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The CoFe,0y/biocarbon (CFO/BC) nanocomposites have been synthesized via a facile
biosynthesis method using yeast cells as carbon sources and structural templates. The high
electrocatalytic activity and durability of CFO/BC nanocomposites are mainly attributed to the
strong coupling between CoFe,O4 nanoparticles and biocarbon as well as the hierarchical structure
of CFO/BC.
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Efficient electrocatalysts for the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
are crucial for improving the performance of metal-air batteries. In this study, CoFe,O4/biocarbon
(CFO/BC) nanocomposites have been synthesized via a facile biosynthesis method by using yeast cells as
carbon sources and structural templates. The as-prepared CFO/BC nanocomposites poSseSs hierarchical
structure with high surface area (79.84 m> g’"). The rotating ring-disk electrode (RRDE) and rotating disk
electrode (RDE) measurements have revealed that CFO/BC nanocomposites exhibit excellent catalytic
activity for both the ORR and OER. The onset potential of CFO/BC for ORR is -0.14 V (vs. Ag/AgCl),
which is higher than that of CoFe,04 (-0.29 V) and that of biocarbon (-0.25 V), respectively. Meanwhile,
the CFO/BC nanocomposites show much higher activity for OER as compared to CoFe,0, and biocarbon.
The chronoamperometric tests show that CFO/BC catalyst shows high durability for both the ORR and
OER, outperforming the commercial Pt/C(20 wt.% Pt on Vulcan XC-72, Johnson Matthey). The high
electrocatalytic activity and durability of CFO/BC nanocomposite are mainly attributed to the strong
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coupling between CoFe,O, nanoparticles and biocarbon as well as the hierarchical structure of CFO/BC.

1. Introduction

To mitigate the impacts of global warming and the depletion of
fossil fuel on the whole world, the development of renewable
energy production and storage system with high energy and
power density is highly desirable. Rechargeable metal-air
batteries have attracted much attention for their application as
next generation power sources for portable electronic devices and
especially electric vehicles, due to their extremely high energy
density, low cost and environmental benignity.'™

Recent studies have shown that the performance of the
rechargeable metal-air battery is mainly limited by the sluggish
kinetics of the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) at the cathode.’ Traditionally, platinum-
based materials are used as the catalysts to speed up the reactions,
but they are expensive and scarce.®’ Substantial efforts have been
dedicated to searching for non-noble metal catalysts as a
substitute for the noble metals. As a result, various catalysts have
been explored, such as C0;0,,2 MnO,,’ FeZO3,1°graphene/Mn3O4
hybrid,'" carbon-supported cobalt polypyrrole,'? heteroatom-
doped carbon.® These materials have been demonstrated as
promising electrocatalysts for the cathode of metal-air batteries.
Especially, spinel oxides have been paid more and more attention
due to their high catalytic activities toward ORR and OER. Du et

45

al." have reported that one-dimensional CaMn,O, prepared by a
solvothermal method exhibited considerable catalytic activities
and enabled an apparent quasi-four-electron transfer in the ORR.
High electrocatalytic activities of MnCo,0, for ORR in alkaline
solution have also been reported by Liang et al.'> Recently, Sun
et al.!® reported that NiCo,0,4 nanorods used as air electrode for
lithium-air battery showed low charge over-potential, high
discharge capacity and high-rate capability. Although cobaltite
spinel oxides have been widely investigated as electrocatalysts,
the electrocatalytic activities of CoFe,O, for the ORR and OER
are still seldom reported.

Due to the poor electron conductivity of spinel oxides, they are
usually attached to or supported on a conducting surface (like
carbon) to assure fast electron transport. Moreover, the structure
of supports is crucial for the mass transfer in the triple phase
(solid-liquid-gas) regions required for oxygen reduction and
oxygen evolution.'”" Many different nanostructured carbon
supports including carbon nanotubes,”® graphene,?' and carbon
fibers 22 have been reported to improve the performance of the air
electrode, which are ascribed to the improved mass transfer
facilitated by their unique structure.

In this report, we demonstrate a bio-synthesis approach for
preparing CoFe,O, /biocarbon (CFO/BC) nanocomposites. Low
cost yeast cells were used as biocarbon sources as well as
structural templates. On the one hand, CFO/BC nanocomposites
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can be synthesized via a biomineralization process in an
environmental friendly system with yeast cells as biocarbon
sources. On the other hand, the phase, size and morphology of the
composites can be easily controlled by tuning the
biomineralization conditions with yeast cells as structural
templates. Moreover, biocarbon carbonized from yeast cells is
actually N and P doped carbon, which is beneficial for the
ORR.Z?  The electrocatalytic activities of CFO/BC
nanocomposites for ORR and OER in alkaline media have been
studied by using rotating ring-disk electrode (RRDE) and rotating
disk electrode (RDE) techniques. The CFO/BC nanocomposites
showed high electrocatalytic activities for both the ORR and
OER with superior long-term stability in alkaline media.

2. Experimental

2.1 Sample Preparation

The reagents used in this work were Co(NO;), 6H,O (99%,
Sinopharm Chemical Reagent Co., Ltd.), Fe(NO3);-9H,0 (99.5%,
Sinopharm Chemical Reagent Co., Ltd), NH,OH (vol.%=27%,
Tianjin BodiChemical Co., Ltd.), and yeast (Instant dry yeast,
Angel Yeast Co., Ltd.). Ultrapure water was used during the
synthesis.

The CFO/BC nanocomposites were prepared using the
biotemplate and chemical precipitation route as described below.
Quantitative instant dry yeast (1g) was cultivated in glucose
aqueous solution (250 mL) at 300]. After 30 min of stirring, the
purified yeast cells were obtained by centrifugation and washing
with ultrapure water. Then obtained yeast cells were dissolved in
deionized water (100 mL) to form a uniform bioemulsion. In the
synthesis of the nanocomposite catalyst, the stoichiometric
Co(NOs), (0.0015 mol) and Fe(NO;); (0.003 mol) were added to
the solution while stirring for 2 h at ambient temperature. NH,;OH
was used as the precipitation reagent and added dropwisely under
vigorous stirring for 4 h. After that, the suspension was
transferred to a lyophilizer and dried at -47 [ for 24 h. The
powder was sintered in a quartztube with flowing N, at 400 [ for
2 h for biomineralization of yeast cells and crystallization of
CoFe,04. The final product was black powder of CoFe,O,/
biocarbon being marked as CFO/BC.

Biocarbon was also prepared with same procedure without
adding any metal salts and NH,OH. The obtained biocarbon was
denoted as BC. Pure CoFe,0, was also prepared in the absence of
yeast cells, and the final product was denoted as CFO.

2.2 Physical characterization

The crystal structure of the samples were characterized by
powder X-ray diffraction (XRD) using a Bede D1 X-ray
diffractometer with Cu-Ka radiation (UK, Bede Scientific Ltd.;
operated at 40 kV, 45mA; A= 0.15418 nm), the diffraction angle
ranging from 10° to 80° with a step of 0.02° and a rate of 2°min
1

Scanning electron microscopy (SEM) images of the samples
were obtained on a Quanta 200 scanning electron microscope
(Hitachi) with an accelerating voltage of 15 kV.

The microstructure of the samples was characterized by a
transmission electron microscope (TEM, HT7700, Japan)
operating at 200 kV.

The specific surface area and the pore structure of the samples
were analyzed by adsorption/desorption measurements of
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nitrogen at 77 K (TriStar I1 3020). Surface area was calculated by
Brunauer-Emmett-Teller (BET) method. Pore size distributions
were calculated using Barrett-Joyner-Halenda (BJH) method.

Surface analysis of the samples was carried out with a X-ray
photoelectron spectroscopy spectrometer (XPS, VG ESCALAB
MKII) using a Al Ka source.

2.3 Electrochemical measurements

The electrocatalytic activities of the samples were conducted with
the rotating ring-disk electrode (RRDE) technique using a Pine
electrochemical system (AFMSRX rotator, and AFCBP1
bipotentiostat). The RRDE electrode consisted of a catalyst-
coated GC disk (5 mm diameter, 0.196 cm® of geometric surface
area) surrounded by a Pt ring (0.125 cm?® of geometric surface
area). A standard three-clectrode electrochemical cell was used.
An Ag/AgCl (3 M CI) electrode and Pt-foil were used as the
reference and counter electrode, respectively. Inks of the catalyst
were prepared by mixing 5 mg of catalyst, 5 mg of acetylene
black, 48 uL of Nafion solution (5 wt.%, Aldrich ) and 350 pL of
ethanol, followed by ultrasonicating for 40 minutes. Seven pL of
the ink was pipetted onto a GC disk resulting in a catalyst loading
of 503 pg/cm. The same -catalyst loading was used for
commercial Pt/C (20wt % Pt on Vulcan XC-72, Johnson Matthey)
for comparison. 0.1 M KOH aqueous solution was used as the
electrolyte. The electrolyte was purged with either high-purity Ar
or O, for at least 30 mins before each measurement.The samples
on the GC disks were first electrochemically cleaned by sweeping
the potential in the range between -0.9 and 0 V (vs. Ag/AgCl) at
50 mV s in an Ny-saturated 0.1 M KOH solution until steady
state cyclic voltammograms (CV) were obtained. For each
catalyst tested, a CV with the same scanning rate as that for
ORR/OER was first collected to determine the non-Faradaic
current.

For the ORR test, measurements during oxygen reduction were
performed in O,-saturated 0.1 M KOH by sweeping the potential
from 0 V cathodically to -0.8 V at 5 mV s with the electrode
rotated at 400, 900, 1600 and 2500 rpm and O, gas purged into
the solution at a flow rate of 25 sccm through a 2 mm fritted tube
(Ace Glass). The current density was obtained from the ORR data
and then normalized by the geometric surface area. The
Koutecky-Levich (K-L) plot relates the current density (J) to the
angular velocity (®) to calculate the number of electron

transferred (n) during the ORR process according to K-L
27

equation:

r_r 1”2 1 )
J J, J Bo Jy

B=0.62nFC, D, *"v™"¢ @

in which J corresponds to the measured current density, Jx and Ji
are the kinetic and diffusion-limiting densities,
respectively, F is the Faraday constant, Co, is the saturated
concentration of O, in electrolyte, Do, is the diffusion coefficient
of O,, and v is the kinetic viscosity of the solution.

For all the RRDE measurements, the disk electrode was
scanned at a rate of 5 mV s, and the ring potential was held at
0.5 V (vs. Ag/AgCl). The percentage of peroxide species with
respect to the total oxygen reduction products and the electron
number transferred during the ORR process can be determined by
the following equations: **

current
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Scheme 1 Schematic illustration of the synthesis of CFO/BC.
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s where Iy is disk current, I; is ring current, and N is current
collection efficiency of the Pt ring (N=0.22).

For the OER test, only rotating-disk electrode (RDE) was used,

the working electrode was scanned from 0 to 1.0 V (vs. Ag/AgCl)

10 at a scan rate of 5 mV s™' in a N,-saturated electrolyte with the
electrode rotated at 1600 rpm.

3. Results and discussion

Scheme 1 shows the preparation of CFO/BC nanocomposites
with yeast cells as carbon sources and structural templates. After

15 adding Co®" and Fe** ions to the purified yeast cell solution, Co*"
and Fe** combine with the negative groups OH™ and COO" on the
surface of the yeast cells by electrostatic interaction. Thus
CoFe,0y, is formed and self-assembled on the surface of the yeast
cells via a biomineralization. After heat-treatment in Ar

20 atmosphere, CoFe,0, /biocarbon (i.e. CFO/BC) nanocomposites
are obtained.

Fig. 1 shows the X-ray diffraction (XRD) pattern of the as-
obtained CFO/BC nanocomposites. The XRD pattern of CFO and
BC are also included for comparison. The characteristic peaks of

»s the CFO/BC nanocomposites and pure CFO nanoparticles can be
indexed as cubic spinel CoFe,O4 nanocrystals (PDF#22-1086).
The broad peak at around 23° corresponds to the (002) carbon
phase of the BC, indicates the formation of amorphous carbon.?’
The average crystallite size of the CFO particles in CFO/BC

30 nanocomposites and in pure CFO are estimated to be 11.5 nm and
33.0 nm, respectively, by the Scherrer formula.*® The small
particle size of CFO nanoparticles in CFO/BC nanocomposites is
due to the dispersing effect of biocarbon support in preventing the
CFO nanoparticles from aggregation.
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Fig. 1 XRD patterns of the synthesized CFO, BC and CFO/BC.

Fig.2 SEM image of BC (a) and CFO/BC (b); (¢) TEM image of
CFO/BC; (d) HRTEM image of CFO/BC in the corresponding region of
©

The morphology and structure of the CFO/BC was investigated
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Smooth spherical particles of BC
with an average diameter of 1-2 um are shown in Fig. 2a, which
retains the spherical morphology of the live yeast cells as shown
in Fig. S1. The surface of CFO/BC becomes rough due to the
deposition of CFO on the surface of biocarbon spheres as shown
in Fig. 2b' The TEM image (Fig.2c) clearly shows the
dispersion of CFO nanoparticles on the surface of carbon
spheres. Moreover, the macropores with a diameter of about 500
nm in the biocarbon network can be clearly observed. The crystal
structure of the CFO nanoparticles on biocarbon was revealed by
high-resolution TEM. The measured d spacing value of 0.484 nm
is assigned to the (111) plane of CFO. The thermogravimetric
analysis (TGA) of the sample in air was carried out on a
TG/DTA7300 analyzer. The prepared CFO/BC was heated from
room temperature to 800 LI with a heating rate of 10 [ min™. As
shown in Fig.S3, about 39.2% weight loss is observed as the
temperature is increased to 800 []. The weight-loss is attributed
to the burn-off of biocarbon in the CFO/BC. Therefore the actual
loading of CoFe,0,in CFO/BC electrocatalysts is 70.8%.

Fig. 3 shows the N, sorption isotherm and the pore size distri-
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Fig. 3 BET surface area and pore size distribution (inset) of CFO/BC
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electrode for CFO, BC, CFO/BC hybrid and (CFO)BC (CFO/BC etched
Fig.4 (a) XPS survey scan for CFO, BC and CFO/BC; (b) XPS spectra for by 3 M HCI) in O,-saturated 0.1 M KOH at a rotating speed of 1600 rpm.
the Co 2p of CFO and CFO/BC; (¢) XPS spectra for the Fe 2p of CFO i pe gisk potential was scanned at 10 mV s and the ring potential was
s and CFO/BC; (d) XPS spectra for the O 1s of CFO and CFO/BC. fixed at 0.5 V (vs. Ag/AgCl). (b) Calculated electron transfer number n

) o and peroxide percentage at various potentials based on the corresponding
bution of CFO/BC. The Ny-adsorption isotherm of the CFO/BC RRDE data in (a). (c) Koutecky-Levich plots based on ORR polarization

exhibits typelVisotherm, indicating the mesoporosity in the curves in (a) at -0.6 V. (d) LSVs for the OER on CFO, BC, (CFO)BC and

sample. The mesopores with a narrow pore size distribution and | CFO/BC in Ns-saturated 0.1 M KOH with a sweeping rate of 10 mV s
10 an average diameter of 3.34 nm can be seen from the inset of Fig. and a rotating speed of 1600 rpm

3. The CFO/BC displays a BET specific surface area of 79.84 m’ assigned to —COOH and/or ~OH chemical bindings. The binding

g". The mesopores along with the macropores endow the sample energy of O 1s in CFO/BC is 530.2 eV, which is between that in

a hierarchical structure. This structure allows O, and electrolyte CFO and BC, indicating the formation of interfacial M-O-C in
to penetrate into the spheres easily and benefits the mass transfer. . cFO/BC. This indicates that the coupling between CFO and BC
15 To obtain the cation oxidation state and the chemical occurs through the -COOH and —~OH functional groups of the

composition of the CFO/BC, X-ray photoelectron spectroscopy
(XPS) measurements were performed. The XPS survey spectra in

yeast cells.
To assess the ORR activity of the samples, the polarization

Fig. 4a shows the Co 2p, Fe 2p, O Is and C Is peaks in both CFO curves for the ORR on pure CFO nanoparticles, BC and CFO/BC
and CFO/BC. The N 1s peak at 403.3 eV and P 2p peak at 136eV

¢ nanocomposites in O, saturated 0.1 M KOH solutions at a
20 are found in the BC and CFO/BC, which come from the precursor

rotation rate of 1600 rpm are shown in Fig. 5a. The onset
yeast cells. potentials of CFO and BC are about -0.29 V and -0.25 V,
The de-convolution of the Co 2p peak in CFO and CFO/BC respectively. In contrast, CFO/BC shows a much higher onset
shows four peaks (Fig.4b). In CFO sample, the peaks at a binding potential of -0.14 V. This indicates that the ORR activity of CFO/
energy of 781.8 and 797.7 eV are from Co 2ps, and Co 2pin, BC is higher than that of CFO and BC. The formation of peroxide

25 respectively.** The satellite peaks at around 785.5 and 804.3 eV species (HO,) and electron number transferred during the ORR
are two shake-up type peaks of Co at the high binding energy side process were monitored with RRDE measurements (Fig. 5a and
of the Co 2p;, and Co 2p,,, edge. These indicate the presence of b). The measured HO, vyield on the catalysts decreases as
Co”" in the sample. As compared with the binding energy of Co follows: BC> CFO > (CFO)BC > CFO/BC, and the
2p in CFO, there is a shift of 1.6 eV for Co 2ps, and 1.9 eV for  ; corresponding electron number transferred during the ORR
30 Co 2py» , respectively, in CFO/BC towards lower binding energy. reaction decreases in the reverse order. The measured HO, yield
The Fe 2p spectra are fitted into three peaks (Fig.4c). The peaks is 9-30% for BC and 5-24% for CFO, 5-7% for (CFO)BC and it
at 712.6 eV and 725.4 eV are signed to Fe 2ps, and Fe 2pp, significantly decreases to below 3.2% for CFO/BC hybrid
respectively.’** The peak at 717.9 eV is a satellite peak. These catalyst over the potential range of -0.80 to -0.30 V. The electron
suggest the presence of Fe** cations in the sample. There is a 5 transfer number on BC, CFO, (CFO)BC and CFO/BC hybrid are
3s more obvious shift of 2.4 eV for Fe 2py; and 2.9 eV for Fe 2p1n 3.40.3.83, 3.51-3.92, 3.86-3.90 and 3.93-3.95, respectively (Fig.
in CFO/BC towards lower binding energy as compared with the 5b). The evidently lower HO, production and higher electron
binding energy of Fe 2p in CFO. The shift of the binding energy transfer number on CFO/BC as compared with those on CFO and
in Co 2p and Fe 2p reveals the strong coupling between CFO and BC suggests the improved ORR pathway on CFO/BC. When

BC. As shown in Fig.4d, the O 1s spectra in CFO shows apeak at | cFO/BC was etched by HCl, CoFe,0, nanocrystals were
40 531.6 eV, corresponding to the lattice oxygen in the Co/Fe-O

36 S ) . removed and more catalytic active sites were left on the surface,
framework.”" The binding energy of O 1s in BC at 529.5 eV is

4 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]
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so the catalytic performace of (CFO)BC was enhanced as
compared with the pure BC. In addition, the CFO/BC shows
much better ORR and OER catalytic activities than Co/BC (only
Co(NO;), was added into the yeast emulsion and the other
experiment conditions were the same) and Fe/BC (only Fe(NOs);
was added into the yeast emulsion and the other experiment
conditions were the same), which clarify the important role of
CoFe,0, in the catalytic activity of the as-prepared composite
material (see Fig.S4 and Fig.S5). Fig. 5S¢ shows the corresponding
Koutecky-Levich (K-L) plots at -0.6 V for BC, CFO, (CFO)BC
and CFO/BC. These plots are linear, indicating the first-order
dependence of the kinetics of ORR on the three samples. The
electron transfer numbers on BC, CFO, (CFO)BC and CFO/BC
sample are 3.56, 3.63, 3.70 and 3.95, respectively, which are
consistent with the results obtained from Fig.3b. Note that the
number of electron transferred on BC (3.40-3.83) is different
from the classical 2-electron pathway on pure carbon reported
elsewhere.’”* The BC sample contains 6.29 at.% N and 2.62
at.% P as obtained from XPS analysis, which derive from the
yeast cells. So the synthesized BC is actually a carbon doped with
N and P. Studies have shown that heteroatom N and P doping can
improve the activity of carbon for ORR.**** This can explain
why the as-obtained BC in this study shows higher activity than
the common carbon. However, no shifts in the binding energy of
N1s and P2p have been observed in CFO/BC as compared to BC,
indicating no

interaction between CFO and N or P in BC. However, as
analyzed above (Fig.4), there is strong coupling between CFO
and BC via the -COOH and —OH functional groups of the yeast
cells. The high ORR activity and improved ORR pathway on
CFO/BC are mainly attributed to the strong coupling between
CFO and BC. Meanwhile the hierarchical structure of CFO/BC
allows the easy access and transport of O, and electrolyte,
increasing the triple-phase contact area of the reaction.

Fig. 5d shows the OER activities of the electrocatalysts. The
CFO/BC hybrid exhibits an onset potential of 0.46 V, which is 90
mV lower than that of CoFe,O4and 160 mV lower than that of
BC. The current density of CFO/BC at 0.8 V reaches 17.7 mA
em’', which is much higher than that of CoFe,0, (10.6 mA cm’™)
and BC (4.7 mA cm™). These results clearly show that CFO/BC
hybrid possess both high ORR activity and OER activity.

The stabilities of CFO/BC catalysts for the ORR and OER were
examined with the chronoamperometric method and were
compared with those of commercial Pt/C (20 wt.%). As shown in
Fig. 6, the ORR current density of CFO/BC decreases 15.1% at a
constant potential of -0.35 V over 43000 s of continuous
operation. While the ORR current on commercial Pt/C decreases
52.4% after 43000 s. The OER stability of CFO/BC is more
obvious. Comparing to a decrease of 69.8% for Pt/C, only a
decrease of 1.4% in the OER current density for CFO/BC was
observed at the potential of 0.80 V after 43000 s. The results
reveal that the CFO/BC hybrid is quite stable for both the ORR
and OER, which most likely results from the coupling between
CoFe,0, and biocarbon.

4. Conclusions
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friendly biosynthesis
approach. The
CFO/BC nanocomposites exhibit highly efficient electrocatalytic
Fig. 6 Current-time (i-t) chronoamperometric responses for the ORR and
the OER on synthetized CoFe,O4/BC and commercial Pt/C in O,-
saturated 0.1 M KOH at -0.35 V (vs. Ag/AgCl) for ORR and in N,-
saturated 0.1 M KOH at 0.8 V for OER at a rotating speed of 1600 rpm.

T T
0 10000 20000 30000

Elapsed time (s)

activities for both ORR and OER. Moreover, the CFO/BC
nanocomposites show excellent stability for both ORR and OER,
outperforming commercial Pt/C (20 wt.%) in alkaline media. In
view of the low cost of yeast cells and CoFe,0,, CFO/BC
nanocomposites could be promising non-precious electrocatalysts
for metal-air batteries.
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