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The development of electrocatalysts for the Oxygen Evolution Reaction (OER) requires extensive and challenging
research for the water splitting and fuel cell applications. Herein, we report a low-cost CoFe,O4/biomass carbon

(CFO@BC/Zn) hybrid from Co-enriched Sulfate Reducing Bacteria (Co-SRB) as an electrocatalyst for OER. The
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Introduction

The OER is of great significance for the development of water
splitting technology due to its ability to produce green and
renewable energy in the form of O, from water."” OER elec-
trocatalysts exhibiting poor performance hinder the reaction
process of the Hydrogen Evolution Reaction (HER) at the
cathode of a (photo)-electrochemical cell.** Moreover, OER
electrocatalysts play a key role in improving the performance of
the fuel cells®” and metal-air batteries.® In the field of catalysts,
the best catalysts for the OER have been found to be IrO, and
RuO,;"** however, they are not extensively utilized due to their
high costs.***> Another problem is their poor durability during
long-term electrochemical processes because of nanoparticle
migration, coalescence, and even detachment from the support
materials in both acidic and alkaline electrolytes.* Effective
strategies for lowering the overpotential, such as improving the
performance of the catalyst, engineering the surface of the
active sites and increasing the surface area of the catalyst, have
been reported in the literature. Numerous catalysts have been
explored in previous studies, which aimed toward the devel-
opment of a new catalyst with low over-potential and long-term
stability. As OER catalysts, spinel oxides, such as Mg-Co030,,” N-
CG-Co0" LiC00,,"” NiFeO,,'"* C030,4/N-rmGO,"” CFO/NS-rGO*
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CFO@BC/Zn may be a new approach for obtaining low-priced electrocatalysts for OER.

and Mono-NiTi-MMO," were designed or discovered due to
their variable valence states.”® Although their low electrical
conductivity®® limited the catalytic performance, the proper
band gap® ensured that the catalyst exhibited good catalytic
performance. For example, CoMnO@CN,” a nanoparticle
superlattice, exhibits excellent OER performance, with an onset
potential of 1.46 V vs. RHE and a high current density of 308 mA
ecm™? at 1.65 V vs. RHE. According to the reaction mechanism,
the transition metal oxides except IrO, undergo the process of
OOH* formation,® which is a limited step for the reaction
process. The reaction processes are as follows:

OH™ +* - OH* + ¢~ (1)
OH* + OH™ — O* + H,O + ¢~ 2)
O*+ OH™ — OOH* + e~ (3)
OOH*+ OH™ — O, + HO + e (4)

Although most of these spinel oxides above are excellent
catalysts, they are prepared by chemical synthesis with complex
preparation methods, which require high device costs or long
preparation periods. Thus, an electrocatalyst exhibiting supe-
rior performance, low cost and a feasible process of industrial
production is quite desirable. Therefore, the combination of
a spinel transition metal oxide and nitrogen-doped carbon
material can be an effective strategy for obtaining efficient water
splitting catalysts. To decrease the costs of water splitting
catalysts and achieve a feasible production process, we were
inspired by the enrichment of metals from Sulfate Reducing
Bacteria (SRB). SRB are siderophilic bacteria, and they act as
a carbon source rich in C, N, O, S and other trace elements;*
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they were selected as a subject for research, particularly because
of their unique property - orientated-enrichment of metals.
FeS, was synthesized in the biological process and has been
investigated as an electrocatalyst for HER.** On the other hand,
due to the formation of delocalized electrons around oxygen
vacancies,”>*® cobalt oxide is also an excellent catalyst for OER.
CoCl, was added in the bacteria to get Co-enriched Sulfate
Reducing Bacteria (Co-SRB), and this sample was designed as
a precursor for the water splitting catalyst (Scheme 1). Co-SRB
was then carbonized with ZnCl, (denoted as CFO@BC/Zn),
and Co-SRB was carbonized in the absence of ZnCl, (denoted
as CFO@BC); the carbonized SRB without CoCl, was denoted as
the blank group (BG). Most importantly, we found that SRB has
the potential to be industrialized because 2.36 g of the
carbonation hybrid was obtained from 500 mL SRB solution.
Moreover, a large number of hybrids could be obtained in
a short time because of the simple culture method and unlim-
ited reproduction ability of SRB. Similarly, SRB has the ability to
be enriched with other transition metals and thus, it is essential
to explore SRB as an electrocatalyst.

Experimental

Preparation of CoFe,0, biomass carbon hybrid and Co3;0,/N-
rmGO, Co3;0,/rmGO

First, 50 mL of CoCl,-6H,0 solution was prepared at a concen-
tration of 0.106 mol L™'. This solution was then added to
500 mL SRB culture medium with pH value of 7.8. Then, the
resulting mixture was shaken well and set aside under anaer-
obic conditions for 3 days, which resulted in a high amount of
precipitation at room temperature (Rt). Next, Co-SRB was ob-
tained by freeze-drying the precipitated samples. To increase

Co was enriched by

SRB Freeze-drying

>
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the surface area of biomass carbon materials, a Lewis acid
(znCl,) was used to admix with freeze-dried bacteria, and the
mixture carbonized under high temperature. The freeze-dried
bacteria were carbonized at 900 °C for 3 h with ZnCl, at
aweight ratio of 1 : 4 under protection from Ar atmosphere (100
scem, 99.999%), and this was followed by cooling to Rt. After
carbonization, the blank powder was bathed in H,SO, solution
(0.5 M) for 2 h to remove metal residues (such as Zn, Ca, and K).
Afterwards, the powder was washed with ethanol and deionized
water several times, dried in a loft drier at 80 °C for 24 h, and
denoted as CFO@BC/Zn. The Co-SRB sample that was carbon-
ized in the absence of ZnCl, was denoted as CFO@BC, and the
SRB sample carbonized without CoCl, was denoted as the blank
group (BG). IrO, was purchased from Aladdin Co. Ltd, and the
preparation of Co;0,4/N-rmGO and Co3;0,/rmGO was conducted
according to the procedure reported in ref. 17.

Characterization

The blank hybrid powder comprised a variety of elements such
as N, P, S and other trace elements. The X-ray photoelectron
spectra (XPS) were obtained with the Casa XPS software using
a magnesium anode (Al 1486.69 eV) X-ray source. The C 1s line
at 284.5 eV was used to correct all XPS spectra with curve fitting
and background subtraction. The X-ray diffraction (XRD)
patterns of the hybrid was recorded on a X-ray diffractometer
(DX-2700) with Cu Ko radiation (A = 1.540 A) over the Bragg
angles ranging from 10° to 70°. The CFO@BC/Zn hybrid was
mapped by a Raman microscope (Lab RAM-HR, France) with an
excitation of 532 nm laser. Transmission electron microscopy
(TEM) and high resolution transmission electron microscopy
(HRTEM) (Zeiss Libra 200FE Germany) characterizations were
performed at an accelerating voltage of 200 kV. The

Carbonization with

ZnCly
S

Sulfate Reducing Bacteria Co-enriched Sulfate

Reducing Bacteria

(SRB) (Co-SRB)

Freeze-drying Co-enriched
Sulfate Reducing Bacteria

(Freeze-drying Co-SRB) (CFO@BC/Zn)

Scheme 1 Preparation process of CFO@BC/Zn, which shows that Co was enriched with SRB.
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morphologies of Co-SRB and CFO@BC/Zn were observed by
SEM (JSM-7500F, Japan). Energy dispersive X-ray spectroscopy
(EDS) of CFO@BC/Zn was mapped by SEM (JSM-7500F, Japan).

Electrochemical measurement

OER was performed on the CHI 760E electrochemistry work-
station with a standard three-electrode system in 1 M NaOH
solution saturated with N, (poured into nitrogen gas for half an
hour). Considering that the CFO@BC/Zn hybrid was in
a powdered form, a classical method was used in which Nafion
was used as a film for attaching the catalyst on a Glass Carbon
Electrode (GCE) 3 mm in diameter (0.071 cm™>). The GCE was
polished by 30 nm Al,O; to remove the oxidized material on the
surface. Five mg powder was scattered in 1 mL isopropanol/
water (volume ratio 1:3) and 35 pL 5 wt% Nafion solution
with 2 h sonication to form a homogeneous ink. Then, the 5 puL
mixed ink was placed on GCE and dried under room tempera-
ture (loading of 0.340 mg ecm™?). The Pt sheet (2 x 2 cm”) was
used as the counter electrode. To eliminate the impact of oxides
present on the surface of Pt, a counter electrode was immersed
in 0.5 M H,SO, for 20 min and then, 5 min sonication was
conducted in ethanol/water solution. Afterwards, the material
was washed with deionized water several times. An HgO/Hg
electrode was used as the reference electrode. Linear sweep
voltammetry (LSV) was performed in a three electrode cell under
a sweep rate of 5 mV s~' between 1.0 V and 1.8 V vs. RHE for
OER. IrO, was scattered into ethanol with 5 wt% Nafion and
pasted on GCE. An Ni foam (2 x 2 cm?®) was used as the
substrate to support the catalyst. Twenty mg catalyst and 2 mL
polytetrafluoroethylene ethanol dispersion solution (1 mg
mL ") were mixed well by ultrasonicating for 2 h. Then, the
uniform suspension was dropped on the Ni foam (hybrid
loading of 2.5 mg cm ™2 on Ni foam). To standardize the data, an
equation was used as a bridge between the HgO/Hg reference
electrode and reversible hydrogen electrode without any iR-
correction: E (RHE) = E (HgO/Hg) + 0.0591 X pH + 0.098.

Theoretical calculations

In this paper, the Vienna ab initio simulation package (VASP) in
the framework of the projector augmented wave (PAW) method
was used for all calculations. The cut off for the plane waves set
was 520 eV. Hubbard-like, localized term was added to the PBE
generalized gradient approximation (GGA) exchange correlation
functional, namely, GGA + U. The U, (U-J) value of 4.5 eV was
applied for both Cosq and Fesq states. All 2 x 2 x 2 supercells
with 4 x 4 x 2 mesh of k-points were used to calculate the
electronic structure of CFO. For calculations of adsorption
energy, (100) surfaces were modeled using symmetric slabs of
one layer with vacuum widths of 10 A. All atoms were fully
relaxed with the energy convergence tolerance of 10™° eV per
atom, and the final force on each atom was <0.01 eV A%,

Results and discussion

The transition metal Co was enriched by SRB, and CoFe,0,
(CFO) was found in CFO@BC/Zn. Analysis of the XRD patterns

This journal is © The Royal Society of Chemistry 2018
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showed that the peaks of CFO appeared for CFO@BC/Zn and
CFO@BC (Fig. 1a), and according to the OER performances
between CFO@BC/Zn and BG, we observed that superior cata-
Iytic performance was induced by CFO. The X-ray diffraction
(XRD) patterns of CFO@BC/Zn, CFO@BC and BG were indexed
to the (220) and (311) planes of the orthorhombic to spinel
(Fd3m). Comparing the OER activity of CFO@BC/Zn with that of
BG, the catalytic activity absolutely came from CFO as shown in
Fig. 1a. CFO (JCPDS no. 22-1086) showed a single reflection
around 20 = 20.09°, 35.44° corresponding to CFO. However,
there were no characteristic peaks of C in the XRD pattern,
which indicated that the contents of graphitic carbon and N-
doped carbon were too low to be detected. Fortunately, the
Raman spectrum exhibited D band and G band at 1340 cm™*
and 1595 cm ' (Fig. s17), respectively, which meant that the
carbonation of SRB was successful. Furthermore, the presence
of CFO@BC/Zn hybrid was confirmed by XPS (Fig. 1b and s27).
Significant two core-level signals of Co of CFO@BC/Zn hybrid
located at ~780 and 796 eV were assigned to C0,p3/, and Co,py)2,
respectively. The high-resolution deconvoluted Co,, spectrum
indicated that the peak of Co*" located at 779.9 eV was the
characteristic peak of CFO. Analysis of the XPS data of Fe
(Fig. 1c) indicated the presence of substantial Fe** species,
which was confirmed from the CFO peak located at 710.4 eV and
the Fe*" peak located at 709.1 eV. Additionally, the main state of
S was found to be >~ in the hybrid, and a small amount of S,>~
was confirmed by the peak located at 164.6 eV (Fig. 1d). This
indicated that ZnS was the main form of S*>~ in the hybrid.
Likewise, this also explained why the XRD pattern did not show
clear characteristic peaks of FeS,. The XPS data of C;5 and Ny
are shown in Fig. 1e and f, respectively. The presence of

z |
7;5 7;0 7;5 7;0 7;5 860 865 810
B.E. (eV)
> .
705 710 715 720 725 730 735 155 160 165 170
B.E. (eV) B.E. (eV)
gz z
g g
278 280 282 284 286 288 290 399 395 200 205 210
B.E. (eV) B.E. (eV)
Fig. 1 (a) XRD patterns of CFO@BC/Zn hybrid and BG; (b), (c), (d), (e)

and (f) high-resolution deconvoluted Coyp,, Fezp, Sap Cis and Ny
spectrum, respectively, of XPS data.
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graphitic carbon, which can increase conductive ability, was
also confirmed by the XPS data. Moreover, pyrrolic nitrogen was
found in CFO@BC/Zn (Fig. 1f). Previous studies have shown
that the pyrrolic nitrogen plays a key role in the catalytic process
in the presence of various nitrogen forms.”” It was believed that
the incorporation of nitrogen caused an increase in the degree
of delocalization of charge such that the adsorption state of O,
was changed.

The activity of the catalyst was affected by porous surface
characteristics, long-range structure and controllable material
composites.® Scanning electron microscopy (SEM) images
show porous structure and rough surfaces of freeze-dried Co-
SRB and CFO@BC/Zn (Fig. 2a and b, respectively). The porous
and uniform surface exposed more active sites, which essen-
tially increased the adsorption opportunities between OH /H,O
and the active sites. Energy dispersive X-ray spectroscopy (EDS)
elemental mapping by SEM was employed to obtain elemental
distribution of Co, Fe, O, S, C and Zn in the hybrid, verifying the
uniform dispersion of five elements (Fig. s31). Likewise, a mes-
oporous structure was seen on the CFO crystal in TEM images
(Fig. 2c and f). There was no doubt that this porous CFO helped
oxygen generation and precipitation. To further examine the
crystal structure of as-made CFO, HRTEM analysis and Fast
Fourier Transformation (FFT) were carried out, and a typical
image for the hybrid is shown in Fig. 2d. Crystal lattice fringes
could be clearly observed, suggesting the highly crystalline
nature. The distances between two fringes in Fig. 2d and h were
approximately 0.254 and 0.297 nm, corresponding to distances
of the (311) and (220) planes of CFO spinel. Also, the presence of
ZnS in the mixture was confirmed by TEM and HRTEM images,
as shown in Fig. s4.F

As the electrocatalyst obtained from SRB, CFO@BC/Zn
hybrid was first evaluated by linear sweep voltammetry (LSV)
on the CHI 760E electrochemistry workstation with a standard
three-electrode in 1 M NaOH solution saturated with N,. As

Fig. 2
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expected, BG did not exhibit OER performance. CFO@BC/Zn
showed excellent performance with a low potential of 1.53 V
when it was supported on GC (0.340 mg cm 2), and a low
potential of 1.45 V was obtained at a current density 10 mA cm >
when it was supported on the Ni foam (Fig. 4b); the small
specific surface areas of CFO@BC/Zn (3.51 m> g~ ') are shown in
Fig. s5.F This performance was superior to those of the currently
used Co030,4/N-rmGO and Co3;0,/rmGO (Fig. s6ct). The cyclic
voltammetry (CV) and time dependence of the current density
under a constant potential were used to check the stability of
the CFO@BC/Zn hybrid (Fig. 3d and s6bt). The long-term
stability of CFO@BC/Zn was reflected in the time dependence
of the current density under a constant potential. In theory, as
the O, states pass through Fermi level, the central O p-band
moves closer to the Fermi level, which was believed to be the
reason of this inverse spinel CFO for the decrease.?® The decline
of system may be due to electrochemical deposition. However,
the activity of the CFO@BC/Zn hybrid was retained after per-
forming OER with oxygen for 24 hours, and it was better than
that of commercial IrO, (Fig. s6at). To increase the activity of
CFO®@BC/Zn hybrid, it was activated by cathodic treatment'**®
at an overpotential of —500 mV vs. RHE for 24 h (R-CFO@BC/
Zn). The potential was reduced to 1.47 V at a current density
of 10 mA em ™2, which was smaller than 1.57 V for IrO,, and the
potential was found to be 1.63 V when the current density was
100 mA cm > (Fig. 3b). To the best of our knowledge, this
potential was excellent compared to those of the other OER
catalysts reported previously (Table s1}). Importantly, an
outstanding electrocatalyst possesses not only a low over-
potential, but also a small Tafel slope.**** The CFO@BC/Zn
hybrid exhibited a small Tafel slope of 86 mV dec™" (Fig. 3c),
which was smaller than 92 mV dec™* of IrO, and close to the
reported value of 95 mV dec ' in alkaline medium.** After
cathodic treatment, the Tafel slope of R-CFO@BC/Zn deceased
to 47 mV dec”'. The reason for this phenomenon was the

C
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100 nme

——

(a) SEM images of the freeze-dried Co-SRB; (b) SEM images of CFO@BC/Zn; (c) and (f) are TEM images, which exhibit a mesoporous

structure, as shown on the CFO crystal; (d), (e), (g) and (h) HRTEM and its FFT image of CFO.

22802 | RSC Adv., 2018, 8, 22799-22805

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02959h

Open Access Article. Published on 21 June 2018. Downloaded on 3/12/2026 3:48:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a 120

(@]

—— CFO@BC/Zn
CFO@BC J
—BG I”’l‘

R-CFO@BC/Zn
© CFO@BC/Zn

g

Current density (mA em™)

Potential (V versus RHE)
in
&

2
S

n
S

=
b7}

=

0 02 04 06 08 1.0 12 14 16

L0 L1 1.2 5 1.6 1.7 1.8
Log (J/mA em™2)

1 14 1
Potential (V versus RHE)

b 180

60| ——R-CFO@BC/Zn d
‘s —— CFO@BC/Zn

Stop — 10,

120}

ziof

2

2
2

(mA em
w &
EE

\\_/’“\

Current densi
Current density

D s o®
oS 23883

60 120 180 240 300 360 420 480
Time/ min

1.0 11 12 13 14 15 16 L7 18 o
Potential (V versus RHE)

Fig.3 (a) LSV curves of CFO@BC/Zn, CFO@BC and BG; (b) LSV curves
of R-CFO@BC/Zn, CFO@BC/Zn and IrO,; (c) Tafel slopes of R-
CFO@BC/Zn, CFO@BC and IrO5; (d) time dependence of the current
density under a constant potential 1.53 V of CFO@BC/Zn hybrid.

increase in the contents of reduced metals such as Co** and
Fe®".** These reduced metals degraded electrochemical imped-
ance in the reaction process. As is shown in Fig. 4a, the
impedance of R-CFO@BC/Zn decreased to 28 Q (CFO@BC/Zn:
34 Q). The excellent electrochemical activities of R-CFO@BC/
Zn, CFO@BC/Zn and CFO@BC can thus be understood in
terms of the significantly decreased charge-transfer resistance
(Fig. 4a). Due to small resistance, the catalysts exhibited a low
initial potential. After further evaluation of these catalysts, we
found that CFO@BC/Zn exhibited a low initial potential 1.47 V
(0.5 mA cm ?); the initial potentials of CFO@BC and R-
CFO®@BC/Zn were 1.52 V and 1.45 V, respectively.

The catalytic ability of CFO@BC/Zn hybrid on Ni foam was
evaluated in 1 M NaOH solution by LSV at potential between 0 V
and 0.8 Vvs. HgO/Hg for water splitting. Under small loading on
Ni foam, the CFO@BC/Zn hybrid still exhibited an excellent
OER performance with an overpotential of 220 mV at a current
density 10 mA cm 2, which was superior to that of R-
CoOx@CN™" under approximate test conditions (Fig. 4b). Fig. 4b
shows OER of the supported catalyst with Ni foam at 1.48 V. The
current density did not change much for the high-current
oxygen precipitation process on the Ni foam.

It is generally believed that N-doped thin carbon or high
specific surface biomass carbon obtained from Lewis acid
(znCl,) are susceptible to electron permeation and transfer.*

a % = CFO@BC b » ——CFO@BC/Zn on two foams Ni
= CFO@BC/Zn ~——CFO@BC/Zn on one foam Ni
= R-CFO@BC/Zn, a0 Foam Ni
T g
40 - ", -
" . g0}
z - . £
£ - .
N [ S}
20 kY =
H
Ewfp
\| ¢
0 2 0 - T . . . .
0 20 40 60 80 100 120 140 160 180 TR TR R TR RV
Z'/ohm Potential (V versus. RHE)
Fig. 4 (a) Electrochemical impedance spectra for R-CFO@BC/Zn,

CFO@BC/Zn and CFO@BC at 1.55 V vs. RHE between 0.01 Hz to
100 000 Hz (b) LSV curves of CFO@BC/Zn on the Ni foam.
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Electrochemical active surface area (ECSA) was used to study the
size of surface areas per mass of materials, which participate in
the electrolysis for OER. Thus, cyclic voltammetry measure-
ments (CV) were conducted by sweeping the potential across the
non-faradic region to rationally evaluate the hybrid. The double
layer capacitance of the catalyst was enhanced due to ZnCl,:
1.25 mF cm ™2 of CFO@BC/Zn and 0.63 mF cm ™2 of CFO@BC
(Fig. 5b and s77). However, the ECSA did not reflect the effect of
Zn on electrocatalytic activity. In accordance with the electro-
chemical double layer theory, hydrophilic groups of biomass
carbon were assembled on the surface of CFO (inner layer) in
the double layer capacitance because of vacant 3d orbitals from
Fe or Co. However, Zn has no vacant 3d orbital, and doped Zn or
ZnS will decrease the assembly of hydrophilic groups on the
surface of CFO. The reason for this phenomenon is that the
surface charging of conductive metallic oxide is much more
complex, and it also depends on the oxide through a proton
injection/ejection process involving the solid-state surface redox
transition.** Since we could not obtain the value of the theo-
retical double-layer capacitance of the CFO@BC/Zn hybrid,
morphology factor (p), a more accurate value, was used to
characterize the active sites for metallic oxide. In short, the
penetration of electrons in the double capacitor was assumed to
be ideal so that the differential capacity for the external capac-
itor (C.) and the internal capacitor (C;) could be taken into
account respectively (details in ESIT). The roughness factor was
0.391 for CFO@BC (Fig. 5d) and 0.475 for CFO@BC/Zn
(Fig. S6t1). This showed that the effect was a decrease in C; on
ECSA by Zn. Other improvement in i., (scan rate — 0) that
represented limited diffusion current was enhanced from 0.035
mA cm > (CFO@BC) to 0.111 mA cm > (CFO@BC/Zn). This
indicated an easy diffusion of ions on the CFO@BC/Zn surfaces.
Thus, the three advantages due to the presence of Zn were
enlarged ECSA, diminished internal capacity and enhanced
limited diffusion current; thus, it was easy for the electrons to
enter the electrochemical double layer and move to OH . To
check the effects of Zn, we added an appropriate amount of

a 0.15 C 04
F Vs -
TS P 03 250m s
p o2t P
o.0s Soalb
< <0
E0.00 Soof
z z
Z-00s Z01r
202}
500 Bosf :
2015 Soaf 7
25 . . . .
060 065 070 075 080 085 0c0 065 070 @675 880 (045

Potential (V versus RHE) Potential (V versus RHE)

s o

5=
°
=

Aj (mA/em?)

s o=
g g £
2 2 =
Aj mA em™)
o g
£ &8
g

¥ s " 0.0 L L " N .
004 10 20 40 50 o 50 100 150 200 250

30
Scan Rate (mV/s) Scan Rate (mV/s)

Fig.5 (a) CV curves of CFO@BC/Zn from 10 to 50 mV s~*; (b) charging
current density differences (Aj = j, — jo) at 0.724 V vs. RHE; (c) CV
curves of CFO@BC/Zn from 10 to 250 mV s %; (d) dependence of the
capacitive voltammetric current (Aj = j, — jo) at 0.724 V vs. RHE.
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sodium dodecylsulfate (SDS) to reduce the surface tension, and
we produced O, easily through hydrophobic groupings of Ce.
The potential was also reduced to 1.42 V at 10 mA c¢cm >
(Fig. s81). This electrocatalyst derived from biological bacteria
provided a new way for oxygen evolution reaction, and the
research obstacles can hopefully be solved by simple prepara-
tion conditions, low costs and high activity.

To gain better understanding of the superior catalytic perfor-
mance from the quantum chemical properties of CFO, density-
functional theory (DFT) calculations were performed using
model structures in supercells. After the system was optimized, we
found that the energy of the (100) surface was lower than those of
the (110) and (111) surfaces, which indicated that the (100) surface
was the optimum surface for reaction. On the (100) surface, we
found that OH™ ions move to Fe** jons with 1.96 A Fe-O bond,
though 2.08 A hydrogen bond emerged before optimization
(Fig. 6). It was indicated that Fe®>" was the active site of the water
oxidation because of valence states. The adsorption energies of
OH™ and O, of CFO on the (100) surface were 1.291 eV (chemical
adsorption) and 0.479 eV (physical adsorption), respectively, which
suggested that OH ™ was likely to be adsorbed and O, was easily
desorbed on the (100) surface of CFO (Fig. s10t). Correspondingly,
the distances of O, and OH ™ to the crystal plane (100) were 2.15 A
and 2.04 A, respectively. (details in EISt).

Reaction mechanism and density of states are important
ways to reveal a reaction pathway. The total densities of states
(DOSs), Coz4, Fezq and O,, of CFO were plotted (Fig. s91). As for
CFO, there was a narrow bandgap of 1.79 eV. This narrow
bandgap led to the enhanced excitation of charge carriers to the
conduction band. A coordination to the formation of OOH* was
limited step in four steps of the reaction mechanism and the
DFT overpotential of CFO on crystal plane (100) was 0.64 V,
which was higher than the experimental value. It was believed
that the formation of OOH* in the reaction was the limited step,
which had a coordination energy of 1.87 eV (Fig. 7). The theo-
retical enhancement in the experimental value was observed
due to the increased conductivity from the biomass carbon and
other experiments from CNTs, GO and graphite carbon. More-
over, on the catalytic sites of Fe**, the oxygen molecule was
adsorbed in a bridge position between Co or Co and Fe atoms
with an activated oxygen-oxygen bond of 1.34 A of OOH*, which
indicated a preference of the CFO phase for dissociative 4e™
mechanism of OER with minimal production of H,0,.*

a [

OFe

°Co

Qo
O H

Fig. 6 (a) Adsorption of OH™ on the (100) surface of CFO before the
system was optimized; (b) adsorption of OH™ on the (100) surface of
CFO after the system was optimized.
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* 0O,

OOH*

Fig. 7 Free energy diagram for the dissociative mechanism of oxygen
evolution reaction on the Fe** of CFO (100) surface.

Conclusions

In this study, the hybrid catalyst CFO@BC/Zn has been
prepared successfully from sulfate reducing bacteria by
enrichment of Co, and it is an excellent catalyst for water
oxidation. The calculated results of the adsorption energies of
OH™ and O, for the OER active sites of CFO show a small barrier
for oxygen conversion. Thus, the hybrid catalyst exhibits excel-
lent performance. Most importantly, the simple preparation
conditions and low cost makes SRB promising as a new source
for the development of clean energy technology and industri-
alized development to further promote water splitting tech-
nology and fuel cells. The necessary efforts should be made to
understand the catalytic mechanism and the mechanism of the
biological preparation in future studies, as much is unknown
regarding the biological preparation of the catalyst.
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