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The Rapid Preparation of Efficient MoFeCo-Based Bifunctional
Electrocatalysts via Joule Heating for Overall Water Splitting

Ao Zhou, Wei-Jian Guo, Yue-Qing Wang’, Jin-Tao Zhang"
(Key Laboratory for Colloid and Interface Chemistry Minisiry of Education, School of Chemisiry and
Chemical Engineering, Shandong University, Jinan 250100, Shandong, China)

Abstract: Water electrolysis is an available way to obtain green hydrogen. The development of highly efficient electrocatalysts
is a current research hotspot for water splitting, but it remains challenging. Herein, we demonstrate the synthesis of a robust bifunc-
tional multi-metal electrocatalysts toward water splitting via the rapid Joule-heating conversion of metal precursors. The composi-
tion and morphology were well regulated via altering the ratio of metal precursors. In particular, the trimetal MoC/FeO/CoO/carbon
cloth (CC) electrode revealed the outstanding bifunctional electrocatalytic performance due to the unique composition and large
electrochemical active surface area. Typically, the MoC/FeO/CoO/CC catalyst needed low overpotentials of 121 and 268 mV to
reach 10 mA -cm? toward HER and OER in 1 mol-L* KOH solution, respectively. When used as both cathode and anode, a small
potential of 1.69 V was required to achieve 10 mA -cm? for overall water splitting and an impressive stability for 25 h was observed.
This facile and rapid Joule heating strategy offers guideline for rational manufacture of bimetal or multi-metal electrocatalysts to-

ward diverse application.

Key words: hydrogen evolution reaction; oxygen evolution reaction; bifunctional electrocatalyst; water splitting; Joule heating

1 Introduction At present, precious metal-based electrocatalysts are

Advanced energy has always been a necessary re- considered as the most efficient electrocatalysts to-

source for human survival and social development, ward water splitting, but the scarce and expensive

. rice limit their potential application. Therefore, de-
and the development of green and sustainable alter- p _ _ p Pp ’
. . . veloping efficient non-precious metal-based electro-
native energy has become the consensus with the in- o
. i . L . catalysts is pivotal™*',

creasing fossil energy issues™?. Hydrogen energy is a L. . i
) ) Fabricating three-dimensional self-supported nano-
kind of clean secondary energy, which has the advan- . .
structures not only avoids the use of non-conductive

tages of zero carbon emission, high calorific value . .
binders, but also provides a larger surface area to ex-

and renewable energy. Electrocatalytic water splitting
is a feasible way to generate hydrogen, aimed to solve
global energy and environmental problems™®, How-
ever, it is always suffered from the slow kinetics with
the high cost, which greatly affects the promotion

and application of water electrolysis technology %,

pose ample active sites, thus improving the catalytic
activity®™®, For decades, bifunctional electrocatalysts
being capable of performing both oxygen and hydro-
gen evolution reactions in the same electrolyte have
attracted great attention due to the ability to enable
practical applications of overall water splitting ),
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For metal carbides, electrons are easily transferred
from metal to carbon atoms, which raises the center
of d-band and reduces the antibonding state between
O atom intermediates to enhance the bonding strength
of O atoms and improve the performance of OERP,
Metal oxides have a large number of active sites and
are beneficial to the adsorption and dissociation of
H,O, which is beneficial to improve the catalytic ac-
tivity™®. For the traditional material synthesis strate-
gies including temperature programmed carboniza-
tion, carbothermic reduction and precipitation, such
consumed processes may also cause the sintering
and/or agglomeration issues. Significantly different
from the aforementioned approaches, a series of new
materials could be synthesized in a short time via
Joule heating approach*,

Herein, we demonstrated the fabrication of a bi-
functional electrocatalyst via a Joule-heating treat-
ment of diverse metal precursor on carbon fibers.
With the preparations of bimetallic and polymetallic
electrocatalysts via modifying the composition of
metal precursors, the trimetallic MoC/FeO/CoO/CC
demonstrated the excellent bifunctional electro-
catalytic activity with 121 and 268 mV to deliver 10
mA -cm? for HER and OER, respectively. Further-
more, when the MoC/FeO/CoO/CC was used as an
anode and a cathode for overall water splitting, only
the potential of 1.69 V was required to reach 10
mA -cm? and the excellent stability was achieved.
Reasonable design of robust and efficient non-noble
metal electrocatalysts is of great significance for pro-
moting the commercialization of water electrolysis

for hydrogen production.
2 Experimental Section
2.1 Synthesis of MoC/FeO/CoO/CC

The carbon cloth (CC) was activated via immersing
in nitric acid at 90 °C for 10 hours and then ultrason-
ic cleaning in deionized water for several times ™.,
0.05 mol C,H.sMoOs, 0.05 mol C;sH, FeOq and 0.05
mol Co(C;sH,0,),-xH,O were completely dissolved in
10 mL of N, N-Dimethylformamide. Then, 1.4 mL of
the mixed solution was dropped on a piece of CC
(1 x 7 cm). After being dried at 30 °C, the metal pre-

cursor coated CC was heated to 1000 °C in a vacuum
environment via Joule-heating, and finally, the elec-
trocatalyst was obtained and is named as Mo,C/Fe;O,/
CoO. Followed the similar procedure, diverse bimet-
al electrodes were prepared and are named as
MoC/FeO/CC, MoC/CoO/Mo0O/CC, and FeO/CoO/CC
via employing two metal precursors. Similarity, the
trimetal catalysts Mo, sC/FeO/CoO/CC and Mo,C/
FeO/CoO/CC were also synthesized via altering the
ratio of different metal precursors.
2.2 Material Characterizations

The microstructure and morphology of electrocata-
lysts were characterized by field emission scanning
electron microscope (FESEM, Zeiss, Sigma 300), tran-
smission electron microscope (TEM, JEM-2100F)
and the high-angle annular dark-field scanning TEM
(HAADF-STEM, JEOL JEM-ARM300F). The crys-
talline structure was analyzed on X-ray diffractome-
ter (Bruker D8 diffractometer) with Cu K, radiation
(A = 0.15418 nm). The X-ray photoelectron spectro
scopic (XPS) analysis was carried out with a multipur-
pose X-ray photoemission spectroscope (Thermo Sci-
entific ESCALAB 250Xi).
2.3 Electrochemical Measurements

The electrochemical measurements in a typical
three-electrode system where a graphite rod served as
the counter electrode, a Ag/AgCl electrode as the ref-
erence electrode and the as-synthesized electrode as
the working electrode in 1.0 mol -L' KOH. All the
potential data tested were converted to reversible hy-
drogen electrode (RHE) scales by the equation (1)
Erge =0.197 + 0.059pH + Egagci (1)
Linear sweep voltammetry (LSV) was used to evalu-
ate the electrocatalytic activity by measuring LSV
curves at 5 mV +s' with 95% iR compensation. Elec-
trochemical impedance spectroscopic (EIS) test was
performed with 5 mV AC amplitude in the frequency
range from 100 KHz to 0.01 Hz and the applied po-
tentials were -0.18 and 1.52 V for HER and OER, re-
spectively. The cyclic voltammetric (CV) curves were
recorded in a non-Faradaic region of 0.12 ~ 0.22 V
for HER and 1.22 ~ 1.32 V for OER at different scan
rates from 20 to 100 mV +s™. And the value of double-
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layer capacitance (C4) was used to reflect the elec-
trochemically active surface area (ECSA). The EC-
SA value was calculated by the using ECSA = Cy/C,,
where C; is the specific capacitance, and C; = 0.040
mF-cm? in 1 mol-L"' KOH solution™-*. To assess
the overall water splitting performance, the MoC/FeO/
CoO/CC electrodes were employed as both anode
and cathode. Faraday efficiency was obtained by the
volumes of hydrogen and oxygen produced in a cer-

tain period of time.

@ Mo(CsH,0,),
® Fe(CsH,0,);
@ Co(C:H,0,),

Joule-heating ‘

3 Results and Discussion

With the coating of metal precursors on CC, the
Joule-heating treatment enables the rapid surface
conversion due to the carbon thermal reaction
(Schemed in Figure 1). Thus, diverse bimetal- or
multi-metal-based electrocatalysts were directly
grown on CC via altering the precursor ratio.

As revealed in SEM images, the irregular nano-
sheets for MoC/FeO/CoO/CC were formed and dis-

tributed on the whole surface of CC (Figure 2a-c).
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Figure 2 (a-c) SEM, (d) TEM and (¢) HRTEM images, (f) XRD pattern and (g) the corresponding element mapping images of

MoC/FeO/CoO/CC. (color on line)
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However, lots of nanoparticles were deposited on the
carbon fiber surface for MoC/FeO/CC and FeO/CoO/
CC samples, and the agglomeration phenomenon of
MoC/CoO/MoO/CC was obvious (Figure S1). The
crystal structure of MoC/FeO/CoO/CC was analyzed
by XRD (Figure 2f), the diffraction peaks of MoC/
FeO/CoO/CC were indexed to Mo,C, Fe;O, and
CoO, respectively, suggesting the formation of hybrid
structure. Mo,C is a promising catalyst for hydrogen
evolution due to its inherent metallicity and high
stability, and the abundant heterointerfaces syner-
gistically promote the performance of water elec-
trolysis!***. The TEM images (Figure 2d-e) reveal that
the lattice spacings of 0.228, 0.255, and 0.214 nm
corresponded to the crystal planes of Mo,C (121),
Fe;O, (311), and CoO (200), respectively, indicating

Intensity (a.u.)

238 236 234 232 230 228
Binging energy (eV)

Intensity (a.u.)

810 805 800 795 790

785 780 775
Binding energy/eV

the formation of heterostructures. The corresponding
element mapping images further confirm that the ele-
ments of Mo, Fe, Co, C, O were uniformly distribut-
ed (Figure 2g).

XPS data was also analyzed in order to further
disclose the surface valence state (Figure 3). In the high-
resolution Mo 3d spectrum of MoC/FeO/CoO/CC
(Figure 3a), the two peaks situated at 229.9 and 232.2
eV are belonging to the Mo 3ds, and Mo 3ds, of Mo,
indicating the formation of Mo,C™!. The peaks locat-
ed at 230.8 and 234.0 eV are assigned to MO* and
Mo®, respectively, which would be contributed to the
exist of Mo oxide on the surface of MoC/FeO/CoO/CC
due to surface oxidation™. For Fe 2p spectrum (Figure
3b), two major peaks of Fe* located at 715.4 and
727.6 eV, and 711.7 and 724.5 eV are assigned to

Intensity (a.u.)
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Binding energy/eV
dicis
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8
2
Z C=N
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X C-Mo
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Figure 3 High-resolution XPS spectra of (a) Mo 3d, (b) Fe 2p, (c¢) Co 2p, and (d) C 1s of MoC/FeO/CoO/CC. (color on line)
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Fe* 4748 Additionally, Co 2p XPS spectrum (Figure
3¢) reveal the binding energies for Co* (784.7 and
801.3 eV) and Co* (781.2 and 797.0 V)4, Figure S3
shows the two O 1s peaks of MoC/FeO/CoO/CC at
530.8 and 531.6 eV. The binding energy at 284.4 eV
attributed to C-Mo bond in the deconvoluted C 1s
spectrum (Figure 3d), further illustrated the formation
of metal carbide!™ *1. All those results demonstrate
that the formation of carbide and oxides heterostruc-
tures via the rapid Joule heating strategy (Figure S2).
In order to evaluate the HER performance, the
electrochemical properties were tested in 1.0 mol -L™!
KOH solution. As shown in Figure 4a, the MoC/FeO/
CoO/CC electrode reveals superb hydrogen evolution
catalytic performance, only 121 mV to reach 10

a
0 -
E
Q
<
£ 50t
2
iz —— MoC/FeO/CC
3 —— MoC/Co0/MoO/CC
£ -100[ FeO/CoO/CC
g ——— MoC/FeO/Co0/CC
@]
-150 . . .
0.4 0.2 0.0 0.2
Potential/V (vs. RHE)
c 3
B MoC/FeO/CC
® MoC/CoO/MoO/CC
| A FeO/CoO/CC o
6 oF
v MoC/FeO/CoO/CC

Aj (mA-cm?)
~
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Scan rate (mV-s™)

mA -cm?, This value is prominently lower than those
of MoC/FeO/CC (174 mV), MoC/CoO/MoQO/CC (214
mV), and FeO/CoO/CC (234 mV), indicating that the
formation of triphase metal carbide and oxide het-
erostructures is beneficial to the boosted HER perfor-
mance. In addition, the HER performance could be
well regulated via altering the precursor ratio. The
Mo, sC/FeO/CoO/CC and Mo,C/FeO/CoO/CC elec-
trodes exhibited the inferior HER performance in
comparison with the MoC/FeO/CoO/CC (Figure S4),
and the high overpotentials of 139 and 152 mV were
required, indicating rational regulation of the compo-
sition could contribute to the optimized HER perfor-
mance. Tafel slope is a typical descriptor, reflecting
the reaction kinetics characters. The MoC/FeO/CoO/

b
MoC/FeOQ/CC
0.36 F —— MoC/CoO/MoO/CC
—— FeO/Co0O/CC = éad\
g 0.30 | —— MoC/FeO/Co0/CC \3\5“‘ R
=
g
‘g 0.24 | &
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N
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Time (h)

Figure 4 HER performances of diverse electrocatalysts. (a) Linear sweep voltammetric polarization curves, (b) the corresponding
Tafel slopes, and (c) plots of the current density at different scan rates. (d) Chronopotentiometric curve of MoC/FeO/CoO/CC at 10

mA -cm™. (color on line)
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CC electrode demonstrated the smallest Tafel slope
of 104.7 mV - dec”, significantly lower than the bi-
metal electrocatalysts including MoC/FeO/CC (130.4
mV - dec!), MoC/CoO/MoO/CC (131.5 mV - dec™),
FeO/CoO/CC (134.1 mV -dec™), and trimetal electro-
catalysts like Mo,sC/FeO/CoO/CC (122.3 mV -dec™)
and Mo,C/FeO/CoO/CC (109.0 mV -dec™), suggest-
ing the much easier reaction kinetics of MoFeCo het-
erostructure (Figures 4b and S5). To further explore
the excellent electrocatalytic performance, the dou-
ble-layer capacitance (C4) was calculated (Figures 4c
and S6). ECSA is proportional to Cg, hence, a higher
C, value indicates a larger electrochemical active sur-
face. The Cy value of MoC/FeO/CoO/CC was 39.8
mF -cm?, which is significantly higher than those of

the bimet al- and tri-metal-based electrocatalysts

a 200
_ —— MoC/FeO/CC
“"E 155 —— MoC/CoO/MoO/CC
z i FeOQ/CoO/CC
g —— MoC/FeO/CoO/CC
2 100}
g
ks
5 50}
g
=
QO
0

1.1 1.2 1.3 1.4 1.5 1.6 1.7
Potential/V (vs. RHE)

c 16
1l m MoC/FeO/CC
® MoC/CoO/MoO/CC
12 A  FeOQ/CoO/CC
v MoC/FeO/CoO/CC

Aj (mA-cm?)
[ee]

(=S )

Scan rate (mV-s™')

(Figure S7). The MoC/FeO/CoO/CC showed a high
active area, suggesting ample exposed active sites
number, which contributes to excellent HER perfor-
mance. Impedance is composed of real and imaginary
parts, resistance is represented by real part, while re-
actance and capacitance are represented by positive
and negative imaginary parts, respectively. Electro-
chemical impedance spectroscopic (EIS) data demon-

strates the similar semicircular nearly identical origins
(Figure S8). It was obviously that the charge transfer
resistance of MoC/FeOQ/CoO/CC (5.62 ()) was smaller
than those of other samples, facilitating electron
transfer at the electrolyte/electrode interface (Table
S1). During the stability test period, the voltage of
MoC/FeO/CoO/CC showed a negligible change, de-

monstrating the fantastically stable electrochemical

b 044
MoC/FeQ/CC
MoC/CoO/MoO/CC "

040 F——Fe0/Co0/CC M
Z MoC/FeOQ/CoO/CC
= A
£ 036r oV S
3
=
g i
g 032

0.28}

2.0
lgj (mA-cm?)

d 1.7
o 16f
jan)
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g
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=
£
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S 14}
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Figure 5 OER performances of different catalysts in 1.0 mol-L"' KOH solution. (a) Linear sweep voltammetric polarization curves,

(b) Corresponding Tafel slopes, (c) Plots of the current density at different scan rates, (d) Chronopotentiometric curve of MoC/FeO/

CoO/CC at 10 mA -cm™ (color on line)
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performance of MoC/FeO/CoO/CC due to synergy
between multiple components (Figure 4d).

The OER performance was further appraised in
KOH. As shown in Figure 5a, the MoC/FeO/CoO/CC
electrode demonstrated superior oxygen evolution
catalytic activity with a low overpotential of 268 mV
to achieve 10 mA -cm? This value is significantly
lower than those of MoC/FeO/CC (342 mV), MoC/
CoO/MoO/CC (287 mV), and FeO/CoO/CC (314 mV),
indicating the synergy between metal carbide and ox-
ide heterostructures contributed to the OER perfor-
mance. It was also lower than those of Mo, :C/FeO/
CoO/CC (281 mV) and Mo,C/FeO/CoO/CC (278 mV)
(Figure S9), suggesting that optimizing the content of
Mo is beneficial to OER performance. The MoC/FeO/

—
)
()

o0
(e

Current density (mA cm?) o
()]
S

10 12 14 16 1.8 20
Potential (V)

Gas volume (mL) -
N (@)} [ee] (e

[\
T

O 1 1 1 1 1 L 1
0 20 40 60 80 100 120 140 160
Time (min)

CoO/CC electrode revealed a smaller Tafel slope of
43.5 mV -dec” (Figure 5b, S10), which is lower than
these of bimetal or trimetal electrocatalysts. The
smallest Tafel slope indicates that the MoC/FeO/CoO/
CC sample owns the rapid reaction kinetic process.
The largest C, value of 70.0 mF - cm™ for MoC/FeO/
CoO/CC catalyst (Figure 5c, S11-12) indicates the
larger electrochemical active surface for ample active
sites exposure. The smaller the radius of the circle,
the faster the rate of charge transfer. The MoC/FeO/
CoO/CC electrode had the smallest R, value of 2.41
), which is distinctly lower than that of MoC/FeO/
CC (3.07 Q), MoC/CoO/MoO/CC (11.58 ), and
FeO/CoO/CC (3.05 Q) electrodes (Figure S13,
Table S2), indicating a faster charge transfer capa-

1.9

—
oo
T

@10 mA-cm™

—_—
3

Potential (V)

—_—
(o)

5 10 15 20 25
Time (h)

._.
(9
o

Figure 6 Overall water splitting performance. (a) Polarization curve of MoC/FeO/CoO/CC (+) || MoC/FeO/CoO/CC (=) in 1 mol-L"
KOH solution. (b, c¢) Photographs of the apparatus used for overall water splitting for testing the volumes of gas generated by a

drainage method. (d) The amount of gas produced at different time at 8 mA - cm™. (¢) Chronopotentiometric curve at 10 mA -cm™.

(color on line)
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bility among these samples. Formations of trimetallic
nanosheets and hybrid structures significantly reduced
the charge transfer resistance. The stability of MoC/
FeO/CoO/CC was evaluated by chronopotentiometric
measurement at 10 mA -cm?, and the potential re-
mained stable during the test period, indicating that
rich interfaces can expose plenty of active sites (Fig-
ure 5d). The large surface area, ample heteroge-
neous interface and mechanical stability synergy
would achieve its superb catalytic activity and long-
term stability.

Encouraged by the excellent OER and HER per-
formances, overall water splitting performance was
tested in a two-electrode system with the MoC/FeO/
CoO/CC electrode as both anode and cathode (Figure
6a). The onset potential of the MoC/FeO/CoO/CC
() || MoC/FeO/CoO/CC (-) electrodes was about 1.5
V. And the MoC/FeO/CoO/CC (+) || MoC/FeOQ/CoO/
CC (-) electrodes required a potential of 1.69 V to
reach 10 mA -cm? for overall water splitting. To de-
tect the rate of gas production during the water split-
ting process, a home-made device (Figure 6b-c) was
designed, in which two identical MoC/FeO/CoO/CC
electrodes were immersed in a sealed graduated
pipette. The H, and O, produced could be quantita-
tively recorded through the drainage strategy. A good
linear relationship between the electrolytic time and
the gas productions of H, and O, was observed (Fig-
ure 6d). The volume ratio of hydrogen to oxygen pro-
duced during the test time is about 2:1, which
matched well with the theoretical value. The result
indicated that the Faraday efficiencies of MoC/FeO/
CoO/CC catalyst toward HER and OER were 93.1%
and 95.7% , respectively. The chronopotentiometric
curve reveals the potential drop for only 40 mV dur-
ing 25-h electrolysis, which further proves the out-
standing stability (Figure 6¢). Therefore, the excellent
electrocatalytic performance of MoC/FeO/CoO/CC
catalyst for overall water splitting indicates that the
MoC/FeO/CoO/CC exhibited fantastic activity and
stability as a new type of bifunctional electrocatalyst

in practical applications.

4 Conclusions

In summary, we demonstrated the rapid synthesis
of three-dimensional metal carbide and oxide hetero-
geneous structures via Joule heating strategy. Upon
altering the precursor composition, the structure and
composition were well regulated, which enables the
synthesis of diverse bimetal and trimetal heteroge-
neous structures. Typically, the resultant MoC/FeO/
CoO/CC catalyst revealed the excellent bifunctional
catalytic performance with the overpotentials of 121
and 268 mV to deliver 10 mA -cm? for HER and
OER, respectively. When employed as both anode and
cathode for overall water splitting, only 1.69 V was
required to achieve 10 mA - cm?. These approaches
and understanding will provide a new way for ratio-
nal design and exploration of sustainable and du-
al-function electrocatalysts for low-cost and environ-
mentally friendly industrial hydrogen production.
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