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Abstract—We report spinel-type CoFe,O, nanocrystals (NCs) synthesized through facile hydrothermal growth and
their attachment on a cage-like carbon (CC) for efficient and durable oxygen evolution/reduction reaction (OER/ORR)
performance. As a catalyst, the so-constructed CoFe,O, NCs show significantly higher OER performance than bare
CoFe,0, and CC, leading to an overpotential of 1.59 V for the OER at a current density of 10 mA/cm. Furthermore,
CoFe,0O, NCs on CC electrodes also exhibit good ORR performance, which is comparable to Pt/C, significantly higher
than that of bare carbon fiber paper, and acts as a bifunctional electrocatalyst. The CoFe,O, NCs anchored on the CC
electrodes exhibit remarkably long-term stability, which is evaluated by continuous cycling (over 5,000 cycles), without
any morphological change, but preserving all the materials within the electrode. The results indicate that the CoFe,O,
NCs have a promising potential for efficient, cost-effective, and durable oxygen electrocatalysis at large scales using
earth-abundant materials and low-cost fabrication processes.
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INTRODUCTION

To address the pressing concerns regarding increasing global
energy demand, the development of energy storage systems with
high power density from abundant materials has gained world-wide
interest. Lithium-ion batteries (LIBs) are traditionally considered as
one of the most promising candidates for use in electric vehicles
owing to their high cycle capability and energy efficiency; how-
ever, their insufficient gravimetric storage capacity (100-200 W-h/
kg) cannot meet the ever-growing demand for long-term applica-
tion [1-4]. Much effort has been devoted to overcoming this lim-
itation of the LIBs. For example, rechargeable metal-air batteries
have attracted attention due to their extremely high gravimetric
energy density, low cost, and environment-friendly operation [5-9].
Unfortunately, the rechargeable metal-air batteries are still at their
early stages of development since there are some critical issues, such
as limited life, high cost, and lack of bifunctional catalysts, that are yet
to be addressed [10-12]. Thus, exploring metal-oxide-based bifunc-
tional catalysts, which can satisfactorily catalyze both the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
upon discharging and charging, respectively;, has become an urgent
task.

Transition-metal oxides have drawn significant interest because
of their sufficiently good stability and abundance (relative to the plati-
num group metals) [13-16]. As one of the representative binary metal
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oxides, CoFe,0, has been widely studied in electrocatalysis owing
to its high theoretical capacity of 916 mA-h/g [17-22]. Recently,
various CoFe,O, have been exploited using the soft template method
[23], calcination method [24], and metal organic framework (MOF)
conversion method [25]. In this regard, CoFe,O, has been consid-
ered as a bifunctional oxygen electrocatalyst.

The electrochemical performance of electrocatalysts in metal-air
batteries can be significantly enhanced not only by modifying their
surface chemistry, but also by fabricating nanostructures. In recent
years, coordination cages with controlled shape and high surface
area have been actively pursued as a class of fundamental materials
with a myriad of applications owing to their unique physicochemi-
cal properties. The applications include gas storage and separation
[26], catalysis [27], sensing [28], biochemical applications [29], and
many others [30,31].

In particular, the cages possess specific one-dimensional hollow
nanostructures, which endow the cages with more open channels
for electrons to migrate rapidly. More importantly, depositing abun-
dant transition-metal oxides on the cages to obtain bifunctional oxy-
gen electrocatalysts can prevent deactivation of metal oxides through
irreversible oxidation during catalytic processes [32]. Moreover, the
long-term stability of a catalyst electrode is also of significant impor-
tance in facilitating practical applications.

Herein, we report successful fabrication of high-performance
bifunctional oxygen-involving electrocatalysts through a facile hy-
drothermal growth and their attachment on cage-like carbon (CC).
The so-constructed catalysts significantly enhance the catalytic activ-
ity with good stability toward both the OER and ORR due to the
enhanced interaction between CoFe,O, nanocrystals (NCs) and
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CC support, which favors the modification of electronic states and
high dispersion for active oxygen vacancies (i.e., Co/Fe-C species)
during the ORR and OER processes.

EXPERIMENTAL

1. Materials

Iron (III) nitrate nonahydrate (Fe(NO;);-9H,0) and cobalt nitrate
hexahydrate (Co(NOs),-6H,0) were purchased from Sigma-Aldrich
Chemical Reagent Co. Magnesium carbonate hydroxide pentahy-
drate was obtained from Aladdin Reagent (Shanghai) Co., Ltd.
Anhydrous ethanol was used as a solvent and supplied by Tianjin
Dingshengxin Chemical Industry Co., Ltd. (China).
2. Preparation of Support and Electrocatalysts

The CC support was prepared by an MgO template method using
benzene as a precursor, similar to a previous report [33].

CoFe,0,/CC electrocatalysts were prepared by a facile solvother-
mal approach. In a typical procedure, CC (55 mg) was dispersed
ultrasonically in anhydrous ethanol (50 mL) for 1h. Further, an
ethanol solution (20 mL) containing Fe(NO;);-9H,O (0.0808 g, 0.2
mmol) and Co(NO;),-6H,O (0.0291 g, 0.1 mmol) was added to the
CC suspension with vigorous stirring for 30 min. The mixture was
transferred to a Teflon-lined autoclave and then reacted at 180 °C
for 24 h. After cooling to the ambient temperature, the product was
filtrated, repeatedly washed with anhydrous ethanol and de-ion-
ized water, vacuum dried at 60 °C overnight, and finally annealed
at 500 °C in Ar atmosphere for 2 h. Similarly, pristine CoFe,O, as
control was synthesized without any support.
3. Characterization

The structure and composition of the samples were character-
ized by X-ray diffraction (XRD, Bruker D8 Advance A25, Co K,
radiation of 1.78897 A with an Fe filter of 0.02mm thickness);
transmission electron microscopy (TEM, JEM-2100F operating at
200kV, equipped with scanning TEM (STEM) and energy disper-
sive X-ray (EDX) spectrometry); and X-ray photoelectron spectros-
copy (XPS, ULVAC-PHI INC, PHI 5000 VersaProbe, Al K,). The
binding energy (E,) of the XPS spectrum was in reference to C,, at
284.6 eV. Thermogravimetric analysis (TGA, Netzsch STA449F3)
was performed in 8vol% O,-containing Ar flow at 20 standard
cubic centimeter per minute at a ramping rate of 10°C/min. A
Tristar IT 3020 specific surface area analyzer was used to measure
the BET surface areas of the CoFe,O, NCs.
4. Electrochemical Measurement

Electrochemical experiments were conducted at 25°C with a
CHI 760E workstation (CH Instruments, USA) coupled with a mod-
ulated speed rotator electrode rotator (Pine Instrument Co., USA)
in a three-electrode electrochemical cell using a sample-modified
glassy carbon electrode as the working electrode, Ag/AgCl (3.0
mol/L KCl) as the reference electrode, and a platinum wire as the
counter electrode. To prepare electrocatalyst inks, the catalyst (2.0
mg) and 5wt% Nafion solution (50 uL) were ultrasonically dis-
persed in a water/ethanol (4: 1, V/V, 1.0 mL) mixed solvent for 30
min. Consequently;, a homogeneous ink was obtained. Further, the
ink (15 puL) was loaded onto a glassy carbon electrode of diameter
4.0 mm. For comparison, a commercial Pt/C (20%, Johnson Mat-
they) electrode was prepared in the same manner. Linear sweep

voltammogram (LSV) was performed in the potential range from
1.0 to 0V (vs. Ag/AgCl, 3.0 mol/L KCl) at a scan rate of 10 mV/s
in the N,-saturated or O,-saturated 0.1 mol/L KOH solution.

For the zinc-air battery test, the air electrode was prepared by
uniformly coating the electrocatalyst ink on a carbon cloth (0.5
mg/cm’) and then drying it at 80 °C for 2 h. Furthermore, a zinc
foil was used as the anode. Both the electrodes were assembled
into a home-made zinc-air battery; and a 6.0 mol/L KOH aqueous
solution was used as the electrolyte. The battery tests were per-
formed on an as-fabricated cell at room temperature with a multi-
channel potentiostat (LANHE CT2001A, Wuhan) and a constant
discharge current mode (20 mA/cm®). The tests were conducted
until the voltages of the batteries dropped to 0 V.

The external biasing potentials used here are versus Hg/HgO
RE or reversible hydrogen electrode (RHE). The biasing potentials
versus Hg/HgO RE (Ejyy,) were converted to potentials versus
RHE (Egy;) using the Nernst equation [34]:

0
Epne=Enggo+0.059% Efg 0 (V) 6y)

where pH is the electrolyte pH and E(},g,Hgozo.O% V versus normal
hydrogen electrode (NHE) at 25 °C for the Hg/HgO/1.0 M NaOH
(CH Instruments, Inc.). The OER overpotential (77) was calcu-
lated using the following equation:

0
=Epgn0—Eoymo (V) 2

where Ey) ;.0 is the thermodynamic potential for water oxidation
relative to Hg/HgO at pH=13.97, which was calculated as follows:

Eg/1,0=1.23—0.059 x pH— Ejyo o0
=1.23-0.059x 13.97-0.098=0.308 (V)

The NHE overpotential was also calculated using Eq. (2) con-
sidering E(}p,HZ instead of E&/HZO, as shown in Eq. (3):

17=Epgg0~ E(;I*/Hz V) 3)

where E}y, is the thermodynamic potential for water reduction
relative to Hg/HgO at pH=13.97, which was calculated as follows:

0
E,. ;=—0.059xpH—Ep 0

=-0.059%13.97-0.098=-0.922 (V)

0
H'/H,

In this study; all the reported potentials and plots were consid-
ered without any IR correction, and the current densities were cal-
culated using geometric surface areas.

RESULTS AND DISCUSSION

1. Structural Characterization of the CoFe,O, NCs

The morphology of the CoFe,O, NCs was investigated by TEM.
Figs. 1(a) and (b) show the TEM image and particle size of statistics
of the CoFe,O, NCs. As shown in Figs. 1(a) and (b), carbon shows
a large quantity of cage-like structures, and the CoFe,O, NCs embed-
ded in these structures have diameters of approximately 20 nm. As
shown in Fig. 1(b), the magnified TEM image of a single CoFe,0O,
nanoparticle clearly displays typical lattice-fringe spacing of 0.255
nm, corresponding to the plane of the CoFe,0O, crystal (311 nm),
which reveals the presence of crystalline CoFe,O, crystal lattices
35,36].
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Fig. 1. () TEM image and particle size of statistics, (b) Magnified TEM image, (c) STEM image of CoFe,0, NCs, (d) EDX mapping of

CoFe,0, NCs, (e) Elemental analysis of CoFe,O, NCs.

The STEM image of CoFe,O, NCs is indicated in Fig. 1(c), which
further verifies the uniform distribution of the CoFe,O, NCs on
the surface of CC, and the CoFe,O, NCs are composed of sub-
clusters of size 20 nm.

The EDX mapping of CoFe,O, NCs is presented in Fig. 1(d).
The peaks at approximately 0.7 and 6.4 keV are attributed to Fe
and the peaks at around 0.6 and 7 keV are attributed to Co. The
results demonstrate the formation of the CoFe,0, NCs. The exis-
tence of the Co and Fe elements in the CoFe,O, NCs is further
evident from the elemental analysis, as shown in Fig. 1(e).

Fig. 2(a) shows the nitrogen absorption/desorption isotherm of
CoFe,O, NCs. The nitrogen isotherm exhibits a type IV nitrogen
sorption isotherm with a large surface area (ca. 900 m”/g) and hierar-
chical pore features [37].

The pore size distribution of CoFe,O, NCs is indicated in Fig.
2(b). The corresponding pore size distribution plot confirms the
coexistence of micro-meso-macro-porous structure.

October, 2021

The XRD patterns of CC, CoFe,O,, and CoFe,O, NCs are pre-
sented in Fig. 3. The observed characteristic peaks of CoFe,O, and
CoFe, 0, NCs are in clear correspondence with the cubic spinel
phase of CoFe,O, (PDF-#22-1086). Moreover, the labeled peaks at
30.1°% 35.44°, 56.97°, and 62.59° are in good agreement with the
(220), (311), (511), and (440) facets, respectively, thereby indicating
the formation of single-phase CoFe,O, [38,39]. There are no notice-
able peaks in the XRD profile of unannealed CoFe,O, NCs, thus
suggesting that the structures of the CoFe,O, NCs are almost amor-
phous or have low crystallinity [40].

Furthermore, TGA was performed to display the decomposition
behavior of the CoFe,O, NCs. As shown in Fig. 4, obvious weight
loss between 400-500 °C occurred due to the decomposition of
Fe(NO;,);9H,0 and Co(NO;),-6H,0. Therefore, an annealing tem-
perature of 400 °C was considered.

Further, XPS characterization was performed to analyze the ele-
mental composition and surface valence states of the CoFe,0, NCs.
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms of CoFe,O, NCs; (b) Pore size distribution of CoFe,O, NCs.
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Fig. 3. XRD patterns of CoFe,O, NCs.

As shown in Fig. 5(a), besides the C,, signal originating from the
adventitious carbon, the survey XPS spectrum indicates the pres-
ence of the Co, Fe, and O elements. There are four peaks in the
XPS spectrum of Co,, as shown in Fig. 5(b). The first two peaks
located at 780.7 €V and 786.1 eV correspond to Co,;, and its shake-
up satellite, respectively, while the other two peaks at 796.1 eV and
803.3 €V can be assigned to Co,,, and its shake-up satellite, respec-
tively [41]. The results reveal that cobalt exists in the +2 oxidation

Fig. 4. TGA thermogram of CoFe,O, NCs.

state in the sample. The Fe,, XPS spectrum (Fig. 5(c)) shows dou-
ble peaks located at 711.3 eV and 724.9 €V that correspond to the
peaks of Fe,;, and Fe,,;, from the Fe,, energy level, thereby indi-
cating the presence of Fe’* cations. The O, spectrum is divided
into two peaks (Fig. 5(d)) located at approximately 529.1 eV and
531.2 eV, and these peaks can be attributed to crystal lattice oxy-
gen (O-Fe-O) and surface hydroxyl groups (OH-O), respectively
[42]. This result further proves the formation of CoFe,O, through

Korean J. Chem. Eng.(Vol. 38, No. 10)
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Fig. 5. XPS spectra of CoFe,O, NCs: (a) survey spectrum, (b) high-resolution Co,, (c) high-resolution Fe,,, (d) high-resolution Ols.

this strategy.

As shown in Fig. 5(d), the O, peak at 529.1 eV is associated with
the crystal lattice oxygen (O,,), the O,, peak at 532.8 eV is ascribed
to the adsorbed oxygen (O,4) on the surface of the samples, and
the O, peak at 531.2 eV is attributed to the oxygen vacancy (Oy,)
regions of the samples [43-45]. The Oy, values of CoFe,O, and the
CoFe,0, NCs calculated from Fig. 5(d) were 21.9% and 37.8%,
respectively. The Oy, value of the CoFe,O, NCs is great higher than
that of CoFe,O,. This indicates the existence of a large amount of
oxygen vacancies in the CoFe,O, NCs.

2. Electrocatalytic Performance of the CoFe,O, NCs

Fig. 6(a) shows the capacitance-corrected ORR activity of the
CoFe, 0O, NCs compared to CC, CoFe,0,, and the reference Pt/C
20%, which consists of 20 wt% Pt and 80 wt% Vulcan XC-72 (E-
tek). As shown in Fig. 6(a), the onset potentials for the ORR of the
CoFe,O, NCs are 0.86V vs RHE, while CC, CoFe,O,, and Pt/C
are at 0.76 'V, 0.76 V, and 1.01 V vs RHE, respectively. Compared
to the limiting currents of CC and CoFe,O, of —2.9 and —3.6 A/
cm, respectively, the value of the limiting current of the CoFe,0O,
NCs is found to be —0.51 A/cm as the particle size approaches the
nano scale, thereby indicating optimal coverage and mass trans-
port of the CoFe,O, NCs [46].

Fig. 6(b) shows the capacitance-corrected OER activity of the
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CoFe,O, NCs compared to CC, CoFe,O,, Pt/C, and RuO. The polar-
ization curves shown in Fig. 6(b) indicate that to reach a current
density of 10 mA/cm, the CoFe,O, NCs should have an overpo-
tential of 1.59 V, which is smaller than that of RuO, (1.58 V).

This high OER performance of the CoFe,O, NCs is further evi-
dent from the Tafel plots. The Tafel slope can be used to estimate
the kinetics and mechanism of the OER. The smaller the Tafel slope,
the better the OER kinetics [47,48]. Fig. 6(c) shows the Tafel slope
of the CoFe,O, NCs derived from the polarization curve compared
to that of CoFe,O,, Pt/C, and RuQ. The Tafel slope of the CoFe,0,
NCs is 68 mV/dec, which is much lower than that of CoFe,O, or
Pt/C and is slightly higher than that of RuO. These results indi-
cate that the CoFe,O, NCs have high OER performance.

Fig. 6(d) shows the stability test of the CoFe,O, NCs for 5000
continuous potential cycles. The CoFe,O, NCs are anchored on the
CC electrodes exhibiting excellent long-term stability, which was
evaluated by continuous cycling (over 5000 cydles), without any mor-
phological change, as shown in Fig. 6(d).

The remarkable ORR and OER performance of the CoFe,O,
NCs can be well understood based on our experimental charac-
terization. As is known, CoFe,0, itself exhibits low activity due to
its very poor conductivity, while CC is a good metal-free catalyst
with a large specific surface area and abundant defects. The strong
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Fig. 6. (a) LSV curves of CC, CoFe,0,, Ne,0, NCs, and Pt/C for ORR, (b) LSV curves of CC, CoFe,0,, Ne,O, NCs, Pt/C, and RuO for OER,
(c) Lowest Tafel slopes of CoFe,0O,, Ne,O, NCs, Pt/C, and RuO, (d) Stability test of CoFe,O, NCs for 5,000 continuous potential

cycling.

interaction between the CoFe,O, NCs and CC support makes the
interfacial oxygen vacancies (i.e., Co/Fe-C species) ORR- and OER-
active, leading to the higher ORR and OER activity of the CoFe,O,
NCs than that of bare CoFe,O, and CC.

CONCLUSIONS

We successfully prepared CoFe,0, NCs via a facile hydrother-
mal growth and attached NCs on CC. The cage-like nanostruc-
ture was found to be favorable for enhancing the intrinsic catalytic
activity of the bifunctional CoFe,O,/CC electrocatalyst, thus offer-
ing higher OER activity than that of bare CoFe,O, and CC, and
also better ORR performance than that of Pt/C and bare carbon
fiber paper. The enhanced interaction favors the modification of elec-
tronic states and high dispersion for active oxygen vacancies (i.e.,
Co/Fe-C species) during the oxygen reduction and evolution pro-
cesses, which plays a key role in boosting the electrocatalytic per-
formance.
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