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ABSTRACT

Rational fabrication of oxygen evolution reaction (OER) electrocatalysts based on earth-abundant ele-
ments is crucial for sustainable energy applications. Although Fe—Co-based (oxy)hydroxides
show excellent catalytic activity for OER, a comprehensive understanding of the role of Fe and Co is still
lacking. Here, we prepared a core—shell Co304@FeOy catalyst with an ultrathin FeOx (<1 nm) coating
onto ultrafine Co304 nanoparticles (~3.1 nm), which exhibit higher OER activity than Fe/Co-based mixed
oxides. The enhanced OER electrocatalytic performance is attributed to the introduction of ultrathin
FeOy, which can (1) combine water molecules to promote the reaction, (2) enhance the charge transfer
ability of Co304, and (3) speed up the diffusion of the reactant water close to the active sites and the
produced oxygen away from the active sites.
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1. Introduction

To relieve environmental pollution from the consumption of
fossil fuels, it is a doable way to convert intermittent energy (e.g.
solar energy, hydroenergy, and wind energy) to electric energy and
then to clean chemical energy (i.e. hydrogen) by electrolysis of
water [1,2]. The electrochemical oxygen evolution reaction (OER) is
the primary anode reaction for water splitting. The development of
more efficient electrolyzers has been hindered by the lack of
abundant, cost-effective, and stable alternatives to the state-of-the-
art catalyst, iridium oxide [3]. Thus, the development of low-cost,
efficient, and durable OER electrocatalysts becomes an unavoid-
able tendency [4].

In recent years, cobalt-based nanomaterials have been testified
as one of the most promising non-precious metal electrocatalysts
due to their high activity for the OER [5]. Various Co-based nano-
composites such as nitrides [6], phosphides [7], sulfides [8], sele-
nides [9,10], oxides [11], and hydroxides [12] show OER activity in
alkaline media. However, although these compounds can catalyze
OER, most of them would transform partially or completely into
(oxy)hydroxides under rigorous oxidizing conditions [9,13]. There-
fore, Co-based mixed oxides have gained much attention for the OER
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in the last few years, especially for Fe—Co-based oxides [14—21]. Yeo
etal. suggested that the improved OER activity of cobalt oxide should
be related to the Fe sites with oxygen vacancies [14]. Zhu and co-
workers also proposed that the improvement of OER activity over
iron—cobalt oxide nanosheets might be attributed to oxygen va-
cancies, which could enhance electronic conductivity and accelerate
the adsorption of water onto adjacent cobalt sites [22]. However,
Boettcher et al. hold different views on the active site of
Co1_xFex(OOH) for the OER [23]. They hypothesized that the efficient
active site should be the iron, while CoOOH only acts as a conductive
parasitifer. Although there are some different views on the active site
of Fe—Co-based (oxy)hydroxides, the synergistic effect between Fe
and Co is generally accepted for the improved OER activity [24].

Generally, most Fe—Co-based (oxy)hydroxides were synthesized
by mixing Fe- and Co-based precursors, which results in difficulty
in identifying efficient active sites for the OER [25]. To better un-
derstand the role of Fe/Co in the OER, it is necessary to spatially
separate them [26]. For instance, Hu et al. found that the OER
performance of a single-atom catalyst Co—N—C-900 can be
improved in a Fe>*-containing KOH solution, and they proposed a
dimeric Co—Fe moiety as the active center [24]. For oxides, different
metal components can be segregated by core—shell nanostructures
[27]. Herein, we fabricated a core—shell catalyst Co304@FeOy with
synergistic interactions between FeOx nanoshells and Cos304
nanoparticles, which shows higher OER activity than the uniformly
dispersed FeCoOx catalyst.
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Fig. 1. (a) TEM image of Co304@FeOy, (b) TEM image of 10%Co304@2%Fe0y/G-110, and (c—d) HRTEM images of 10%Co304@2%FeO/G-110.

500 nm

Fig. 2. (a) SEM image of 10%C0304,@2%FeOx/G-110 and (b—e) the corresponding EDS mapping of C, Co, Fe, and O.
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Fig. 3. (a) XPS survey spectra, (b) Fe 2p XPS spectra, (c) Co 2p XPS spectra, and (d) O 1s XPS spectra for FeCoO/G and 10%Co30,4@2%FeO/G-110.

2. Experimental section
2.1. Synthesis of Co304/G

To improve the hydrophilicity, graphite was treated with 20%
oleum at 90 °C for 2 h. After filtering and washing, it was dried at
80 °C for 12 h. A certain amount of CoCl,-6H50, 0.1 g of oleum-
treated graphite, and 50 pL of deionized water were dispersed in
20.0 mL of ethanol solution. Under stirring, 75 puL of 28% ammonia
was added to the mixture. Afterward, it was transferred into a
30 mL Teflon autoclave and heated at 150 °C for 2 h. After cooling
down, the solid was obtained by filtering, washing with water for
several times, and drying at 80 °C overnight, which was denoted as
Co304/G (where the percentage composition of Co is 5%, 10%, and
15%).

2.2. Synthesis of 10%C030,@n%Fe0y/G-110

A certain amount of FeClz-6H>0, 0.1 g of Co190x@G, and 50 pL of
deionized water were dispersed in 20.0 mL of ethanol solution.
Under stirring, 25 puL of 28% ammonia was added to the mixture.
Afterward, it was transferred into a 30 mL Teflon autoclave and
heated at 110 °C for 2 h. After cooling down, the solid was obtained
by filtering, washing with water for several times, and drying at
80 °C overnight, which was denoted as 10%Co304@n%FeOx/G-110
(where n% represents the percentage composition of Fe, i.e. 1%, 2%,
3%, 4%, and 5%). The Co and Fe content in the 10%Co0304@2%FeOy/G-

110 sample measured by ICP-AES is ca. 8.5 wt% and 1.8 wt%,
respectively.

2.3. Synthesis of 10%C0304@2%FeOy/G-T

In 20.0 mL of ethanol solution, 9.6 mg of FeCls-6H,0, 0.1 g of
C0100x@G, and 50 pL of deionized water were dispersed. Under
stirring, 25 uL of 28% ammonia was added to the mixture. After-
ward, it was transferred into a 30 mL Teflon autoclave and heated at
different temperatures for 2 h. After cooling down, the solid was
obtained by filtering, washing with water for several times, and
drying at 80 °C overnight, which was denoted as 10%Co0304@2%
FeOx/G-T (where T represents the crystallizing temperature, i.e.
100 °C, 110 °C, 120 °C, 130 °C, 140 °C, and 150 °C).

2.4. Synthesis of FeCoOy/G

In 20.0 mL of ethanol solution, 9.6 mg of FeCls-6H,0, 40 mg of
CoCly-6H30, 0.1 g of oleum-treated graphite, and 50 pL of deionized
water were dispersed. Under stirring, 25 pL of 28% ammonia was
added to the mixture. Afterward, it was transferred into a 30 mL
Teflon autoclave and heated at 150 °C for 2 h. After cooling down,
the solid was obtained by filtering, washing with water for several
times, and drying at 80 °C overnight, which was denoted as FeCoOy/
G.
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Fig. 4. (a) Polarization curves and (b) Tafel plots of the as-prepared samples. (¢) CV curves of 10%C0304,@2%Fe0O/G-110 and (d) Capacitive j vs scan rate.

2.5. Synthesis of nano-Co304 and Co304@FeOy

To 20.0 mL of ethanol solution, 0.4 g of CoCl,-6H,0 and 50 puL of
deionized water were added. Under stirring, 750 pL of 28%
ammonia was added to the mixture. Afterward, it was transferred
into a 30 mL Teflon autoclave and heated at 150 °C for 2 h. After
cooling down, the solid was obtained by filtering, washing with
water for several times, and drying at 80 °C overnight, which was
denoted as nano-Co304.

In 20.0 mL of ethanol solution, 96 mg of FeCl3-6H;0, 400 mg of
nano-Co30g4, and 50 uL of deionized water were dispersed. Under
stirring, 25 pL of 28% ammonia was added to the mixture. After-
ward, it was transferred into a 30 mL Teflon autoclave and heated at
110 °C for 2 h. After cooling down, the solid was obtained by
filtering, washing with water for several times, and drying at 80 °C
overnight, which was denoted as Co304@FeO.

3. Results and discussion

The morphology of the as-prepared samples was analyzed by
TEM. As shown in Fig. 1a, ultrafine Co304@FeOx nanoparticles with
a size of less than 5 nm can be observed. After introducing an
oleum-treated graphite support, the Co304@FeOy nanoparticles
were well dispersed (Fig. 1b). The species of the Co304@FeOy
nanoparticles on oleum-treated graphite was identified by HRTEM.
As revealed in Fig. 1c and d, the Co species is in the form of Co304

with an average particle size of 3.1 nm, while the Fe species should
be amorphous oxide or (oxy)hydroxide. For simplification, we
labeled it as FeOx. The dispersion of Fe/Co species was further
analyzed by SEM-EDS. As shown in Fig. 2, the Fe/Co species are well
distributed on the modified graphite.

The elemental compositions and chemical states of FeCoOx/G
and 10%Co304@2%Fe0x/G-110 were investigated by X-ray photo-
electron spectroscopy (XPS). The XPS survey spectra show that the
samples consist of C, O, Co, and Fe elements (Fig. 3a). In the high-
resolution Fe 2p spectra, the Fe 2p3; peak can be convoluted into
two peaks at 710.9 eV and 713.1 eV, ascribed to Fe?* and Fe3™,
respectively (Fig. 3b) [28—31]. From Fig. 3c, the fitted Co 2p3; peak
shows two main signals at the binding energies of 779.8 eV and
7814 eV, attributed to Co>* and Co®*, respectively [32,33]. From
Fig. 3d, the O 1s XPS spectra can be deconvoluted into three peaks,
centered at 530.2 eV, 5314 eV, and 532.2 eV, which are due to
Fe—0, Co—0, and absorbed O, respectively [34,35]. The surface Fe/
Co ratio in 10%C0304@2%Fe0«/G-110 is 0.62, much higher than that
in FeCoOy/G (0.38), implying different forms of dispersion of Fe in
the two samples.

The electrocatalytic OER performance of 10%Co304@2%FeOy/G-
110 was evaluated by LSV in 1 M KOH. By contrast, nano-Co304, 10%
C0304/G, Co304@Fe0y, and FeCoOx/G were also investigated. As
shown in Fig. 4a, the 10%Co0304@2%FeOx/G-110 demonstrates
excellent OER activity with an overpotential (n109) of 318 mV at
10 mA cm~2, which is lower than those for nano-Co304 (388 mV),
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Fig. 5. (a) Polarization curves and (b) Tafel plots of 10%Co304,@n%FeO4/G-110. (c) Polarization curves and (d) Tafel plots of 10%Co30,@2%FeOy/G-T.

10%C0304/G (379 mV), Co304@FeOy (344 mV), and FeCoOy/G
(357 mV) and most previously reported OER electrocatalysts
(Table S1), such as ultrathin layered double CoFe hydroxide nano-
sheets (CoFe LDH, 19 = 331 mV) [36], NiFeOOH (110 = 340 mV)
[37], nickel—cobalt layered double hydroxides (Ni—Co LDHs,
Mo = 350 mV) [38], and ultrathin cobalt—manganese layered
double hydroxide (CoMn LDH, nio = 324 mV) [39]. The
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corresponding Tafel slope of 10%Co0304@2%FeO«/G-110 is deter-
mined to be 63 mV decade™!, which is much lower than
91 mV decade! for nano-Co304, 88 mV decade™! for 10%C0304/G,
and 72 mV decade™! for FeCoOy/G, demonstrating an accelerated
OER kinetics on the 10%C0304@2%FeO/G-110 (Fig. 4b). Moreover,
these results reveal that the location of the Fe element plays a key
role in facilitating OER catalytic activity. When the cobalt and iron
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Fig. 6. (a) [-t curve and (b) polarization curves of 10%Co304@2%FeO/G-110 before and after CVs for 2000 cycles.
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were coprecipitated onto the graphite (FeCoOy/G), it shows higher
OER activity than the Fe-free sample (10%C0304/G), indicating that
both Fe and Co might take part in the OER process in agreement
with previous reports [24,28]. However, Fe doping on the outer
surface of cobalt oxide shows higher OER activity than that inside
the cobalt oxide. For instance, the 10%C0304@2%Fe0Oy/G-110 shows
much higher OER activity than FeCoOy/G.

To further explore the role of Fe in the improvement of OER
activity of Co304, the electrochemical surface area (ECSA) was
measured. As illustrated in Fig. 4c and d, the linear slope for nano-
Co0304, 10%C0304/G, Co0304@FeOy, FeCoOy/G, and 10%Co304@2%
FeOy/G-110 is 1.1, 26.2, 4.2, 40.3, and 51.4 mF cm™?, respectively. It
can be found that the linear slope of catalysts with Fe doping is
larger than that without Fe doping, suggesting that more active
sites are generated by Fe doping. Moreover, the core—shell catalyst
10%Co0304@2%Fe04/G-110 shows a larger slope than the Fe/Co-
mixed catalyst FeCoOy/G, indicating that the former could offer
more active sites than the latter for the OER.

The synergistic action between Fe and Co for the OER was
investigated by electrochemical impedance spectroscopy. As
demonstrated in Fig. S1, it can be observed that there is an obvious
semicircle in the high-frequencies for the nano-Co304, which is due
to charge transfer resistance (Rct). After supporting FeOy on the
Co304, the semicircle becomes much smaller, indicating that the
charge transfer ability is immensely improved. In addition, the
straight line at the low-frequency region becomes steeper by
doping Fe onto Co304, suggesting that the diffusion resistance be-
comes smaller, which favors the absorption of water onto the anode
interface and diffusion of oxygen away from the active sites. The
10%C0304@2%Fe0x/G-110 catalyst shows better diffusion ability
than nano-Co304, 10%C0304/G, C0304@FeOy, and FeCoOy/G,
implying its superior electrochemical properties in agreement with
the aforementioned OER results.

Since Fe plays a favorable role in promoting OER activity of
Co30y4, its doping content was investigated. First, we investigated
the optimal loading amount of Co304 on the graphite for the OER.
As depicted in Fig. S2, the 10%Co0304/G shows higher OER activity
than 5%C0304/G and 15%Co304/G, suggesting that moderate cobalt
oxide loadings (i.e. 10 wt% Co loading) are conducive to the
dispersion on the graphite support. Next, we studied the influence
of Fe loading content on the OER performance. As shown in Fig. 53,
within the present experimental conditions, the 10%Co304@2%
FeO4/G-110 sample possesses the best OER activity among the se-
ries of 10%C0304@n%FeOx/G-110. The Tafel slope of 10%C0304@2%
FeOyx/G-110 is 63 mV decade!, which is smaller than
80 mV decade™! for 10%C0304@1%Fe0y/G-110, 76 mV decade ! for
10%C0304@3%Fe0y/G-110, 78 mV decade™! for 10%Co304@4%FeOy/
G-110, and 83 mV decade™! for 10%C0304@5%FeOy/G-110 (Fig. 5b),
revealing an expedited OER kinetics on the 10%C0304@2%FeOy/G-
110. The results show that high content Fe is not beneficial to the
OER due to the poor conductivity of FeOy. Finally, the effect of
crystallization temperature on the OER activity was investigated. As
illustrated in Fig. 5c¢, the optimal hydrothermal treatment temper-
ature should be 110 °C. A higher hydrothermal treatment temper-
ature would lead to further crystallization of FeOy, which is not
favorable to the OER.

The long-term stability of 10%Co304@2%FeOx/G-110 was evalu-
ated by chronoamperometry and cyclic voltammetry. As shown in
Fig. 6a, the steady-state current densities of 10%C0304@2%FeOy/G-
110 remain constant even after 25 h, suggesting excellent durability
of 10%Co0304@2%FeO4/G-110 for alkaline OER. After CVs for 2000
cycles, no obvious current attenuation can be observed (Fig. 6b),
demonstrating the superior durability of the 10%Co304@2%FeOy/G-
110 catalyst. After the OER stability test, the sample was analyzed
by TEM and XPS. From Fig. S3, the Co304@FeOx nanoparticles can be
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clearly observed on the graphite after the OER test. As displayed in
Fig. S4, we can find that the XPS signal of Co 2p is very weak due to
lots of water molecules adsorbed on the surface Fe-sites. Moreover,
Fe?* and Fe3* jons can be detected in the 10%C030,@2%Fe0,/G-110
after OER tests. The XPS results suggest that one of the main roles of
Fe in the OER should be combined with water molecules, thus
accelerating the reaction.

4. Conclusions

In this work, we have demonstrated that core—shell Co304@-
FeOx showed higher OER activity than the uniformly dispersed
FeCoOy catalyst. The as-synthesized 10%Co0304@2%FeO4/G-110
shows an overpotential of 318 mV at the current density of
10 mA cm 2 and a Tafel slope of 63 mV decade™! in 1 M KOH. Fe
plays multiple roles: (1) binding water molecules to promote the
OER, (2) improving charge transfer ability of Co304, and (3) expe-
diting the diffusion of water close to the active sites and oxygen
away from the active sites. This research may open up a new route
to develop efficient nonprecious metal oxide OER catalysts by
supporting iron (oxy)hydroxides onto the surface of other metal
oxides.
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