p XPS spectra (Figure S1) showed identical surface
chemical compositions and Co valence states for Co;0, NPs
prepared via different synthetic processes. The Co2p;/, and
Co2p,, binding energies for both the HI-Co;0, NPs and HT-
Co3;0, NPs were 794.72 and 779.78 eV, respectively,
indicating a Co2p3/,—2p,, spin—orbital-level energy spacing
of 15 eV, which is characteristic of Co;0,.> Films of HI-
Co0;0, NPs and HT-Co;0, NPs were prepared by arrange-
ment onto a Ti plate by drop-coating and subsequent thermal
annealing under air. Figure 1d illustrates the polarization-
corrected CV curves of the HI-Co;0, NPs and HT-Co;0,
NPs in neutral 0.6 M NaCl. The HT-Co;0, NPs exhibited a
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Table 1. Loading Amounts of Ru and Co and Compositions of the Resultant Ru,Co;_,O, Nanoparticle Samples According to

the Reactant Molar Ratio Ru/(Co + Ru)

reactant molar ratio of Ru amount Co amount Ru content [atom Co content [atom stoichiometric
Ru/(Co + Ru) [%] [mg/cm?] [mg/cm?] %] %] Co/Ru sample notation
0.013 1.071 0.69 99.31 143.92 Rug 4,Co0,050,
0.028 1.192 1.33 98.67 74.19 Ruyg04C0,9604
S 0.068 1.229 3.13 96.87 30.95 Rug9Co0,9,04
10 0.104 1212 4.77 95.23 19.96 Rug ;14,C0,560,
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Figure 2. (a) Current densities generated at 2.0 V (vs NHE) (obtained from Figure S2) with the indicated Ru contents in Ru,Co;_,O, NP samples
according to the Ru/(Co + Ru) molar ratio. (b) CV curves for the Ru,Co;_,0, NPs in 0.6 M NaCl. (c) Polarization-corrected CV curves for
Rug,00C0,,9;04 NPs, hydrothermal Co;0, (HT-Co;0,) NPs, the dimensionally stable anode (DSA), and RuO, in 0.6 M NaCl. (d) Tafel plots for
HT-Co;0, NPs and Ruy03C0,4,0, NPs on titanium and FTO substrates (0.6 M NaCl). (e) Potentials required to reach 1 mA/cm? with HT-
Co0;0, NPs and Ruy4Co,4,04 NPs under various chloride concentrations. (f) pH dependence of the potentials for the HT-Co;0, NPs and

Rug09C0,9,04 NPs over the neutral pH range in 0.6 M NaCl

slightly higher catalytic performance than the HI-Co;0, NPs,
which was attributed to the relatively smaller particle sizes.

These characterization results showed that the Co;0, NPs
prepared via the two different synthetic methods were identical
in terms of their structural properties, electronic structures, and
electrochemical activities. Based on the scalability and
commercial feasibility, in further development, the hydro-
thermal method was applied to the synthesis of Co;0, NPs,
which is a more facile and environmentally friendly method
compared to the hot-injection synthetic process.

3.2. Synthesis and Electrochemical Analysis of the
Ru,Co;_,0, NPs. Based on the principle of heteroatom
engineering with Co;0, and the Ru incorporation effect, we
attempted to design a highly efficient and durable catalyst for
the CER. A Ru treatment of the Co;0, NPs (Ru,Co;_,O,
NPs) was accomplished by mixing the as-prepared HT-Co;0,

35037

NPs and a Ru precursor dissolved in ethanol followed by
thermal annealing. A series of Ru,Co;_,O, NP samples was
prepared by adjusting the reactant molar ratio Ru/(Co + Ru)
to 1—10% during Ru treatment of the HT-Co;0, NPs. The
stoichiometries of the samples were determined by ICP—MS
analyses (Table 1).

The electrochemical performance of Ru,Co;_,O, NPs was
evaluated with polarization-corrected CV curves generated in a
neutral 0.6 M NaCl solution (Figure S2). Figure 2a shows the
relationship between the actual Ru content in the Ru,Co;_,0,
NP catalysts, according to the intended Ru/(Co + Ru)
reactant molar ratio, and the current density at 2.0 V (vs
NHE). It was evident that the catalytic activity of the
Ru,Co;_,0, NPs increased linearly up to a 3.13% Ru mole
fraction (RugpyCo,4,0,) but was saturated beyond that.
Furthermore, the CV curves of Ru,Co;_,O, NPs at a scan
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rate of 50 mV/s also showed a drastic enlargement of the
integrated areas as the Ru content was increased up to the
same point (Figure 2b). The increased level of charge
accumulation was ascribed to the increase in the non-faradic
electrochemical double-layer capacitance (Cy) and pseudoca-
pacitance characteristics. Indeed, it is well known that the
combination of Ru-based materials with cobalt oxides leads to
significant improvement of the supercapacitive properties by
modulating the surface morphology and increasing the
pseudocapacitance.”*~** Additionally, the slope of anodic
charging current density was also estimated by cyclic
voltammetry at different scan rates. To exclude the
contribution of the faradaic reaction, the potential range was
set to +50 mV around the open-circuit potential (OCP).” As
shown in Figure S3, the average slope of the anodic charging
current density of Ru09Co0,9,0, NPs increased sharply up to
11.43 mF/cm?, which was approx. 237 times larger than that of
the HT-Co;0, NPs (0.0483 mF/cm?). The aforementioned
electrochemical measurements clearly indicate that the CER
activity and the capacitance of the Ru,Co;_,O, NPs were not
predominantly determined by the Ru content of the
Ru,Co;_,O, NPs and were possibly due to favorable
interactions between Co and Ru. We examined the catalytic
activities of the HT-Co;04 NPs and Rug4,Co,4,0, NPs and
compared them with those of RuO, and a commercial DSA
electrode. Figure 2¢ shows that even with smaller Ru contents,
the Rug 49Co0,,9,0, NPs exhibited superior activity compared to
other Ru-based CER catalysts. Figure S4 illustrates the current
efficiencies for chlorine generation by the HT-Co;O, NPs,
Ruy 49C0,9,04 NPs, and RuO, quantified by DPD colorimetry.
The Rug49Co,9,0, NPs exhibited slightly higher selectivity
than the HT-Co;0, NPs and RuO, with efficiencies above
85% obtained with various current densities ranging from S to
500 mA/cm?.

We conducted an electrokinetic investigation of the
Ruy ¢9C0,9,04 NPs and compared them with the HT-Co;0,
NPs. The Tafel plots for the HT-Co;O0, NPs and
Rug09C0,4,04 NPs were derived with an FTO substrate in
addition to the Ti plate to exclude the effects of the charge-
transfer limit at the interface between the substrate and
catalysts. The Tafel slopes for the HT-Co;0, NPs and
Rug 09C0,;04 NPs on a Ti electrode were estimated as 85 and
41 mV/dec, respectively. In the FTO substrate, while the Tafel
slope of Rug49Co,9,0, remained unchanged, that of the HT-
Co;0, NPs decreased significantly to 42 mV/dec (Figure 2d).
Previous studies suggested that charge transfer at the interface
between a catalyst film and the underlying substrate
significantly affects the catalytic activity."” In particular, unlike
highly conductive noble metal-based metallic oxides, earth-
abundant metal oxides such as Co;0, exhibit high interfacial
resistance,*** and the overall electrochemical performance is
determined by the sluggish interfacial charge transport. In
addition, in the Ti substrate, it is well known that the
conductivity drops significantly due to the formation of an
insulating TiO, layer at high annealing temperature. Taking
this into account, the Tafel slope of the HT-Co;0, NPs/Ti
was thought to be affected by external constraints, and the
Tafel slope reflecting the intrinsic reaction kinetics was
regarded as that of Co;0, NPs/FTO. The Tafel slope analysis
of Ruygy9C0,9,0, demonstrated that a high conductivity that
overcame the interfacial resistance was achieved with small
amounts of Ru since the slopes were the same for both
substrates. Theoretically, the Tafel slope (b) can be calculated

from the relationship between the current density (j) and the
potential (E) (eqs 1 and 2), where j, @, F, E° R, and T are the
exchange current density, transfer coeflicient, Faraday con-
stant, thermodynamic equilibrium potential, gas constant, and
temperature, respectively.”> The Tafel slopes of 40—45 mV/
dec correspond to a transfer coefficient (@) of 1.5, indicating
that the second discharging process after the reversible one-
electron transfer is the rate-determining step (RDS).

o aF(E — E°)
L T "
p_ OE _ 2303RT

dlogj aF ()

As illustrated in Figure 2e, the slopes of the potentials
required to reach 1 mA/cm® with the different chloride
concentrations were estimated to be —44 and —38 mV/dec for
the HT-Co3;0, NPs and Ruy9Co,4,0, NPs, respectively.
Thus, taking together the value of the Tafel slope and the
chloride concentration-dependent potential changes, the
reaction order with respect to the chloride concentration was
calculated to be unity for both the HT-Co;0, NPs and the
Rug9C0,9;04 NPs from eq 3. The first reaction order on the
chloride concentration implies that discharge of a chloride ion
occurred only once in the RDS or prior to the RDS.

( OF ]:_[ olog j ]( OF ]
dlog[Cl] ; dlog[Cl] B dlog j e 3)

Furthermore, the pH dependences on the HT-Co;0, NPs
and Rugy9Co,9,0, NPs were measured under neutral
conditions, which resulted in a zeroth order for both cases,
as depicted in Figure 2f, demonstrating that the proton does
not participate in the catalytic cycle for either the HT-Co;0,
NPs or the Rugy9C0,9,04 NPs. On the basis of the overall
electrokinetic results, an electrochemical rate law was derived
for the HT-Co;0, NPs and Ru,Co;_,0, NPs, in which k, and
acr- are the rate constant and the activity of the chloride ions,
respectively.

, 1.SFE
j = koacrexp| ———

RT 4)

As shown in eq 4, we revealed identical mechanistic behavior
in the CER for the HT-Co;0, NPs and Ru,Co;_,O, NPs,
where the second electron transfer proceeds as the RDS
following a reversible one-electron transfer process.

3.3. In Situ XANES Analysis of the Ru,Co;_,0, NPs. We
investigated the oxidation-state variation of Co under an
applied potential by in situ XANES to gain a detailed
understanding of the mechanistic behavior of the HT-Co;0,
NPs and Rug39Co,4,0, NPs. The average Co oxidation state
was estimated with the Co K-edge spectra of reference Co
oxide materials for which the oxidation states were well known.
The oxidation states under OCP, where external anodic bias is
absent, were calculated to be 2.73 and 2.57 in the HT-Co;0,
NPs and Rug9Co, 4,0, NPs, respectively, which matched the
Co 2p XPS result, as will be illustrated later (Figure SS). While
applying an anodic potential under 0.6 M NaCl, the Co K-edge
spectra of the Ruy39Co,9,04 NPs showed a positive shift with
increasing applied potential from the OCP to 1.4 V (vs Ag/
AgCl), whereas those of HT-Co0;0, NPs barely shifted (Figure
3a,)b). However, despite the increased Co oxidation state
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Figure 3. In situ Co K-edge XANES spectra of (a) hydrothermal Co;0, (HT-Co0;0,) NPs and (b) Rug9Co0,4,0, NPs under 0.6 M NaCl (the
insets show the enlarged edge regions). (c) Changes in the Co valence of the HT-Co;0, NPs and Ruy0yCo,,4,0, NPs with the applied potential.
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Figure 4. (a) XRD patterns for hydrothermal Co;0, (HT-Co;0,) NPs and Rug09Co0,4,0, NPs. (b) Enlarged patterns from the dotted box. (c)
TEM and HRTEM (inset) images of the RuyoC0,4,0, NPs. (d) Comparison of the SAED patterns for the HT-Co30, NPs and Rug9C0,6,0,
NPs. (e) Co 2p and (f) O 1s XPS spectra of the HT-Co;0, NPs and Ruy0yCo,4;0, NPs.

during catalysis by the Rug¢9Co,9,0,4 NPs, the Co oxidation
state did not exceed 3.0 in either case, indicating that high-
valent Co(IV) species attributed to adsorbed hydroxyl ions or
water molecules were not generated during the CER catalytic
cycle (Figure 3c). This indicates that the surfaces of the cobalt
atoms were dominantly covered by chlorine ions during the
CER. Combined with the electrokinetic and in situ XANES
analyses, the overall CER mechanism for the HT-Co;0, NPs
and Ruy;9Co,9,04 NPs at neutral pH was determined to be
the Krishtalik mechanism, in which the RDS is the second
discharging process generating the adsorbed CI" species. This
result was consistent with the mechanism previously proposed
for the HI-Co;0, NPs'® and distinct from that of the Co;0,
catalyst in acidic pH, which form an adsorbed oxygenated
intermediate.** In conclusion, we elucidated that the Ru-
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incorporated Co;0, NPs exhibited much higher catalytic
activity than the HT-Co;0, NPs even though the overall
reaction mechanism remained unchanged.

3.4. Material Characterization of the Ru,Co;_, 0, NPs.
The structural changes of Co;0, induced by the Ru dopant
were characterized by XRD, TEM, and XPS analyses to
investigate the enhanced CER activity caused by Ru
incorporation. As shown in Figure 4a, the XRD patterns for
the HT-Co;0, NPs and Ruy;yCo,9,0, NPs were well
matched with that of the cubic Co;0, structure (JCPDS No.
00-042-1467). The Ruy49Co0,9,04 NPs showed lower crystal-
linity than the HT-Co;0, NPs, and no other phases, such as
RuO,, were observed. The magnified image (Figure 4b) clearly
suggests a negative shift after Ru doping due to changes in the
lattice parameters. The altered lattice parameters were ascribed
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Figure 5. Long-term stability of Rug9C0,0,04 NPs and RuO, determined by chronopotentiometry at 500 mA/cm?® under 0.6 M NaCl

to insertion of a Ru*' species (0.062 nm) at the octahedral
Co’" sites (0.0545 nm). The gradual negative shifts of the
diffraction peaks with increasing Ru content ceased when the
Ru mole fraction exceeded 3.13% (RugpeCo0,0,0, NPs),
indicating that excess Ru was not incorporated into the
Co;0, lattice (Figure S6). Considering the XRD results and
aforementioned CER activity of the Ru,Co;_,O, NPs, it was
understood that when the Ru ratio reaches 3.13%, Ru is
homogeneously coordinated in octahedral sites in Co;0, to
the maximum and catalytic performance of the Ru,Co;_,O,
NPs significantly improved.

Figure 4c illustrates TEM images of the Ruy40Co, 9,04 NPs,
which showed no apparent differences with the morphology
and size of the HT-Co;0, NPs. On the other hand, the
selected-area electron diffraction (SAED) pattern exhibited
coherent ring radius decreases in all of the Co;0, planes after
Ru substitution; this indicates an increase in the interplanar
spacing after Ru incorporation, which was consistent with the
aforementioned XRD results (Figure 4d). The high-angle
annular dark-field scanning transmission electron microscopic
(HAADF-STEM) images and elemental mapping images of
the HT-Co;0, NPs and RuyyC0, 9,04 NPs revealed that the
Ru species were evenly distributed after Ru doping of the HT-
Co;0, NPs (Figure S7).

The surface oxidation and electronic states were investigated
by XPS. In the Co 2p spectra (Figure 4e), the main peaks for
HT-Co;0, NPs indicated binding energies of 794.85 and
779.75 eV, and these were assigned to Co 2p,/, and Co 2p;,
respectively; these were positively shifted due to changes in the
Co electronic state with the introduction of Ru into the Co;0,
lattice. Each peak was fitted with the appropriate Co oxidation
state, and the average Co valence was calculated by integrating
the area under the fitted curve. The relative ratio of Co®*/Co**
decreases from 2.12 to 1.40, resulting in the decrease of the
average Co oxidation state from 2.68 to 2.58, which indicates
that Co*" was formed due to substitution of the Ru*" ions into
the octahedral Co®" sites. Figure 4f represents the surface
properties of the oxygen species in the HT-Co;0, NPs and the
Rug ¢9C0,9,04 NPs. The peaks indicating binding energy of
529.80—529.97 €V were characteristic of lattice oxygen (Oy,y),
and the second peaks located at 531.32—531.94 eV were
ascribed to nonstoichiometric surface oxygen species (04) "
It was observed that the relative ratio of O,/Oy,, estimated
from the peaks was the area significantly increased by Ru

substitution, implying that Ru—O-—Co species induced
structural disorder in the Co;0, lattice and increased the
number of surface oxygens.** On the other hand, these broad
shoulder peaks were also known to originate from oxygen
defects.*”** Based on this interpretation, it was concluded that
oxygen vacancies were generated during the Ru doping
process, which exposed more internal active sites and
accelerated the electrochemical kinetics. In the Ru 3p XPS
spectra, the peaks at 463.6 and 485.9 eV corresponded to Ru*",
while those at 462.1 and 484.5 €V indicated Ru’.*’ Thus, the
average Ru oxidation state in the Ru,Co;_,O, NPs was
calculated to be close to 4.0. The Ru 3d XPS spectra
corroborated that Ru(IV) ions were inserted into the Co;0,
lattice. The peak at 282.0 eV was assigned to Ru*', whereas the
peak at a lower binding energy of 281.2 eV was related to Ru’*
(Figure $8).>°

3.5. Long-Term Stability Tests of the Ru,Co;_,0, NPs.
The need for long-term stability under a high current density
constitutes a major challenge for practical application of
electrocatalysts.”’ Typically, deactivation of the electrode is
closely related to the composition of the active layer and the
surface morphology of the catalyst film. The surface cracks
caused by tensile stress during annealing facilitate the
penetration of the electrolyte through the active catalyst
layer, thereby resulting in passivation of the insulating
layer.>>>” Besides, the bubbles formed at the cracks during
harsh electrolysis lead to deterioration of the catalyst adhesion
and mechanical detachment.>* Hence, to obtain a uniform and
compact catalyst film that is highly resistant to mechanical
failure and electrolyte penetration, we carefully controlled
several parameters during fabrication of the catalyst layer, such
as the solvent for the catalyst ink, the deposition technique,
and the annealing temperature. An IPA and water mixture was
employed as the solvent, and layer-by-layer brush-coating with
drying step at 500 °C was applied, which led to the formation
of uniform surface morphology. In addition, the annealing
temperature was increased from 300 to 500 °C to achieve
better adhesion and a higher mechanical strength. The SEM
images in Figure S9 show that the RuygyCo,9,0, NP film
prepared via layer-by-layer brush-coating exhibited a homoge-
neous surface with fewer cracks than the that of prepared by
drop-coating. To verify the effect of the change of annealing
temperature from 300 to 500 °C on CER mechanistic pathway,
we performed a comparative analysis of the Tafel slope and in
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situ XANES according to annealing temperature (Figure S10).
The Tafel slope of the RugyCo0, 4,0, NPs annealed at 500 °C
was estimated to be 48 mV/dec, which is similar to that of the
300 °C condition (42 mV/dec), indicating that RDS did not
change with increase of the thermal treatment temperature.
Besides, the in situ Co K-edge XANES spectra of
Ru49C0,9;0, NPs showed similar behavior of oxidation-
state variation of Co for the two different annealing conditions,
suggesting that high-valent Co(IV) species were not formed
during CER regardless of the annealing condition. Based on
these results, we confirmed that the mechanistic pathway of the
Ruy ¢9C0,9,04 NPs was not altered by change of the annealing
temperature.

The long-term lifetimes of the Rugy9Co0, 9,04 NPs and RuO,
electrodes were examined at a constant current density of 500
mA/cm? which is comparable to the electrochlorination
current densities used in commercial processes (Figure 5).'
The potential of the RuygyCo,9,0, NP electrode increased
slowly for up to 150 h, and then it exhibited a sharp rise
indicating the failure of the electrode. The time required to
reach 10 V with the RugoyCo,4,0, NP electrode was 175 h
under a current density of 500 mA/cm? On the other hand,
the RuO, electrode, which exhibited a lifetime of 17 h,
underwent a drastic increase in the potential from initial stage,
which was attributed to severe dissolution of Ru at the high
anodic potential.*> Time-dependent current efficiency meas-
urement of the Ruyg9Co,9,0, NPs showed consistent high
selectivity for chlorine generation during long-term lifetime
test (Figure S11). The high durability of the Ruy 09Co, 4,0, NP
electrode comparable with commercial CER electrodes
suggests that the Ru,Co;_,O, NPs could be viable material
for industrial level of electrochlorination.

To investigate the structure and electronic-state change of
the Rug g9Co0,9,04 NPs after the long-term lifetime test, TEM
and XPS analyses were conducted. As illustrated in Figure S12,
before and after electrochemical operation, the Rugy9C0,4,0,
NPs exhibited similar morphology and average size (8—12
nm). However, STEM-EDX mapping images revealed that
average Ru ratio in the RugyyCo,9,0, NPs decreased from
3.69 to 2.52 atom % ascribed to anodic dissolution of Ru
(Figure S13). After reaction, XPS Co 2p spectra exhibited
similar peak shapes and positions of Co to those of the pristine
Rug46C0,0,0, NPs, resulting in similar Co*"/Co*" ratio of
1.38. Although the remaining Co showed similar oxidation
state, the overall peak intensity of Co significantly decreased,
suggesting degradation of a notable amount of the catalyst
during electrolysis. After lifetime measurement, oxygen
concentration in the lattice structure decreased, meanwhile
contribution of surface oxygen species, including hydroxyl
species and adsorbed water molecule, increased. This result
implies that competitive water oxidation resulted in hydrox-
ylation of the surface.”**” In addition, the dissolution of Ru
species in the RujyyCo,4,0, NPs can lead to increase in
nonstoichiometric oxygen concentration (Figure S14). Both
Ru 3p and 3d XPS spectra demonstrated that peak intensity of
Ru species clearly decreased, indicating severe Ru dissolution
during reaction. Besides, a characteristic titanium peak
appeared at 458.5 eV in Ru 3p spectra due to degradation of
the catalyst layer and exposure of the underlying Ti substrate
(Figure S1S5). The post-mortem analyses after long-term
operation suggest that anodic dissolution under high current
density is the major deactivation factor for the Ruj9Co0,9,0,
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NPs. However, further study is required to point out the exact
deactivation mechanism for the RujyyCo, 4,04 NPs.

4. CONCLUSIONS

In summary, we synthesized Co;O, NPs as CER electro-
catalysts via a facile and cost-effective hydrothermal method
and proposed an efficient scheme for Ru incorporation into the
HT-Co;0, NPs. The RugyyCo,90, NPs showed superior
activity in the CER compared to RuO, and commercial DSA
under neutral conditions. A series of characterizations of the
Ru,00C0,0,0, NPs showed that Ru*" ions were homoge-
neously substituted into the octahedral Co®* sites of the Co;0,
spinel structure, which led to structural distortions and
electronic-state modulation of the Co;0, NPs. The electro-
kinetic and in situ XANES analyses suggested that both HT-
Co;0, NPs and Ru,Co;_,O4 NPs follow the identical CER
mechanism, where the second discharging step that forms the
adsorbed Cl" species is the RDS. Finally, we achieved high
stability with the Ruj9C0,9,04 NP electrode with a lifetime
above 150 h at a current density of 500 mA/cm® via
optimization of the catalyst layer fabrication process. We
expect that our Ru,Co;_,O, NPs, with their robust catalytic
properties as well as their scalability, may be extended into
various other electrochemical catalytic applications.
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