Topics in Catalysis
https://doi.org/10.1007/511244-021-01530-0

ORIGINAL PAPER

=

Check for
updates

Promotion of Oxygen Evolution Activity of Co-Based Nanocomposites

by Introducing Fe3* lons
Xue Bai' - Jingqi Guan'

Accepted: 2 November 2021

© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Improvement of the catalytic performance of oxygen evolution reaction (OER) is the key to the large-scale implementation
of water electrolysis. Here, we report an efficient strategy to improve the OER activity of Co-based nanocomposite cata-
lysts by adding Fe** ions into the electrolyte. The overpotential of cobalt tartrate annealed at 700 °C can be decreased from
360 to 329 mV by introducing 20 ppm Fe®* into the alkaline electrolyte. Electrochemical measurements indicate that the
introduction of Fe®* can generate more efficient active sites by cooperation with Co species and promote OER kinetics, thus

improving electrocatalytic performance.
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1 Introduction

Accelerated consumption of fossil fuels accompanied by
releasing vast quantities of carbon dioxide into the atmos-
phere, resulting in serious environmental degradation,
which forces us to seek renewable and eco-friendly energy
resources to replace the fossil fuels [1]. Hydrogen is one
of the eco-friendly renewable energy carriers, which was
mainly produced by oil cracking, natural gas reformation,
and water electrolysis [2, 3]. Water splitting powered by
renewable electricity resources provides one of the best
methods for generating renewable and eco-friendly high-
purity hydrogen [4]. However, high overpotentials required
to initiate water electrolysis at appropriate rates with low
power efficiency are the main issues for industrial brine elec-
trolysis [5]. Therefore, it is urgently needed to develop high-
efficiency catalysts to facilitate the sluggish oxygen evolu-
tion reaction (OER) and to improve energy efficiency [6].
Transition metal cobalt-based oxides and (oxy)hydroxides
provide many interesting properties such as good electri-
cal conductivity, excellent stability, and inexpensive avail-
ability for their facile synthesis [7]. Owing to their novel
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structural and physicochemical characteristics, cobalt oxide-
based catalysts have been widely used for the OER [8, 9].
For instance, Markovic et al. [10] found that the trend in
OER reactivity on 3d-M hydr(oxy)oxides was followed: Ni
> Co > Fe > Mn. Wang et al. [11] created oxygen vacancies
on Co;0, surface by a plasma engraving strategy, which
exhibited an overpotential (n,,) of 300 mV at 10 mA cm ™2,
smaller than that on commercial Co;0,. Cao et al. [12] cre-
ated in situ CoO, species on the surface of Co metal, which
showed an n;, of 289 mV. For cobalt oxide-based catalysts,
the 1, can be reduced by 50 mV with increasing in surface
area by one order of magnitude [13].

Although cobalt oxide-based catalysts show good OER
activity in alkaline media, they still exhibit inferior activ-
ity than iridium oxide-based catalysts [14]. Fe-doping is a
very efficient strategy to enhance the electrocatalytic OER
performance. For example, Wang et al. [15] found that
a-Co,Fe(OH), nanosheets needed an n;, of 295 mV. Zhu
et al. [16] synthesized ultrathin FeCoO, nanosheets, show-
ing an n;, of 350 mV. Yeo et al. [17] found that the n;, of
CoO, decrease from 378 to 309 mV with the addition of
Fe* into the alkaline electrolyte. By in situ X-ray absorp-
tion fine structure spectra, they proposed that Fe and Co sites
might not be the active sites since their valence states did not
change during OER, but the adsorbed Fe with O-vacancies
should be the actual active centers since the coordination
number of Fe-O decreased after Fe** ions were adsorbed
onto the surface of CoO,. Theoretical studies revealed that
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the theoretical overpotential of Fe-doped a-Co(OH), was
smaller than pristine a-Co(OH), [15].

Although there are many reports about metal—organic
framework-derived catalysts for OER, there are seldom
studies about tartrate-derived carbon-based nanomaterials
for OER and it is still not very clear how the OER activity
of CoO, was improved by introducing Fe** ions. Herein, we
report superior OER electrocatalysts based on pyrolysis of
cobalt tartrate. Inspired by the adsorption of Fe** ions onto
the surface of CoO, and a cooperation mechanism between
Fe and Co during OER, we introduced a small quantity of
Fe** into the electrolyte, and found that the OER activity can
be significantly improved due to enhanced active sites and
improved OER kinetics.

2 Experimental
2.1 Materials

Cobaltous chloride, ferric nitrate, tartaric acid, KOH, and
N,N-dimethylformamide were s purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). N, (99.99 %)
was purchased from Juyang Gas (Changchun, China).

2.2 Catalyst Preparation

We developed a solvothermal method to prepare cobalt tar-
trate (Co-TA). Typically, 0.75 mmol cobaltous chloride and
2.0 mmol tartaric acid were dissolved in 40 mL N,N-dimeth-
ylformamide, which was transferred into 50 mL Teflon auto-
clave and heated at 110 °C for 24 h. The obtained solid was
annealed in N, at different temperatures for 2 h, which was
named as CoO, @C-T (T = 600, 700, 800, and 900 °C).

2.3 Physicochemical Characterization

The phase of the catalysts was identified by XRD with Cu
Ko radiation (A=1.5418 10\). Scanning electron microscope
(SEM) images were taken on a HITACHI SU8020 operated
at 30 kV. The XPS analysis was carried out on a Thermo
ESCALAB 250Xi. The C 1s peak position was selected at
284.6 eV.

2.4 Electrochemical Characterization

Electrochemical measurements were performed a three-
electrode system (CHI. 760E). The as-obtained samples,
saturated calomel electrode (SCE), and Pt sheet were used as
the working electrode, reference electrode, and counter elec-
trode, respectively. For OER measurement, the electrolytes
included Fe-free 1.0 M KOH and 20 ppm Fe**-containing
1.0 M KOH (Fe source: ferric nitrate). In all measurements,
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the SCE was calibrated with respect to RHE according to
the formula: E (RHE) = E (SCE) + 0.241 + 0.0591 pH.
LSV curves were conducted with 90 % iR-compensation.
The EIS measurements were investigated in the frequency
from 100 kHz to 0.1 Hz.

3 Results and Discussion
3.1 Structural and Morphology Characterization

The structure of CoO,@C-T was analyzed by XRD. As
exhibited in Fig. 1a, carbon (20=44.3 and 51.6°; PDF#80-
0017), cobalt (26=41.7, 44.8, 47.6, and 62.7°; PDF#05-
0727), and Co;0, (20=38.5, 44.8, and 65.2°; PDF#42-1467)
are the main species. According to Debye—Sherrer equation,
the average particle size of CoO,@C-600, CoO,@C-700,
Co0O, @C-800, and CoO,@C-900 is 32.5, 34.2, 37.6, and
42.1 nm, respectively. SEM image of CoO,@C-700 shows
that irregular globular nanoparticles are formed (Fig. 1b).
Element distribution in the CoO, @C-700 is confirmed by
STEM coupled energy-dispersive X-ray spectroscopy (EDS)
element mapping (Fig. 2¢ and f), showing that C, O, and
Co atoms are uniformly dispersed. The average elemen-
tal content of C, O, and Co is 75.4 mol%, 12.9 mol%, and
11.7 mol%, respectively. Combined with XRD analysis, the
metal cobalt should be coated by carbon and Co;0, shells.

The surface compositions and chemical state of Co in the
Co0O, @C-700 are characterized by XPS. Figure 2a exhibits
that the CoO, @C-700 mainly contains C, O, and Co ele-
ments. The C 1s spectrum shows two characteristic peaks
located at 284.6 eV and 285.6 eV, which can be assigned as
C-C and C-O bonding, respectively (Fig. 2b). The Co 2p;,
peak can be deconvoluted into three peaks at 778.6, 779.8,
and 781.4 eV, attributed to Co’, Co®* and Co®™, respectively
(Fig. 2¢) [18, 19]. The fitted XPS spectrum of C 1s shows
three characteristic peaks centered at 529.9, 531.5, and
532.9 eV, assigned to Co-0, defective O sites, and —OH,
respectively (Fig. 2d) [20-23].

3.2 OER Performance

The OER activity of CoO, @C-T was first assessed in 1.0 M
KOH. As revealed in Fig. 3a, CoO,@C-700 exhibits an
overpotential (n;,) of 360 mV at 10 mA cm™2, smaller than
Co0,@C-600 (395 mV), CoO,@C-800 (374 mV), and
Co0,@C-900 (422 mV). The CoO, @C samples annealed
at 600-900 °C show a similar Tafel slope (Fig. 3b), indicat-
ing that they have the same reaction path for OER. Com-
pared with CoO, @C-600, CoO, @C-800, and CoO, @C-900,
the enhanced OER activity of CoO, @C-700 is due to more
electrochemical active sites since the linear slope
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Fig. 1 a XRD patterns of CoO,@C-T and reference samples. b SEM image of CoO,@C-700. ¢ SEM image of CoO,@C-700 used in the EDS
mapping test, and d—f the corresponding EDS mapping of C, O, and Co, respectively
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Co0, @C-700 is 16.3 mF cm ™2 (Fig. 3c and d), larger than
Co0,@C-600 (1.3 mF cm™?), CoO, @C-800 (9.4 mF cm™?),
and CoO, @C-900 (4.8 mF cm™?).

The OER activity of CoO,@C-T was further assessed
in 1.0 M KOH with 20 ppm Fe**. To eliminate the error
due to operation, the glassy carbon electrodes coated
with CoO, @C-T electrocatalysts after the OER measure-
ment in 1.0 M KOH without Fe** were directly reused
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for the OER test in 1.0 M KOH with 20 ppm Fe**. By
control experiment, we found that the concentration of
Fe’* (from 5 to 30 ppm) has no significant influence on
the OER activity of CoO, @C-700. As depicted in Fig. 4a,
the 1, for CoO, @C-600, CoO,@C-700, CoO, @C-800,
and CoO,@C-900 is 370, 329, 331, and 333 mV, respec-
tively. Compared with that in 1.0 M KOH without Fe3*,
the OER activity of CoO,@C-T in 1.0 M KOH with Fe**
is significantly improved, which can be compared with
those reported in previous studies (Table 1). In addition,
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Fig.3 a LSV curves. b Tafel slopes. ¢ CV curves of CoO,@C-700 and d capacitive j vs. scan rate

the Tafel slope of CoO,@C-700 is only 47 mV dec™!
(Fig. 4b), like those of CoO, @C-800 and CoO,@C-900,
indicating the same OER mechanism on these catalysts.
Moreover, the CoO,@C-T in 1.0 M KOH with Fe** show
much smaller Tafel slopes than those in 1.0 M KOH with-
out Fe*, suggesting that Fe and Co ions catalyze syner-
gistically the OER. Furthermore, the linear slopes of Aj
against the scan rates for the CoO,@C-T in 1.0 M KOH
with Fe** is greatly larger than those 1.0 M KOH without

Fe**, suggesting enhanced electrochemical surface area
(Fig. 4c and d). Since the electrodes in 1.0 M KOH with
and without Fe3* are the same, the capacitance should be
approximately the same. The enhanced electrochemical
surface area should be attributed to the increased active
sites, further testifying that both Fe and Co ions participate
in the OER. Additionally, the introduction of Fe>* not only
increases the number of active sites, but also improves
the charge transfer as illustrated in Fig. 5, which favors
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Fig.4 a LSV curves in 1.0 M KOH with 20 ppm Fe**. b Tafel slopes. ¢ CV curves of CoO,@C-700 in 1.0 M KOH with 20 ppm Fe** and

d capacitive j vs. scan rate

promotion of OER kinetics. Therefore, we propose that Fe
and Co ions are the active sites for efficient OER.

The durability of CoO, @C-700 was evaluated in 1.0 M
KOH with Fe?*. The multiple current steps of chrono-
potentiometry measurements show that the overpotential
rapidly levels out and remains constant for the following
500 s when the current density is increased from 10 to
100 mA cm™2 (Fig. 6a). Moreover, there is no attenuation
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in the current density remained during 25 h at a constant
potential of 1.56 V (Fig. 6b). The CoO, @C-700 after sta-
bility test was analyzed by XRD, SEM, and XPS. From
Fig. 7a, the structure of CoO,@C-700 after OER test
keeps unchanged. From Fig. 7b, the morphology of the
CoO, @C-700 after O, evolution was maintained constant.
As demonstrated in Fig. 8a, besides C, O, and Co ele-
ments, K and Fe are also detected due to the absorption
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Table 1 Comparison of OER performance of CoFe-based electro-
catalysts

Catalyst Electrolyte 1, (mV) Tafel slope References
(mV dec™)
Co0O,@C-700 1.0M KOH 329 47 This work
adsorbed with
Fe3+
a-Co,Fe(OH), 1.0OMKOH 295 52 [15]
Fe-Co;0, 1.0M KOH 280 55 [24]
CoFeS 1.0M KOH 290 53 [25]
Fe-Co-P 1.0OMKOH 269 31 [26]
CFO1 1.0M KOH 304 38 [27]
CoFe,0, 1.0OMKOH 378 55 [28]
Coy 54Fe4sOOH 1.0 M KOH 390 47 [29]
FeCoS 1.0M KOH 300 56 [30]
CoFe-CDs 1.0M KOH 308 61 [31]
Vo-(Co, Fe);0,/  1.0MKOH 286 41 [32]
CcC
CoFe/NF 1.0M KOH 220 40 [33]
Fe-C03;0,-0.6% 0.1 MKOH 410 78 [34]
a
15+ —
I
i 7 .
£
210 /
E - ]
= /'/
() »
g '
Nl 5 B ’.'. .. 0009, o,
L K
H Y —=— 1 M KOH without Fe**
3 —e— 1 M KOH with Fe**
0 : ;
0 10 20 30

Z’ (ohm cm?)

on the surface. The Fe is mainly in the existence of Fe3*
(Fig. 8b). After OER electrocatalysis, the relative content
of Co** is increased (Fig. 8c). Moreover, the relative con-
tent of defective oxygen sites is also enhanced due to the
lattice oxygen involving in the reaction (Fig. 8d).

4 Conclusions

In summary, we have fabricated Co-based nanocomposite
catalysts by a facile annealing method using a Co-based
complex as the precursor. The obtained CoO,@C-700
catalyst showed good OER activity with an n;, of 360
mV in Fe-free alkaline solution. The overpotential can be
decreased to 329 mV in Fe**-containing KOH solution.
The introduction of Fe>* can cooperate with Co species
to create more active sites and can accelerate the charge
transfer ability to improve the OER performance. In addi-
tion, the CoO,@C-700 exhibited excellent OER stability
in the Fe**-containing KOH solution. The Fe**-doping
approach described in this work may be applicable to
actual water splitting system.

Fig.5 a Nyquist plots of the EIS test for CoO,@C-700 in 1.0 M KOH with and without Fe**. b The equivalent circuit used for fitting the

Nyquist plots
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