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ABSTRACT: The surface engineering has been testified to be an effective strategy for
optimizing oxygen evolution reaction (OER) activity. Nevertheless, many of these
techniques involve complex and multiple synthesis process, which leads to potential
safety hazards, raises the cost of production, and hinders the scaled-up application.
Herein, a facile strategy (i.e., quenching with lanthanum nitrate cold salt solution) was
adopted to fabricate the surface of Co3;0; grown on nickel foam, and boost the
electrocatalytic performance for OER. Analyses of the experimental results show that the
surface engineering strategy can induce many defects on the surface of Co30;,, including
microcracks and oxygen vacancies, which provides more active sites for
electrochemical reaction. Consequently, the treated sample exhibits significantly
improved OER electrocatalytic activity, requiring only 311 mV to deliver 100 mA-cm~2 for
OER in alkaline solution. This work highlights the feasibility of designing advanced
electrocatalysts towards OER via quenching and extends the use of quenching
chemistry in catalysis.
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environmental crises originating from the excessive
exploitation of fossil fuels have driven people to explore
new alternative energy resources. Thereinto, hydrogen
energy is recognized as an ideal fuel alternative in the
future because of its high energy density and zero carbon
emission [1-3]. Among various techniques suggested for
facilitated by
sustainable and eco-friendly power sources including

hydrogen generation, water splitting,

wind and solar power, stands out as one of the cleanest
[4-6].
electrolysis process consists of a cathodic hydrogen

and most convenient approaches The water
evolution reaction (HER) [7] and an anodic oxygen
evolution reaction (OER) [8].
multiple proton coupling and electron transfer processes,

Since OER involves

and the water
[9-10]. It is
indispensable to introduce electrocatalysts towards OER

the reaction kinetics are impeded,

decomposition efficiency is lowered
to expedite the reaction kinetics during water electrolysis.
Currently, OER electrocatalysts derived from noble metal-
based oxides (e.g., RuO, and IrO,) are recognized for
their superior efficacy, but their limited availability and
high economic costs pose significant challenges to their
broader implementation in the industrial domain [11-13].
Consequently, considerable resources have been invested
in the research and development of non-precious catalysts.

Spinel-structured oxides of AB,O4 (A, B = metal),
where AZ' ions are typically positioned within the
tetrahedron sites (Atgq) and B3" ions are housed in the
octahedron sites (Bon), have been increasingly recognized
as cost-effective electrocatalysts due to their earth-
abundant characteristics, anticorrosion stability, and rich
redox properties [14—15]. Particularly, as a prototypical
Co304 has
significant attention for its excellent OER electrocatalytic

spinel oxide electrocatalyst, garnered
activity and electrochemical stability in alkaline media
[16—17]. Unfortunately, the scarcity of active sites and the
intrinsically low electrical conductivity greatly restrict the
electrocatalytic behavior for Co3;0O4 during the OER
process, resulting in unsatisfactory activity. To address
these issues, many strategies have been tried out and
adopted by scholars [18-22].

Surface engineering has been considered an effective
strategy. By regulating the surface morphology and
composition of electrocatalysts, the electrochemical
performance is optimized. To date, several surface
engineering techniques have been reported, including
plasma treatment, electrochemical deposition (ECD),

atomic layer deposition (ALD), nitridation/sulfidation/

phosphorization treatment, and alkali-etching treatment
[23-25]. However, many of these techniques involve
complex and multiple synthesis processes, or potential
safety hazards, which increase the cost of production and
obstruct the [26].
originally applied to the steel manufacturing process,

scale-up application Quenching,
involves calcining the material at a specific temperature
and cooling it rapidly in quenching medium [27-28]. The
temperature plunge preserves lots of ion disorders and
vacancies from high temperature to room temperature,
producing many microcracks caused by unevenly thermal
stress, which increases the number of electrocatalytic
active sites. Therefore, quenching is an effective strategy
for introducing surface defects on electrocatalysts.
Additionally, since the element with distinct atomic radius
difference is prone to incur distortions when doped into
lattice, doping with rare-earth elements (REEs) is also
expected to easily generate defects on the surface of
CO304.

Herein, we treated the surface of Co3O4 grown on
nickel foam (NF) through quenching with lanthanum
nitrate cold salt solution. The treated sample evidently
exhibited promoted OER electrocatalytic activity and
good stability, requiring only 311 mV to deliver
100 mA-cm 2 for OER in alkaline solution. On the basis
of experimental analysis, the origin of the enhanced OER
activity is further expounded.

2 Experimental

2.1 Materials

All chemical reagents in this study were used as received
without further purification. NF was purchased from
Jiangsu Kunshan Jiayisheng Electronics Co., Ltd., cobalt
nitrate (Co(NO3),-6H,0), ammonium fluoride (NH4F),
urea (CH4N,0), and lanthanum nitrate (La(NOs3);-6H,0)
were from Shanghai Macklin Biochemical Co., Ltd.,
while anhydrous ethanol was from Hangzhou Shuanglin
Chemical Reagent Co., Ltd. High-purity deionized water
(DIW) used in this work was obtained through a
laboratory-grade water purification
manufactured by Shanghai Hetai Co., Ltd.

apparatus

2.2 Synthesis of electrocatalysts

The process performed to prepare quenched Co3O4 is
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illustrated in Scheme 1. NF was firstly cut into standard
sizes of 1 cm % 3 cm and sonicated in dilute hydrochloric
acid for 20 min to remove surface oxides. Then, NF was
sonically cleaned alternatively with DIW and ethanol,
each for a duration of 20 min, and kept in a vacuum oven
at 60 °C for 8 h to ensure drying completely. Afterwards,
Co(NO3),-6H,O (1.5 mmol), NH4F (3 mmol), and
CH4N,O (5 mmol) were dissolved in DIW (15 mL)
followed by stirring vigorously for 30 min to obtain a
uniform solution which was transferred together with a
clean piece of NF into a 25 mL polytetrafluoroethylene
(PTFE) lining. The liner was subsequently placed in a
stainless-steel autoclave and heated to 120 °C in an oven
for 12 h. After reaction, the nanowire array precursor
grown directly on NF was removed and washed
thoroughly several times alternately with DIW and
ethanol, placed into a vacuum drying oven at 60 °C for
8 h, and further heated to 350 °C at a rate of 2 °C-min~!
under air atmosphere for 2 h. Immediately after the

calcination, one sample was put into 1mol-L™!
La(NOs);-6H,O solution at 0 °C for quenching
experiments. For comparison, under the same

experimental conditions, one set of samples prepared was
naturally cooled in air, while another set of samples
prepared was cooled in ice water at 0 °C. To facilitate the
description, hereafter the air-cooled sample will be
referred to as Co30y, the ice water-quenched sample as
Co0304-Q, and the cold salt solution-quenched sample as
C03O4—Q—La.

2.3 Material characterizations
X-ray diffraction (XRD) patterns were obtained using a

Rigaku D/max 2500 instrument equipped with the Cu Ka
(A = 1.5418 A) radiation source. Field emission scanning

Calcination

Hydrothermal

electron microscopy (FESEM) images were obtained

using a Zeiss Sigma 300 microscope (Germany).
Transmission electron microscopy (TEM) images were
obtained using a JEOL-2010F system. Composition
mappings were ascertained through energy dispersive X-
the TEM

instrument. The chemical composition at the sample

ray spectroscopy (EDX) conducted on

surface was characterized through X-ray photoelectron
spectroscopy (XPS) using an Escalab 250Xi XPS
spectrometer (Thermo Fisher Scientific, USA), and the
XPS spectrum was calibrated with standard C 1s peaks to
determine precise energy level positions. Electron
paramagnetic resonance (EPR) spectra were measured

using a Bruker EMX-Plus instrument (Bruker, Germany).
2.4 Electrochemical measurements

Electrochemical tests were conducted at room temperature
using a typical three-electrode configuration on the
CHI760D electrochemical workstation. An Ag/AgCl
electrode with saturated KCIl solution served as the
reference electrode while a graphite rod functioned as the
counter electrode. The prepared electrocatalysts on NF
were cut into size 1 cm X 1cm, directly used as the
working electrode for electrochemical measurements.
Tests were carried out in 1 mol-L~! KOH electrolyte, and
all potentials are converted to the reversible hydrogen
electrode (RHE) scale according to Eq. (1) as follows:

ERHE=EAg/agc1t0.059 X pH+Epg/agcr (PH=14) (1)

where Eagagcl is the experimentally measured potential
vs. Ag/AgCl and E°agagci is 0.197 V at 25 °C. The
potential values provided along the text are referenced
against RHE unless otherwise stated.

Before linear sweep voltammetry (LSV) and cyclic

Defect

g .

=

Quenching by cold salt solution

Scheme 1 Schematic illustration for the preparation process of Co304-Q-La.
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voltammetry (CV) measurements on samples, the
performance stability of the working electrode was
ensured through a CV test at a scan rate of 100 mV-s™!.
The LSV curves were measured at a scan rate of
5mV-s7!, and the IR compensation was performed to
correct the potential drop caused by the solution Ohm
resistance. The Tafel slope is calculated using the LSV
curve recorded above, according to the Tafel equation

which is as follows:

n=a+blog|J] )

where n is the overpotential, a is the cathode intercept
related to the exchange current density, b is the slope, and
J is the current density. The double-layer capacitance (Cgq;)
was deduced from the analysis of the CV curve. The
measured potential range is from 0.83 to 1.03V (vs.
RHE), and the scan rate is from 20 to 60 mV-sl.
Electrochemical impedance spectroscopy (EIS) was
further carried out in the frequency range from 0.01 Hz to
100 kHz at a potential of 1.53 V (vs. RHE) with the
amplitude of 5mV. The stability of the electrode was
evaluated through long-term CV cycling, which was
performed for 1000 cycles, and chronopotentiometry,
which was conducted at a current density of 60 mA-cm2

for over 35 h.

3 Results and discussion

3.1 Microstructural characterizations

FESEM and TEM were first carried out to observe and
discuss the impact of quenching on morphologies of
Co304 series samples. Figures 1(a) and 1(b) depict SEM
images of Co304 cooled in air, where the uniformly
arranged nano-needle structure coat the surface of NF. In
comparison, the images of Co304-Q quenched in ice water
(Fig. S1 (included by ESM of Appendix)) and Co3;04-Q-
La (Figs. 1(c) and 1(d)) quenched in cold solution show
different clustered array structures. This is caused by the
cold shrinkage of samples during rapid cooling, which
enables the nano-needle structure to be retained after
Further,
information was obtained through TEM. Identical to the

quenching. more detailed microstructure
morphology results observed via SEM, the TEM image
(Fig. 1(e)) of Co0304 cooled in air demonstrates a
relatively smooth and flat surface for the needle structure.

However, the quenched surface of Co3;04-Q-La presents a

jagged structure consisting of many nanoparticles
(Fig. 1(f)), which may result from the microcrack effect
induced by the uneven thermal stress during quenching.
The porous nanowire structure would facilitate the
exposure of more active sites and the faster charge
exchange between the electrode and the electrolyte,
leading to improved electrochemical performance [29].

The crystal structures of Co30O4 series samples were
characterized and studied through XRD, as depicted in
Fig. 1(g). Three distinct diffraction peaks at nearly 44.5°,
51.8°, and 76.4° are attributable to crystallographic planes
of (111),(200),and (2 2 0) within the Ni metal (JCPDS
No. 04-0850), respectively, whereas other visible
diffraction peaks are assigned to cubic Co304 (JCPDS No.
42-1467). Except for those observed in NF and Co0304, no
additional diffraction peaks were detected in Co3Oj series
samples, ruling out the possibility of the generation of the
discrete secondary phase during quenching. To further
study the crystal structure of the treated sample, the high-
resolution TEM (HRTEM) image for Co304-Q-La is
supplied in Fig. 1(h). The observed interplanar spacing of
0.24 nm corresponds to the (3 1 1) plane lattice of Co304,
matching well with the XRD result. Furthermore, the
elemental mappings (Fig. 1(i)) of La, Co, and O suggest
that the La element is successfully doped onto the surface
of Co304 through quenching with the lanthanum nitrate
cold salt solution [30].

3.2 Electrocatalytic performance

To gain insights into the effects of quenching with
lanthanum nitrate cold salt solution on OER activities, the
OER electrocatalytic performance of Co304 series
samples was measured in 1 mol-L™! KOH solution.
Figure 2(a) depicts with
corresponding overpotential values listed in Table 1. It is

OER polarization curves,

revealed that the Co304-Q-La sample exhibits a low
overpotential of 311 mV at 100 mA-cm™2, significantly
smaller than those of Co0304-Q (337 mV) and Co304
(348 mV). In the corresponding Tafel plots (Fig. 2(b)), the
Tafel slope for Co304-Q-La is 75 mV-dec™!, apparently
lower than those observed for both Co03;04-Q
(137 mV-dec™!) and Co304 (153 mV-dec™). Such results
indicate that the surface treatment through quenching with
lanthanum nitrate cold salt solution can effectively
strengthen the OER reaction kinetics and enhance the
OER electrocatalytic performance. As illustrated in

Fig. 2(c), the double-layer capacitance (Cq) plots of series
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Fig. 1 (a)(b) FESEM images of Co30O4 at low and high magnifications. (¢)(d) FESEM images of Co3;04-Q-La at low and high
magnifications. (e)(f) TEM images of Co3;04 (upper) and Co3;04-Q-La (lower). (g) XRD patterns of a series of Co304 samples.

(h) HRTEM image and (i) EDX mapping images of C0304-Q-La.

samples are depicted, derived from CV curves shown in
Fig. S2 (included by ESM of Appendix) in a non-faradic
potential region under OER measurements. The obtained
Cq values for Co304, C0304-Q, and Co304-Q-La are 79.1,
82.2, and 127.4 mF-cm™2,
Co0304-Q-La possesses the largest electrochemcial surface
area (ECSA) and the most OER active sites, consistent
with its optimal OER electrocatalytic performance. To
distinguish the charge transport ability during the OER

respectively.  Obviously,

process, EIS was conducted. Based on data presented in
Fig. 2(d) and Table 1, the R value of Co304-Q-La is
obtained to be 2.93 Q, which is significantly smaller than
those of Co304-Q (5.75 Q) and Co304 (9.04 Q), indicating
that Co3;04-Q-La exhibits the highest charge transfer
efficiency (CTE) among Co304 series samples.

For the assessment of stability towards OER, long-term
CV cycling and chronopotentiometry tests were executed.
Figure 2(e) illustrates that the polarization curve of
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Fig. 2 (a) OER polarization curves, (b) corresponding Tafel plots, (¢) Nyquist plots, and (d) double-layer capacitance (Cyq)) plots of
Co304 series samples. (e) Cyclic stability test result and (f) chronopotentiometry curve of Co304-Q-La.

Table 1 Electrochemical oxygen evolution parameters for Co3;O4
series samples

Table 2 Comparison of the Co304-Q-La electrocatalyst with other
oxygen evolution electrocatalysts

Sample noo/mV  Tafel slope/(mV-dec™!) Ca/(mF-cm™2) R/Q Sample nioo/mV  Tafel slope/(mV-dec™!) Ref.
Co0304 348 153 79.1 9.04 Co304-Q-La 311 75 This work
C0304-Q 337 137 82.2 5.75 Co,P-Co304/C 322 69.5 [31]
C0304-Q-La 311 75 127.4 2.93 H-Fe;04@FeP@NC 310 41.3 [32]
Note: 77199 refers to the overpotential at 100 mA-cm™2. CuMoO4@Co304 376 87.4 [33]
Mn; ,Co; 304 292 76.3 [34]
NCO@RuO,-NCs 283 74.3 [35]

Co304-Q-La after 1000 CV cycles closely resembles its
initial state. The chronopotentiometry test (Fig. 2(f))
reveals minimal fluctuation or decay of overpotential at
60 mA-cm 2 after continuous testing for 35 h. Both the
long-term CV cycling and the chronoamperometry tests
verify the long-term stability towards OER. Additionally,
the boosted OER electrocatalytic performance is also
those of other spinel-based OER
electrocatalysts, including CoP-Co304/C [31], H-
Fe;04@FeP@NC  [32], CuMoO4@Co30s  [33],
Mn; ,Co; 304 [34], and NCO@RuO,-NCs [35] (see
details in Table 2).

comparable to

3.3 Probing the origin of enhanced OER performance

Why does the treated sample in this work exhibit
improved OER electrocatalytic activity? Firstly, the XPS

analysis was implemented to understand the influence of
quenching on the surface chemical states of Co3O4 series
samples. Figure 3(a) displays the La 3d high-resolution
XPS spectrum, where two peaks located at 835.3 and
838.7eV are assigned to La 3dsp of La3" and the
corresponding satellite peak, respectively [36-37]. This
testifies that the La element is doped on the surface of the
sample, in agreement with the EDX-mapping results
mentioned above. Figure 3(b) depicts Co 2p high-
resolution XPS spectra of Co304 series samples. The
deconvolution of Co 2p spectra reveals that the Co 2p3.
spectrum in Co304 contains two component peaks (Co3"
and Co?") and two shake-up satellite peaks (Sat. 1 and
Sat. 2), where the peaks at 779.6 and 780.8 eV are
specifically assigned to Co3" and Co?", respectively,
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Fig. 3 (a) High-resolution XPS spectrum of La 3d for Co3;04-Q-La.

series samples. (d) EPR spectra for Co3O4 series samples.

while the other peaks located at 782.6 and 787.9 eV are
associated with their satellite peaks [38]. Compared to
Co304, it is observed that there is no obvious shift
between Co 2p peaks for other two samples, indicating
that the La element doping has little influence on the
electronegativity of the Co species [36]. As illustrated in
Fig. 3(c), the O 1s XPS
characterized by three peaks, with one peak of 529.8 eV
attributed to the metal-oxygen bonding (Co—O bonding),
another peak of 531eV assigned to the surface
hydroxides, and a third peak of 531.8 eV attributable to
the surface adsorbed oxygen functional groups [39]. A
comparison of the O 1s spectra of the samples with those
of Co304 reveals an obvious shift of the peaks associated
with the Co—O bond to lower binding energies, suggesting
the increased amount of defects such as oxygen vacancies

spectrum of Co304 is

onto the sample surface.

As a useful technique for detecting oxygen vacancies
and disordered regions, EPR enables a more detailed
evaluation on the effect of quenching on the surface of
Co0304 series samples [40]. As shown in Fig. 3(d), an
obvious EPR signal at g = 2.003 is observed in all Co304
series samples, demonstrating the existence of oxygen

(b) Co 2p,, Co 2p
Ce® Co™ Co 2p,),
A C00:01a

Intensity/a.u.

775 780 785 790 795 800 805 810
Binding energy/eV

d
@ | — Co,0,
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g £=2.003
2z
S
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g value

(b)(c) High-resolution XPS spectra of Co 2p and O 1s for Co304

vacancies. The higher EPR signal intensity signifies the
larger concentration of oxygen vacancies. From Fig. 3(d),
it can be seen that the quenched samples (Co304-Q and
C0304-Q-La) display much stronger resonance signals
than that of the Co3;04 sample, which serves to
underscores the effectiveness of quenching as a strategy to
[41].
Besides, for the two quenched samples, the resonance
signal of Co304-Q-La is stronger than that of Co304-Q,
revealing that the introduction of the La element can

increase defects including oxygen vacancies

further increase the concentration of oxygen vacancies on
the sample surface. It is probably incurred from the large
difference in atomic radii between La ions and Co ions
that creates the lattice distortion. These defects can serve
as active sites for the optimization of the OER
electrocatalytic activity.

On the basis of above experimental analyses, the main
reason for the enhancement in the OER activity can be
summed up as follows: the doping of the La element
promotes the generation of oxygen vacancies, serving as
active sites, on the surface of Co304. Meanwhile,
benefiting from the temperature plunge, the quenched
surface exhibits microcracks, resulting in the exposure of
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more catalytically active sites.

4 Conclusions

In conclusion, we have demonstrated that the surface
treatment through quenching with lanthanum nitrate cold
salt solution can effectively improve the OER activity of
Co304. Experimental analyses suggest that this surface
engineering strategy can induce many defects on the
C0304
vacancies, which provide more active sites for the

surface, including microcracks and oxygen

electrochemical reaction. The treated sample evidently
exhibits promoted OER electrocatalytic activity, requiring
only 311 mV to deliver 100 mA-cm™2 for OER in alkaline
solution. This work highlights the feasibility of designing

advanced electrocatalysts towards OER via quenching and
extends the use of quenching chemistry in catalysis.
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