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Abstract

Exploiting highly active and non-noble metal bifunctional catalysts at large current density is significant for the
advancement of water electrolysis. In this work, CeO, electronically structure modulated FeNi bimetallic composite
porous nanosheets in-situ grown on nickel foam (NiFe,O4-Fe;4N19-CeO,/NF) is synthesized. Electrochemical exper-
iments show that the NiFe,O4-FeyyN1o-CeO,/NF exhibited the outstanding activities toward both oxygen and
hydrogen evolution reactions (OER and HER) (171900 = 352 mV and 71900 = 429 mV, respectively). When assembled into
a two-electrode system for overall water splitting (OWS), it only needs a low cell voltage of 1.81 V to drive
100 mA-cm 2 And it can operate stably at +500 mA-cm 2 over 30 h toward OER, HER and OWS without significant
activity changes. The reason could be assigned to the electronic modulating of CeO, on FeNi composite, which can
boost the intrinsic activity and optimize the adsorption of reaction intermediates. Moreover, the porous nanosheets in-
situ grown on NF could enhance the contact of active site with electrolyte and facilitate the gas release, thus improving
its chemical and mechanical stabilities. This study highlights a novel approach to design bifunctional non-noble metal
catalysts for water splitting at large current density.
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1. Introduction Among various catalysts, Fe-Ni-based compos-
ites have been considered as ideal catalysts for
OER because of their high intrinsic activity and fast
kinetics under alkaline conditions [7—9]. And there
exists synergistic effect between Ni and Fe
compared with single-component catalysts, which
can effectively improve the intrinsic activity
[10—12]. Meanwhile, Fe-Ni-based composites

could form the FeNi double metal oxyhydroxide

The development of hydrogen energy with zero
pollution and high combustion calorific value will
enable the transition from traditional energy to
clean and sustainable hydrogen economy [1-3].
Water electrolysis driven by renewable energy
(e.g., wind and solar) to produce H; is deemed a
promising method. However, its practical appli-

cation is hindered due to the slow reaction kinetics
and high overpotential [4,5]. Although the above
issues have been deeply studied, it is still difficult
to meet the requirements of long-term and effi-
cient operation at large current densities in in-
dustrial water electrolysis for hydrogen production
[6]. It is still challenging to design catalysts with
abundant active sites and good durability/effi-
ciency at large current density.

(NiFeOOH) during OER, thus Fe3 " occupies an
octahedral position in NiFeOOH, and the Fe-O
bond length is very short due to the influence of
the surrounding edge-sharing octahedron (NiOg)
[13]. This structure can facilitate the adsorption of
oxygen-containing intermediates during OER,
therefore enhancing the reaction rate [14]. Never-
theless, most Fe-Ni-based composite materials are
only used for OER because of the weak bonding
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between hydrogen and Fe®" [15,16]. Thereby
designing advanced multifunctional catalysts is
necessary.

According to previous studies, combination of
CeO, with transition metals could enhance the
intrinsic HER activity [17,18]. CeO, as a water
dissociation promoter exhibits excellent electronic/
ionic conductivity due to the abundant half-filled
and empty d orbitals, thereby lowering the energy
barrier for the formation of hydrogen intermediates
[19,20]. Chen et al. prepared a composite with CeO,
modulating the electronic structure of Ni that is
favorable for the transportations of electrons and
ions to exhibit good HER activity [21]. Besides, CeO,
is usually applied as OER catalysts because of its
superior conductivity and oxygen storage ability
accompanied by reversible exchange states be-
tween Ce®>* and Ce*" [22,23]. Li and co-workers
synthesized a FeOOH/CeO, hetero-layered nano-
tube, which exhibited better OER performance than
single FeOOH component [24].

The long-term stable operation of catalysts at
large current density is another key factor for
realizing industrial applications, since the vigorous
reactions of anode and cathode will cause catalyst
shedding and structural damage [25,26].
Morphology control and substrate selection are
considered as efficient methods to enhance catalyst
stability [27,28]. Among them, two-dimensional
(2D) nanosheet in-situ grown on conductive sub-
strate (NF) has the advantages of the stable com-
bination between the active species and substrate,
which is beneficial for accelerating electron and
ion transfers [29,30]. As well as possessing large
specific area to facilitate gas release, thus avoiding
catalyst shedding and structural damage [31]. In
our previous work [32], IrNi-FeNi; hybrid nano-
sheets are synthesized on NF via one-step sol-
vothermal, which could maintain at 1000 mA-cm 2
for 100 h in industrial conditions.

Herein, NiFe,O4-Fey4Nq9-CeO, composite with
porous nanosheets structure in-situ grown on NF
(NiFe;O4-Fey4N19-CeO,/NF) is designed and pre-
pared by solvothermal and annealing treatments
(Fig. 1). It combines the advantages of CeO, in
regulating electronic structure and self-supporting
porous nanosheets, showing the feasibility of high-
efficiency, stable and low-cost water electrolysis at
large current density. The electrochemical charac-
terization demonstrates that it arrived at
+1000 mA-cm 2 only requiring overpotentials of
352 and 429 mV for OER and HER, respectively.
Moreover, when used as a two-electrode system
for water electrolysis, it needs a low voltage of
1.81 V to reach 100 mA-cm 2, which surpasses
those of NiFezO4—Fe24N10/NF (183 V), CeOZ/NF

Ni Foam (NF)

N A | Lk
M R
NiFe,0,-Fe,,N,)-CeO,/NF

Fig. 1. Schematic diagram for the synthesis of NiFe,O4-Fe,4N;9-CeO,/
NF.

(1.94 V) and precursor (1.89 V), and it could also
operate stably at 500 mA-cm 2 for 30 h.

2. Experimental section
2.1. Materials

All reagents were of analytical grade and used
directly without further purification, including
ferric nitrate nonahydrate (Fe(NO3);-9H,0), nickel
foam (NF), urea (H,NCONH,), cerium nitrate
hexahydrate (Ce(NOj3);-6H0O), potassium hy-
droxide (KOH), hydrochloric acid (HCI) and ab-
solute ethanol (C,H;OH).

2.2. Syntheses of NiFe,04-Fe;4N19-CeO,/NF,
NiPezo4-Fez4N10/NP and CeOZ/NF

NF (1.0 cm x 6.0 c¢m) was sonicated with
1.0 mol-L ™" HCl solution to reduce the influence of
oxide layer on the reaction, followed by repeated
cleaning with absolute ethanol and DI water for
several times, respectively. Fe(NOj3);-9H,O
(252.75 mg), Ce(NOj3);-6H,O (271.5 mg) and
H,NCONH, (363.75 mg) were added into 30 mL DI
water, then the solution and pretreated NF were
transferred into 50 mL Teflon-lined autoclave for
12 h heating treatment at 120 °C. Subsequently, the
obtained precursors were annealed at 400 °C for
2 h under nitrogen (N,) environment and then
bubbled with ammonia (NHj3) for additional 2 h
NiFe;O4-FezsN1o/NF and CeO,/NF were also pre-
pared by the similar procedure without Ce and Fe
sources, respectively. To load the commercial Pt/C
or 40 wt% IrO,/C catalyst on Ni foam, 5.0 mg of
catalyst powders were dispersed in 1.0 mL (20.0 pL
5.0 wt% Nafion and 0.98 mL ethanol) solution. The
suspension was sonicated for 30 min to prepare a
homogeneous ink. The NF with a fixed area was
drop-casted with 40 pL of the catalyst ink.
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2.3. Material characterizations

The morphology of the above samples was
investigated using scanning electron microscope
(SEM, SU8220, Hitachi Corp.). Transmission elec-
tron microscopic (TEM) and elemental distribution
observations were performed on Titan ETEM
(TALOS 200X, FEI Corp.). X-ray diffraction (XRD,
Rigaku Corp., with a copper K-edge X-ray) was
utilized to determine the structure of the speci-
mens. X-ray photoelectron spectroscopic (XPS)
measurement was performed on an instrument
(ESCALAB-250Xi, Thermo Fisher) with a mono-
chromatic Al (300 W) K,, X-ray line source.

2.4. Electrochemical measurements

Electrochemical test was performed in a three-
electrode system (Interface 1010E, Gamry, USA) at
30 °C in N, saturated 1.0 mol-L™! KOH solution.
Hg/HgO electrode and graphite rod were used as
the reference and counter electrode, respectively.
All potentials were calibrated against the reversible
hydrogen electrode (RHE) according to Nernst
equation (Erpe = Engmgo + 0.0591 x pH + 0.098).
Cyclic Voltammetric (CV) activation at a scan rate of
100 mV-s~' was performed for 10 cycles prior to
conduct the linear sweep voltammetric (LSV) test at
a scan rate of 5 mV-s ' for characterizing the OER,
HER and OWS activities of each sample. Unless
otherwise specified, all the polarization curves were
iR-corrected, where i is the experimentally
measured current and R is the solution resistance.
Electrochemical impedance spectroscopic (EIS)
measurements were performed in the frequency
range from 100 kHz to 0.1 Hz, and the polarization
voltages were —0.20 V (HER) and 1.55 V (OER). The
Tafel plots were obtained via Tafel equation: n = a
+ blog|j|, where g, b and j are intercept, Tafel slop
and current density, respectively.

3. Results and discussion

The microscopic morphologies of precursor and
NiFe,0O4-Fez4N1¢-CeO,/NF were observed by SEM.
The nanosheets structures of precursor are smooth
and vertically distributed on NF (Fig. S1a, b). The
NiFe,O4-Fe»4N1o-CeO,/NF with rough and porous
structure is formed after annealing at 400 °C in
NH; atmosphere (Fig. S1c, d), which could increase
the active specific surface area of the catalyst to
expose abundant active sites [33]. Meanwhile, this
structure facilitates the contact between electrolyte
and active sites, as well as bubbles escape, thereby
improving the catalytic efficiency. Fig. S2 shows
that the morphology of NiFe,O4-FeyyNqo/NF

consisted of nanosheets and agglomerated nano-
particles, with only a few nanosheets growing on
the agglomerated nanoparticles. The reason for
this phenomenon could be that NiFe,O, is a
nanoparticle with uneven size, which is prone to
agglomeration, and the introduction of CeO,
avoids the sintering of NiFe,Oy,.

In addition, the NiFe,O4-Fe;4N19o-CeO,/NF also
shows the nanosheets morphology (Fig. 2a). In
Fig. 2b, high-resolution TEM (HRTEM) images
demonstrate the lattice distances of 0.251, 0.230 and
0.271 nm, which are derived from NiFe,04(311),
Fe;4N10(220) and CeO,(200) planes, respectively.
And Fig. 2c displays the lattice spacings of 0.208,
0.251, 0.230 and 0.271 nm, which could be assigned
to N1F6204(4:00), N1F6204(311), F924N10(220) and
CeO5(200), respectively. The above crystal planes
are also observed in the XRD patterns (Fig. 3a). As
shown in Fig. 2d—i, the HAADF-STEM and
elemental mappings images demonstrate the ho-
mogeneous distributions of Ni, Fe, Ce, O and N on
NiFe,04-FeysN19-CeO,/NF nanosheets.

XRD was used to analyze the crystal structure of
the prepared powder samples. The peaks located
at 30.3°, 35.7°, 57.4° and 63.0° are derived from the
(200), (311), (400) and (511) planes of NiFe,O,
(PDF#74-2081) in Fig. 3a. The reaction process
could be as follows: The Fe’* undergoes hydrolysis
reaction to generate H”, and then H" and NOj3
etch the NF to generate Ni*" [34]. Subsequently,
H,O, Ni*" and Fe®* react to form NiFe,O, in-situ
on the surface of NF. The characteristic peaks at
39.1° (201), 41.5° (002), 44.5° (221) and 58.3° (222)
belong to Fe;sNjo (PDF#73-2103). The diffraction
peaks of 28.5°, 33.1°, 47.5° and 56.3° are assigned to
the (111), (200), (220) and (311) crystal planes of
cubic fluorite CeO, (PDF#89-8436). XRD results
indicate that the NiFe,O4-FeyuN1p-CeO, is
composed of three phases of NiFe,O,4, Fe>sN1o and
CeO,. Besides, the XRD patterns of NiFe,O,-
Fe;4N1o/NF and CeO,/NF are presented in Fig. S3.

Then, to study the discrepancy of surface
chemical states and compositions between
NiFe204—Fe24N10-Ce02/NF, the XPS data of
NiFe,04-FeysN1o/NF and CeO,/NF were obtained
(Fig. 3b—d). The survey spectrum further proves
that NiFe,O4-Fe,;4N19o-CeO,/NF contained Ni, Fe,
Ce, N and O elements (Fig. S4a). For fine spectrum
of Ni 2p in NiFe,Oy4-Fe;4N1o-CeO,/NF (Fig. 3b), the
peaks at 855.1 and 872.4 eV can be attributed to
Ni®*, and the peaks at 857.0 and 874.3 eV corre-
spond to Ni>*. The high-resolution Fe 2p spectrum
consists of Fe’*(710.5/723.6 eV) and Fe’*(713.8/
726.9 eV) (Fig. 3c). Significantly, the Ni 2p and Fe
2p of NiFe,O4-Fey4N7o-CeO,/NF display a positive
shift (A = 0.2 eV) relative to that of NiFe,O,-
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Fig. 2. (a—c) TEM and HRTEM images of NiFe,O4-Fe;4N19-CeO,/NF, (d—i) HAADF-STEM and elemental mappings images.

F824N10/NF. While the Ce 3d in NiFe204-Fe24N10-
CeO,/NF exhibits a distinguished negative binding
energy shift (A = 0.3 eV) than that of CeO,/NF
(Fig. 3d). These phenomena confirm that CeO, acts
as an electron acceptor to induce electron transfer
from the two-phase NiFe,O4-Fep4Nqg to CeO, due
to the electronic interaction between CeO, and
NiFe,04-Fe;sN1g [35,36], thereby changing the in-
ternal electronic structure [37]. This will optimize
the adsorption energy of reaction intermediates,
thus improving catalytic performance [38,39]. The
N 1s peaks of 397.6 and 399.4 eV correspond to
Fe—N and N—H (Fig. S4b). It is reported that Fe—N
bonds can reversibly exchange oxygen reaction
[40]. The appearance of Fe—N is attributed to the
Fe,4Nyo phase, which is generated by the coordi-
nation reaction of Fe atoms with N atoms under an
ammonia atmosphere. Besides, the O 1s peak is
presented in Fig. S4c.

Then electrochemical measurements were per-
formed to assess the activity of catalysts. Fig. 4a
displays that NiFe,O4-Fez4N1o-CeO,/NF only re-
quires low overpotential of 274 mV to reach
100 mA-cm 2 toward OER, which is better than
NiFe204-Fe24N10/NF (206 mV), CeOZ/NF (361 mV),
NF (342 mV) and IrO,/C/NF (353 mV). The reason

may be that the introduction of CeO, can change
the electronic structure and enhance the adsorp-
tion of intermediates, thereby speeding up the re-
action rate. Obviously, the potential of NiFe,Og4-
Fe,4N19-CeO,/NF relative to precursor
(Ez00 = 1.54 V) shifts significantly to a more nega-
tive direction, possibly benefitting from the porous
structure formed by calcination to expose more
active sites. Furthermore, NiFe,0O4-Fe;;N;o-CeO,/
NF still exhibits the best activity among all cata-
lysts, even in harsh environment of large current
density with severe reaction, suggesting that it
exhibits significant promise for commercial appli-
cations. Among them, the activity of IrO,/C/NF is
worse than that of NF due to the introduction of
more Nafion binders with non-conductive prop-
erties in the preparation of IrO,/C/NF.

Tafel slopes of NiFe,O4-FeysNig-CeO,/NF
(6234 mV-dec '), NiFe;O4-FepN;o/NF  (70.56
mV-dec "), CeO,/NF (125.47 mV-dec ™), IrO,/C/NF
(116.09 mV-dec 1Y), NF (104.49 mV-dec !) and pre-
cursor (88.49 mV-dec ') were calculated by polari-
zation curves (Fig. 4b). The minimum Tafel value of
NiFe;O4-Fep4N1o-CeO,/NF implies a kinetic advan-
tage relative to other prepared catalysts. It can be
interpreted that the micro/nanoarray structure
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Fig. 3. (a) XRD pattern of NiFe,04-Fe;4N19-CeO,/NF; XPS spectra of (b) Ni 2p and (c) Fe 2p in NiFe,04-Fe,4N19-CeO,/NF and NiFe;04-Fe;4N7o/

NF, and (d) Ce 3d in NiFe;04-Fey4N19-CeO,/NF and CeO,/NF.

formed by the rough nanosheets facilitates the mass
transport and exposes abundant active sites, thereby
accelerating the reaction kinetics. Besides, according
to literatures, NiFe,O, is prone to be agglomerated
due to its inhomogeneous size of nanoparticles. The
introduction of CeO, prevents NiFe,O, nanoparticles
from agglomeration and facilitates the adsorption of
water molecules [41]. In Fig. 4b, NiFe,O4-Fe;4Nqo-
CeO,/NF exhibits the smallest charge transfer resis-
tance (Ry) observed by EIS, this is because that the
interaction between CeQO, and NiFe,O4-Fe,4Nqo ac-
celerates electron transfer.

Chronopotentiometry (CP) method is adopted to
evaluate the OER stability of NiFe;O4-FezsNyo-
CeO,/NF (Fig. 4d). It can keep working at
500 mA-cm 2 for 30 h (potential change ca. 20 mV),
indicating good OER stability. Fig. S5 shows the
microstructure changes of catalysts during pro-
longed O, release, the porous nanosheets
morphology could be well-remained under harsh
conditions. The good OER stability benefits from

the porous nanosheets and the regulation of CeO,,
which can alleviate the catalyst agglomerate.

HER activity of NiFe;O4-Fe;sN19-CeO,/NF was
also evaluated. Although Pt/C/NF exhibited
excellent intrinsic activity with the overpotential of
23 mV at —10 mA-cm? (Fig. 5a). However, it is
fabricated with the assistance of Nafion binder,
which cannot operate stably at large current den-
sity due to violent bubble release, thus leading to
the mechanical shedding of active material.
NiFe,O4-Fe4N7p-CeO,/NF only needs an over-
potential of 429 mV to stably reach
—1000 mA-cm 2, which is superior to NiFe;Og4-
Fe;yN1o/NF (458 mV), NF (483 mV), precursor
(458 mV) and CeO,/NF. This excellent HER activity
could be attributed to the synergy between
NiFe,04-FeysN7g and CeO, optimizes the catalytic
activity. As shown in Fig. 5(b and c), except for Pt/
C/NF, NiFe,04-Fep4N19-CeO,/NF displays smaller
Tafel slope and R than those of other samples,
which implies that the introductions of CeO, and
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porous nanosheets can speed up the electron and
mass transfers.

Besides, CP method was also employed to assess
the HER stability (Fig. 5d). The potential changed
by only 10 mV after NiFe,O4-FeyN;o-CeO,/NF
was continuously operated for 30 h at
—500 mA-cm % indicating the gratified HER
durability. It is also demonstrated by the
morphology of NiFe,O4-FeysN1o-CeO,/NF after
long-term H, evolution tests, that is, the
morphology of porous nanosheets still preserved
well (Fig. S6).

Electrochemical surface area (ECSA) is a signif-
icant parameter to evaluate the catalysts, which
can be calculated by the following formula:
ECSA = Cal/Cs (1)
In Fig. S7, C4 value was estimated by cyclic vol-
tammetry (CV) method in the non-Faraday region
(0.8—1.0 V) with the scan rates from 20 to
100 mV-s~ . The NiFe,O,-FeysN1o-CeO,/NF ex-
hibits the highest Cq; value (22.69 mF-cm™2), which
is 1.5, 5.9 and 10.8 times higher than those of CeO,/
NF, NiFe,O4-Fe;4N1o/NF and precursor. The above
results clearly demonstrate that the introduction of
CeO, can increase the ECSA and effective active
sites, thereby enhancing the kinetics of the water
electrolysis reaction. The reason could be that the
presence of CeO, avoids the problem of easy
agglomeration of NiFe,O,, thereby exposing active
sites. Meanwhile, the porous nanosheet structure of
NiFe,O4-Fe;sN19-CeO,/NF  after annealing can
facilitate the contact between electrolyte and active
sites, and thus enriching the activity.

As displayed in Fig. S8, the activity of catalyst
was optimized by annealing at different tempera-
tures (300, 400, 500, 600 and 700 °C) under NHj

atmosphere. The sample prepared at 400 °C has
the superior OER and HER activities as well as the
fastest kinetics. The annealing temperature will
change the chemical composition and microscopic
morphology of the catalyst, thereby affecting the
catalytic activity.

In Fig. 6a, considering the good HER and OER
performances of NiFe,O4-Fe)sN1o-CeO,/NF, it was
utilized as an anode and a cathode for assembling
a water electrolyzer (NiFeyO4-FezsN79-CeOs,/
NF‘ |NiFeZO4'F924N10'CeOz/NF). The NiFe204-
Fe;4N19-CeO,/NF also displays good performance
with a potential of 1.81 V at 100 mA -cm 2 for OWS,
which is superb to NiFe,O,-FeysN;o/NF (1.83 V),
CeO,/NF (1.96 V), precursor (1.89 V) and NF
(1.90 V). The OWS stability test of NiFe,O,-
Fe,4N10-CeO,/NF demonstrates that it can contin-
uously operate for 30 h at 500 mA-cm 2 with
voltage rise of only 0.2 V (Fig. 6b), indicating its
potential for industrial application.

4. Conclusions

In summary, the CeO, electronic structure
modulated FeNi bimetallic composite porous
nanosheets in-situ grown on 3D NF are prepared
through a solvothermal and annealing method.
Benefiting from the electronic interaction of CeO,
modulating the electronic structure of FeNi com-
posite and self-supporting porous nanosheets, the
prepared NiFe,O4-FepyNqg-CeO,/NF  exhibited
excellent water electrolysis activity with a low po-
tential of 1.81 V to arrive at 100 mA-cm 2 for OWS.
It also displays good stability at 500 mA-cm 2 for
30 h with no significant potential augment. These
results indicate that the NiFe,O4-Fe,4N1o-CeO,/NF
meets the requirements of high efficiency and
prolonged stable operation at large current
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density. Hence, this work has implications for
designing bifunctional catalysts applied in indus-
trial water electrolysis hydrogen production.
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