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Unveiling the Geometric Site Dependence of Co-Based
Spinel Oxides in the Halogen Evolution Reaction

Chen Chen, Tingting Liu,* Zonghua Pu,* Zhangsen Chen, Xiaofeng Zhang,
Qiufeng Huang, Abdullah M. Al-Enizi, Ayman Nafady, Gaixia Zhang,* and Shuhui Sun*

Cobalt-based spinel oxides, such as Co;O,, have emerged as promising
electrocatalysts for chlorine and bromine evolution reactions (CER and BrER)
in recent years. However, the role of Co valence in determining the exceptional
performance of Co;0, for both CER and BrER remains ambiguous due to the
coexistence of both octahedrally coordinated Co®* (Co®* ;) and tetrahedrally
coordinated Co?* (Co?*,) sites, despite their high catalytic activity and
stability. Herein, combining experiment results and electrochemical data
analysis, the Co*, site functions as the primary active site for CER is
demonstrated. In contrast, for BrER, both Co®*,, and Co?* 4 sites exhibit
good catalytic activity, with Co>* o, sites displaying better BrER catalytic
performance than Co?* sites. To further enhance the CER catalytic activity of
the Co3*,, site, inert Co*, is replaced with Cu* cations. As expected,
CuCo, 0, featuring an optimized Co*, site demonstrates an overpotential of

anode electrocatalyst with high activity,
selectivity, and stability plays a pivotal
role in addressing energy challenges as
electrode materials significantly influ-
ence both chlorine yield and the over-
all power consumption of the system.
To date, noble-metal-based Ru/Ir oxides
have emerged as the predominant elec-
trocatalysts for industrial CER.1% How-
ever, the widespread application of these
materials has been hindered by their
high cost and limited availability of earth-
abundant resources.[''"13] Consequently,
it is imperative to develop efficient an-
odes for the CER process by utilizing ele-
ments that are more abundant.

24 mV at a current density of 10 mA cm~2 while exhibiting exceptional
stability for ~60 h, surpassing the performance of the majority of non-noble
and even noble metal-based electrocatalysts reported to date. Therefore, the
study elucidates the significance of geometric configuration-dependent

activity in electrocatalytic halogen evolution reactions.

1. Introduction

Halogen, particularly chlorine (Cl,) and bromine (Br,), is widely
utilized as a fundamental chemical in the synthesis of polymers,
pharmaceuticals, dyes, and other related industries."* The elec-
trolysis of saline water under highly acidic conditions (pH ~2)
facilitates efficient chlorine evolution reaction (CER) at the an-
ode, offering a feasible approach for large-scale Cl, production
in an industrial setting.>”’] In this case, the rational design of an

In recent years, a series of transi-
tion metal, low-noble metal, and non-
metal materials have been reported as
highly active and stable electrocatalysts
for CER. These encompass Ni/Co/Mn-
based antimonates,!'214! Co-based metal
oxides,['*1>17] noble metal (Pt, Ir, etc.)-
based single atoms,>!#1] and even or-
ganic molecules.l?%2] Tt is worth noting
that the cost-effectiveness and exceptional catalytic activities of
Co,0, have garnered significant attention in the field of catalysis
for CER. However, most of these studies primarily focus on
enhancing catalytic activity and stability by manipulation of crys-
tallinity, morphology, structure, oxygen vacancies, etc.['*157] In
general, the electrocatalytic activity of Co;0, is predominantly
influenced by the specific geometric arrangement of its sites.
This is due to the presence of two octahedrally coordinated Co**
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Figure 1. a) Schematic illustration of spinel structures of Co;O4, CoAl,0,4, and MgCo,0,. b) XRD patterns of Co;0,, CoAl,0,4, and MgCo,0,. XPS

spectra of ¢) Co 2p and d) O Ts for MgCo,0O,, Co;0,, and CoAl,O,.

(Co’**y,) sites and one tetrahedrally coordinated Co** (Co’*y)
site within Co,0,.[2?] For instance, it has been reported that the
catalytic activity of Co;0, in the oxygen evolution reaction (OER)
primarily comes from the Co?*; site, whereas the oxidation
of 5-hydroxymethylfurfural is predominantly facilitated by the
Co’* o, active site.[324] Based the Co,0, exhibited high activities
in important industrial reactions involving chlorine/bromine
evolution reactions (CER/BrER), while the dependence of elec-
trocatalysts on geometrical site remains unclear. Therefore, it
is worthwhile and crucial to investigate the geometrical site
dependence to discern the distinct roles of different sites in
Co,0, for halogen evolution reactions.

Herein, in this work, we aim to establish the relationship be-
tween the geometric location and performance by synthesizing
and comparing the activities of halogen evolution reactions for
Co,0,, MgCo,0,, and CoAl,O,. Specifically, only Co**, and
Co?*y sites are exposed for MgCo,0, and CoAl,O,, respectively
(Figure 1a). The electrocatalytic CER performance was observed
to exhibit the following trend: Co;0,> MgCo,O, > CoAl,O,, indi-
cating the pronounced catalytic activity of Co** . Furthermore,
the inert Co?*p; has been substituted with Cu?* cations to en-
hance the CER catalytic activity. As anticipated, the synthesized
CuCo,0,, featuring optimized Co’*, sites, exhibits an overpo-
tential of 24 mV at a current density of 10 mA cm™2. In con-
trast, all three materials (Co,0,, MgCo,O,, CoAl,0,) show good
electrocatalytic performance for the BrER. Specifically, Co,0,,
CoAl,O,, and MgCo, O, require an overpotential of 334, 353, and
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330 mV, respectively, to achieve a current density of 10 mA cm=2.

In other words, both the Co**, and Co?"y sites in Co,0, con-
tribute significantly to its overall BrER activity. However, it is
worth noting that the catalytic performance of the Co**,, sites
slightly surpassed that of the Co?* sites. Undoubtedly, our study
elucidates the significance geometric configuration-dependent
activity of spinel oxides for both CER and BrER. This investi-
gation paves the way for enhancing the activity of cobalt-based
spinel toward halogen evolution reactions by tuning the Co**,
and Co** sites.

2. Results and Discussion

2.1. Synthesis and Characterization of Catalysts

The synthesis of Co;0,, MgCo,0,, and CoAl,0, was accom-
plished via a two-step process, involving hydrothermal treatment
followed by calcination in air. The substitution of Mg?* and AI**
ions for the tetrahedral and octahedral sites in Co;0, led to the
formation of MgCo,0O, and CoAlLO, (Figure la), respectively.
The structure of Co;0,, MgCo,0,, and CoAl,O, was determined
using powder X-ray diffraction (XRD). The observed peaks at
20 angles of 19.0°, 31.3°, 36.8°, 38.5°, 44.8°, 55.7°, 59.4°, and
65.2° in Figure 1b correspond to the crystal planes (111), (220),
(311), (222), (400), (422), (511), and (440), respectively for Co,;0,,
MgCo,0, and CoAl,O, spinels with the identical structure but
distinct geometric arrangements of Co sites (Figure 1b).**l The
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Figure 2. a) LSV curves of Co;0,4 in 0.6 M NaCl and NaClO, solution. b) Polarization curves of Co;O,4, CoAl,0,, and MgCo, O, electrocatalysts in 0.6 m
NaCl solution. c) Tafel plots were obtained from the polarization curves in (b). d) Nyquist plots of Co;04, MgCo, Oy, and CoAl,O4 were collected under
the same conditions. e) Polarization curves of Co;O,, CoAl,0,, and MgCo, O, electrocatalysts in 0.6 m KBr solution. f) Corresponding current densities
at potential of 1.4, 1.45, and 1.5 V for Co;0,, CoAl,0,, and MgCo, O, electrocatalysts.

valence state of Co in different spinels was further determined
through X-ray photoelectron spectroscopy (XPS) measurements
(Figure 1c,d). As illustrated in Figure 1c, the Co 2p spectra in all
samples exhibited two distinct peaks corresponding to Co 2p;
and Co 2p;,, which are indicative of the spin-orbit bimodal fea-
tures of Co 2p. The broad Co 2p,, and Co2p,,, peak of Co,0,
can be further resolved into two distinct peaks for Co?* (781.3
and 796.8 eV) and Co’* species (780.1 and 794.8 eV), respectively.
In comparison to Co;0, containing both Co?* and Co**, the sur-
faces of MgCo, O, and CoAl,O, are predominantly occupied by
Co** and Co?* (Figure S1, Supporting Information), respectively.
Therefore, the oxides examined in this study predominantly con-
tain Co** or Co®* site, or a combination of both, thereby offer-
ing valuable insights into the correlation between the geometric
configuration of cobalt sites and their catalytic activity. Similarly,
the O 1s spectra of Co;0,, MgCo,0,, and CoAl,O, also exhibit
distinct differences. Specifically, as shown in Figure 1d, the O
1s peak of Co;0, is observed at a bonding energy of 529.8 eV.
Moreover, it is worth noting that in comparison with CoAlO,,
the O 1s characteristic peak of MgCo,O, exhibits a lower bind-
ing energy. In other words, the interaction between Co** and
0%~ in MgCo, O, is stronger than that between Co?* and O* in
CoAlO,. Consequently, these structure differences may further
impact the catalytic activity in various oxidation and (or) reduc-
tion reactions, including water oxidation/reduction, O, reduc-
tion, N,/NO,/NO,~ reduction, CER, etc.>"?8] The characteri-
zations provide conclusive evidence for the successful synthesis
and characterization of three spinel-type cobalt oxides, namely
Co,0,, MgCo,0,, and CoAl,O,.

Adv. Sustainable Syst. 2024, 2400551 2400551 (3 of 7)

2.2. Evaluating the Catalytic Performance of Cobalt-Based Spinel
Oxide Toward Halogen Evolution Reactions

We first assessed the CER performance of Co;0,, MgCo,0,, and
CoAlL, O, in 0.6 M NaCl solution. It is worth noting that Figure
2a also illustrates linear sweep voltammetry (LSV) of Co;0, in
0.6 NaClO, solutions (pH 8.00, Figure S2, Supporting Informa-
tion). The selection of NaClO, as the appropriate electrolyte is
based on its suitability attributed to the presence of perchlorate
ions (ClO,~), which are fully oxidized oxyanions of chlorine. In
other words, under anodic bias, these anions undergo no further
oxidation except for the OER. As shown in Figure 2a, during an-
odic polarization in the presence of chloride with a concentration
of 0.6 M NaCl, the onset potential for Co;O, was observed to be
~1.6 V (vs RHE, black curve), exhibiting a reduction of 120 mV
(red curve) compared to that recorded without chloride solutions
(0.6 M NaClO,). In other words, the observed cathodic shift in the
LSV under 0.6 M NaCl implies a significantly enhanced perfor-
mance of CER over OER in the electrolyte-containing chloride.
Furthermore, this value compares favorably with the behaviors
of most non-noble, and even noble-metal-based CER catalysts re-
ported to date (Table S1, Supporting Information). Although the
high catalytic activity of Co;O, has been achieved, the role of Co
valence in determining its exceptional performance toward CER
remains ambiguous due to the coexistence of both Co**y, and
Co?*y sites. Consequently, the CER performance of MgCo,0,
and CoAl,O,, which predominantly consist of Co** and Co**
sites, was further evaluated in 0.6 M NaCl solution. The com-
parative performance of the three materials in terms of CER can
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be ranked as follows, as depicted in Figure 2b: Co,0, exhibits
comparable performance to MgCo,O,, while CoAl,O, demon-
strates negligible activity. This obtained result suggests that the
CER process predominantly occurs at the Co**, site, while the
catalytic effect of the Co**, site on CER is relatively weak. Fur-
thermore, the lower Tafel slope of MgCo,0, (77.9 mV dec™}), in
comparison to the Co?*; sites in CoAl,O, (95.5 mV dec™?), sug-
gests that the presence of Co**, sites promotes the CER reac-
tion process and accelerates reaction kinetics (Figure 2c). Sub-
sequently, considering the utility of electrochemical impedance
spectroscopy (EIS) as a valuable tool for investigating electrocat-
alytic reaction kinetics and electrode/electrolyte interface charac-
teristics, we conducted EIS measurements on Co;0,, MgCo,O,,
and CoAl,O, under identical applied potentials to further elu-
cidate the active site of CER. The Nyquist plots in Figure 2d,
demonstrate that the charge transfer resistance (R,,) of the three
samples follows the order MgCo, O, =~ Co;0,< CoAl,O,. This ob-
servation suggests that both Co,;0, and MgCo,0, with a Co**,,
structure exhibit smaller R, values compared to CoAl,O, with a
Co?*y structure only. In other words, the presence of Co**, in
spinel facilitates electron and ion transfer during the CER pro-
cess. Likewise, the exceptional intrinsic CER activity of Co**,
was further supported by its superior electrochemical surface
area (ECSA). As illustrated in (Figure S3, Supporting Informa-
tion), the electrochemical double layer capacitance (Cy) values
of Co,;0,, MgCo,0,, and CoAl,0, were 11.45, 11.24, and 0.96
mF cm~2, respectively. This indicates that all three catalysts ex-
hibit comparable ECSAs. Similarly, Co,0, and MgCo, O, exhibit
higher CER activities than CoAl, O, in 0.6 M NaCl solution, which
provides compelling evidence that the Co**,, site is the primary
active site for CER. Therefore, these findings unveil the different
contributions of varying types of cobalt sites to CER.

It is worth noting that the catalytic activities of all three materi-
als (Co;0,4, MgCo,0,, CoAl,0,) toward BrER were further exam-
ined. As illustrated in Figure 2e, both Co;0, and MgCo,0,, ex-
hibit slightly superior electrocatalytic performance toward BrER
compared to CoAl,O,. Specifically, an overpotential of 334, 353,
and 330 mV is required for achieving a current density of 10 mA
cm~2 for Co;0,, CoAl,O,, and MgCo,O,, respectively. In contrast
to CER, the electrocatalytic performance is primarily determined
by the Co**y, sites rather than other sites. In the case of BrER,
both Co**, and Co?*y sites exhibit favorable catalytic activity;
however, the Co**, sites demonstrate superior activity in BrER
compared to the Co?* sites (Figure 2f). Additionally, both Co,0,
and MgCo, O, samples exhibit slightly lower Tafel slops than that
of CoAl,O, (inset of Figure 2e). This result further indicates that
Co’*,;, possesses higher BrER activity than that of Co?*yy sites.

As demonstrated above, the octahedral Co** sites in spinel
oxides have been shown to function as catalytic active sites for
both CER and BrER. Therefore, increased exposure to these sites
could potentially enhance the electrocatalytic activity for halogen
evolution reaction.[3% Fortunately, the regulation of specific
sites’ exposure can be achieved by manipulating the atomic struc-
ture of spinel oxides. In comparison to Mg?* and Co?*, which
occupy octahedral Co?* sites in spinel oxides, Cu®* emerges
as a promising candidate for occupying tetrahedral sites due
to its distinctive electronic structure (3d°4s').[2°] Consequently,
the spinel oxides of CuCo,O, were further designed to validate
this hypothesis. As illustrated in Figure 3a, the binding energy
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of Co 2p;, to Co**;, exhibits an upward shift with Cu doping,
indicating that the incorporation of Cu dopants effectively
modulates the electronic structure of Co**, .13} Therefore, the
main role of Cu doping is to enhance the CER activity of Co** ..
Subsequently, the transmission electron microscopy (TEM)
image reveals the presence of numerous nanoparticles in the
CuCo,0, nanomaterials (Figure 3b,c). The high-resolution TEM
(HRTEM) image reveals that the interplanar spacing for such
nanoparticle was determined as 0.24 nm, which corresponds
to the (311) plane of CuCo,O, (Figure 3d). More importantly,
this is corroborated by the fact that the highest intensity of
XRD peaks is found at the (311) surface (Figure S4, Supporting
Information).32* Furthermore, the scanning TEM (STEM)
and energy dispersive X-ray (EDX) elemental mapping images
(Figure 3e—i) provide further evidence of the homogenous
distribution of copper, cobalt, and oxygen elements.

Additionally, the CER activity was further evaluated and com-
pared with that of commercially available RuO, in 0.6 M NaCl
electrolyte at room temperature. As evidenced by the LSV curves
in Figure 4a, CuCo,O, exhibits a rapid initiation with a pro-
nounced surge in the anodic current density. In detail, to at-
tain a current density of 10 mA cm~2, CuCo,O, only needs an
overpotential of 24 mV, exhibiting a Tafel slope 71.1 mV dec™,
significantly lower than that observed for the commercial RuO,
(28 mV and 78.5 mV dec™) (Figure 4a,b; Figure S5, Supporting
Information). Furthermore, this value compares favorably with
the behaviors of most Co-based, Pt/Ir/Ru-based CER catalysts re-
ported to date (Figure 4c; Table S1, Supporting Information).3>3]
More importantly, the polarization curves before and after 1000
cyclic voltammetry (CV) cycles are illustrated in Figure 4d. Af-
ter 1000 CV cycles, the polarization curve for CuCo,O, presents
almost no degradation. For comparison, commercial RuO, was
also evaluated under identical conditions (Figure S6, Supporting
Information). Notably, the LSV of RuO, exhibits a negative shift
of ~4 and 49 mV after 1000 CV cycles to achieve current den-
sities of 10 and 100 mA ¢cm~2, indicating a substantial decline
in its performance. Furthermore, chronoamperometry measure-
ment of CuCo, O, was conducted at a potential of 1.65 V (without
iR-correction). Following a 60 h test, the current density showed
negligible degradation, further confirming the good stability of
the CuCo,O, material (Figure 4e). The excellent durability of
CuCo,0, following CER testing was further validated through
analysis of the XRD pattern. As depicted in Figure S7 (Support-
ing Information), no significant discrepancies were observed in
the XRD patterns before and after the stability assessment. It is
noteworthy that the CuCo,O, sample also exhibits superior cat-
alytic activity and stability in terms of BrER compared to Co,0,,
MgCo,0,, and CoAl,O, (Figure 4f; Figures S8 and S9, Support-
ing Information).l%]

3. Conclusion

In summary, we have successfully demonstrated the geometrical
site-dependent catalytic activity of Co,0, spinel oxide for CER
and BrER by incorporating Mg?* and Al** ions into tetrahedral
and octahedral sites, respectively. Our study demonstrated that
the Co**, site functions as the primary active site for CER in
spinel Co;0,. Notably, both Co**;, and Co?*, sites exhibit good
catalytic activity for BrER, but the Co*, sites show superior
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Figure 3. a) Co 2p XPS spectra for CuCo,0, and Co;0,. b,c) TEM and d) HRTEM images of CuCo,O,. e-i) HAADF images and EDX elemental mapping

of Cu, Co, and O of CuCo,0;,.

performance compared to the Co?*; sites. To further enhance
the catalytic activity of the Co**,, site, we substituted inert Cogy**
with Cu?* cations. As anticipated, CuCo, 0O, featuring optimized
Co’*y, sites demonstrate an overpotential of 24 and 330 mV
at a current density of 10 mA ¢cm™? toward CER and BrER,
respectively. More importantly, the CuCo,O, displays a durabil-
ity of over 60 h for CER. Therefore, this work emphasizes the
importance of the geometrical site configuration in spinel Co;0,
for electrochemical halogen evolution reactions. These findings
present a promising avenue for integrating renewable electricity
derived from solar or wind, as earth-abundant spine oxide
electrocatalysts pave the way toward the environmental-friendly
and cost-effective generation of Cl,, Br,, HCIO,, NaClO,, and
other compounds crucial for wastewater treatment, chemical
synthesis, and other significant applications in the future.

Adv. Sustainable Syst. 2024, 2400551 2400551 (5 of 7)

4. Experimental Section

Synthesis of Co30,4: The synthesis of Co;O,4 was successfully accom-
plished using the previously reported method.[?*] Initially, two solutions
were prepared: one containing 0.04 mol of Na,CO; and the other
containing 0.02 mol of Co(NO;),. Subsequently, the two solutions were
combined in equal proportions and transferred into a beaker, followed by
vigorous stirring. The aforementioned mixture (30 mL) was subsequently
transferred to a 50 mL polytetrafluoroethylene reactor and subjected to
thermal treatment at 100 °C for 24 h. Upon completion of the reaction,
the product was washed thrice with high-purity water and then dried
at 60 °C for 10 h. Finally, the precursor underwent annealing in an air
environment at 350 °C for a period of 2 h, aiming to obtain the Co;0,
sample. Similarly, MgCo,0,, CoAl,0,, and CuCo,0, were synthesized
using analogous procedures.

Characterization: XRD was conducted using a Shimadzu XRD-6100
diffractometer equipped with Cu Ka radiation (4 = 0.15418 nm). XPS
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Figure 4. (a) The LSV curves of MgCo,0,, Co30,4, CoAl,0,, CuCo,0,, and RuO, in 0.6 m NaCl solution. b) Overpotentials of MgCo,0O,4, Co30,,
CoAl,0,, CuCo,0y4, and RuO, at different current densities. c) Comparison of overpotential with different representative catalysts. d) Polarization
curves were recorded before and after 1000 CV cycles for CuCo,O,. e) Time-dependent current density curves for MgCo,O,, Co30,, and CuCo,O,4 were
measured at potentials in 0.6 M NaCl solution(without iR-correction). f) LSV curves of RuO, and CuCo,O4 at 0.6 M KBr solution.

analysis was conducted using a Thermo Scientific K-Alpha XPS spectrom-
eter equipped with a monochromatic Al Ka source (hv = 1486.6 eV).
TEM and corresponding EDX elemental mapping images were observed
on a Titan G2 60-300 electron microscope equipped with an EDX
spectrometer. The operating voltage was set to 300 kV.

Electrochemical Measurement: A catalyst ink was prepared and applied
to a 3 mm diameter glassy carbon electrode for testing as a CER or BrER
working electrode. Specifically, 5 mg of catalyst was dispersed in a mixture
comprising 0.2 mL of water, 0.44 mL of isopropanol, and 10 pl of a 5%
Nafion solution. This mixture was then sonicated for half an hour to form
the catalyst ink, which was then applied in three coats to the pre-polished
glassy carbon electrode. After air-drying, the catalyst loading was ~0.82
+0.03 mg cm™2.

All electrochemical performance tests were conducted on an electro-
chemical workstation (CHI 660E, CH Instrument, Shanghai Chenhua,
China). The experimental setup employed a three-electrode system, con-
sisting of a graphite rod and an Ag/AgCl electrode employed as the counter
and reference electrode, respectively. The CER and BrER performances of
the catalysts were investigated in 0.6 m NaCl (pH 4.97) and 0.6 m KBr
(pH 5. 23) (Figure S1, Supporting Information), respectively. All electro-
chemical measurements were carried out at room temperature (~25 °C).
The potentials were converted to a reversible hydrogen electrode (RHE)
reference scale using the following equation.

RTIn 10
Eversus RHE = Eversus Ag/AgCl +0.197V + <T> pH ()]

where R represents the gas constant (8.314 ] K™ mol™'). T denotes the
temperature in Kelvin (K). F is the Faraday constant (96 485 C mol™"),
respectively. The equilibrium potential of CER (Ecgg) can be obtained by
employing the Nernst equation, which incorporates factors such as tem-
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perature, chloride ion activity, and chlorine gas partial pressure.

Ecer (T, @ (Cly), a (CI7)) versus RHE = E(C)ER

_(R—FT)lna(cr)+(g>|na(dz)+(RT'F”m)pH )

where E°cgg represents the equilibrium potential of the CER under stan-
dard conditions (E°cgg = 1.358 V vs standard hydrogen electrode (SHE)),
a(Cl,) was assumed to be 0.01, and a (CI~) was determined to be 0.6 based
on the experimental conditions.[”!

The equilibrium potential in the system was determined to be 1.6 V
versus RHE, while the geometric current density of 10 mA cm™2 was
employed for comparative analysis of overpotentials. EIS was performed
using an AC voltage with an amplitude of 5 mV and a frequency range
spanning from 10° to 0.1 Hz. Chronoamperometric current measure-
ments were employed for long-term durability experiments. Accelerated
durability tests of the catalysts were performed in a solution containing
0.6 M NaCl at room temperature by applying potential cycling between
0.8 and 1.4 V versus Ag/AgCl at a scan rate of 100 mV s~ for a total of
1000 cycles. All presented data were adjusted for RHE using iR compen-
sation, where i represents the current and R denotes the uncompensated
electrolyte ohmic resistance measured via EIS.13842]

ECSA was investigated through measurements of electrochemical Cy,.
CV measurements were employed to analyze the electrochemical Cy,
within the range of 0.75-0.95 V relative to the RHE, excluding Faraday cur-
rent and with a scan rate of 20 to 120 mV s~'. The values of the fitted
slopes were plotted as Cy by graphing the half difference between anodic
and cathodic scanning current densities at a fixed potential (Aj/2) against
the scan rate.[43-46]
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