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Highly efficient oxygen evolution and stable water
splitting by coupling NiFe LDH with metal phosphides

Chengye Song"*", Yi Liu'", Yuchao Wang"*', Shuaihao Tang"’, Wenkui Li*’, Qian Li"*, Jian Zeng"”,
Lei Chen’, Hongcheng Peng3 and Yongpeng Lei>®

ABSTRACT It is a great challenge to develop highly active
oxygen evolution reaction (OER) electrocatalysts with super-
ior durability. In this study, a NiFe layered double hydroxide-
decorated phosphide (NiFe LDH@CoP/NiP;) was constructed
to display satisfactory OER activity and good stability for
water splitting in alkaline media. At an overpotential of
300 mV, NiFe LDH@CoP/NiP; achieved a current density of
82 mA cm” for the OER, which was 9.1 and 2.3 times that of
CoP/NiP; and NiFe LDH, respectively. Moreover, the re-
construction behavior, during which oxyhydroxides formed,
was studied by a combination of X-ray photoelectron spec-
troscopy, Raman spectroscopy, and scanning electron micro-
scopy. A synergistic effect between NiFe LDH and CoP/NiP;
was also observed for the hydrogen evolution reaction. Fur-
thermore, when NiFe LDH@CoP/NiP; acted as both the
cathode and anode for overall water splitting, a high current
density of 100 mA cm* was maintained for more than 275 h.
In addition, under Xe light irradiation, a solar-to-hydrogen
efficiency of 9.89% was achieved for solar-driven water split-
ting. This work presents the coupling of different active
compositions, and can provide a reference for designing bi-
functional electrocatalysts.

Keywords: bifunctional electrocatalysis, oxygen evolution reac-
tion, phosphides, layered double hydroxides, water splitting

INTRODUCTION
Efficient electrocatalytic overall water splitting is expected
to alleviate the increasingly severe energy shortage and

environmental crisis [1-4]. However, the slow kinetics of
the oxygen evolution reaction (OER) and poor durability
of catalysts under alkaline conditions [5-8]. Although
RuO,, IrO, and others have been utilized, there is an
urgent necessity to develop earth-abundant OER catalysts
with high activity, good stability, and low cost [9-12]. In
previous studies, a series of OER catalysts in alkaline
solutions have been developed, including metal oxides
[13,14], hydroxides [15], selenides [16], sulfides [17,18],
carbides [19], phosphides [20,21], and others [22-24].
Although phosphides generally show good hydrogen
evolution reaction (HER) activity because of their similar
catalytic mechanism to that of hydrogenase [25], their
OER activities are unsatisfactory. Additionally, during the
OER, phosphides are usually converted to oxyhydroxides,
which are considered to be real active sites [26]. The in-
vestigation of reconstruction behavior requires more at-
tention [27].

In contrast, layered double hydroxides (LDHs) are re-
garded as excellent OER catalyst candidates [28,29]. They
have large specific surface areas and porous structures,
which are beneficial for increasing the number of active
sites and promoting mass transfer. However, because of
their weak hydrogen adsorption, LDHs exhibit relatively
poor HER activity, thus hindering their potential as bi-
functional OER/HER catalysts. Synergistic effects play
important roles in boosting bifunctional performance,
such as in the OER/HER [30]. Yang et al. [31] decorated
LDH with CoNiSe, to adjust H,O chemisorption and
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produce reactive H intermediates, thus leading to efficient
overall water splitting. Liang et al. [32] electrodeposited
amorphous NiFe hydroxides onto a NiFeP surface to
construct a hybrid structure. The resulting electronic in-
teractions boosted water oxidation by lowering the ad-
sorption energy of H,O. Thus, it could be proposed that
metal phosphides and NiFe LDH may compensate each
other’s weaknesses when combined, achieving bifunc-
tional OER/HER activity [33,34].

In this study, we coupled NiFe LDH with metal phos-
phides to boost the OER activity and stability of water
splitting in alkaline media. For the OER, at an over-
potential of 300 mV, NiFe LDH@CoP/NiP; achieved a
current density of 82 mA cm °, which was 9.1 and 2.3
times that of CoP/NiP; and NiFe LDH, respectively. The
reconstruction behavior during the OER was also studied.
As both the cathode and anode in an electrolytic cell,
NiFe LDH@CoP/NiP;, demonstrated robust stability for
275 h at a high current density of 100 mA cm . Using the
simulated solar illumination, water splitting driven by
solar cells achieved a solar-to-hydrogen (STH) efficiency
of 9.89%.

EXPERIMENTAL SECTION

Materials

Fe(NO,),9H,0, Ni(NO,),-6H,0, CO(NH,),, NaH,PO,.
H,0 and NH,F were purchased from Sinopharm Che-
mical Reagent Co, Ltd. (SCRC). Co(NO;),-6H,0 and
C;H,N, were purchased from Shanghai Macklin Bio-
chemical Co, Ltd. All the reagents were of analytical grade
and used directly without further purification.

Preparation of the catalysts

Synthesis of CoP/NiP;

Firstly, Co(NO,),-6H,0 (1 mmol), NH,F (5 mmol) and
CO(NH,), (5 mmol) were mixed and dissolved in 30 mL
deionized (DI) water. Before hydrothermal reaction, Ni
foams were successively cleaned with 3 mol L' HCI,
ethanol, and pure water under ultrasonication for 15 min
to remove surface oxides and impurity. The mixture and
a piece of Ni foam (2 x 1cm’) were shifted to Teflon-
lined stainless-steel autoclave and warmed up to 120°C
and maintained for 8 h. The precursor was washed with
DI water and ethanol for three times and dried in vacuum
at 60°C. Secondly, C;H,N, (0.30 g) and the as-prepared
precursor were put on the upper and downstream of
quartz boat, respectively. Then the obtained sample was
calcined to 280°C (2°C min ') and maintained for 2 h in
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N,. Next, phosphorization was realized at 260°C under
the condition of the second step except using NaH,PO,-
H,O0.

Synthesis of NiFe LDH@CoP/NiP;

The synthesis of NiFe LDH was referred to literature [34].
Fe(NO;);-9H,0 (0.25 mmol), Ni(NO;),-6H,0 (0.75 mmol)
and CO(NH,), (1.25 mmol) were mixed and dissolved in
30 mL DI water. The mixture and the above CoP/NiP;
(2 x 1cm’) were shifted to a Teflon-lined stainless-steel
autoclave and warmed up to 120°C and maintained for
10 h. The sample was washed with DI water and ethanol
for three times and dried in vacuum at 60°C.

Synthesis of NiFe LDH

NiFe LDH was synthesized by the similar process as NiFe
LDH@CoP/NiP;. Fe(NO,);-9H,0 (0.25 mmol), Ni(NO;),-
6H,0 (0.75 mmol) and CO(NH,), (1.25 mmol) were
mixed and dissolved in 30 mL DI water. Then, the mix-
ture and a piece of treated Ni foam (2 x 1 cm’) instead of
CoP/NiP; were shifted to a Teflon-lined stainless-steel
autoclave and warmed up to 120°C and maintained for
10 h. The sample was washed with DI water and ethanol
for three times and dried in vacuum at 60°C.

Characterizations

The crystalline structures were tested by X-ray diffraction
(XRD) on D/max 2550 VB with 40 kV and Cu Ka ra-
diation (A = 1.5418 A). The morphology of the samples
was characterized by a field emission scanning electron
microscope (FE-SEM, Quanta 250 FEG) and transmission
electron microscope (FE-TEM, FEI Tecnai G2 F20). X-
ray photoelectron spectroscopy (XPS) measurements
were performed on Thermo Fisher Scientific K-Alpha
with a monochromatic Al-Ka X-ray source. All XPS
spectra were calibrated by shifting the detected ad-
ventitious C 1s peak to 284.4 eV. Raman spectra were
measured by the Horibajylabram HR Evolution with a
532-nm excitation laser.

Electrochemical test

OER and HER tests were performed in a three-electrode
system of an electrochemical station (CHI 660E) at room
temperature. A graphite rod and a saturated calomel
electrode (SCE) were used as the counter electrode and
the reference electrode, respectively. The prepared NiFe
LDH@CoP/NiP; was directly used as the work electrode
without further treatment. The reference electrode is
converted into a potential relative to the reversible hy-
drogen electrode (RHE): E(RHE) = E(SCE) + 0.2415 +
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0.0591 x pH. The water splitting was conducted in
1mol L' KOH through a two-electrode system which
employed NiFe LDH@CoP/NiP; as both cathode and
anode. All the linear sweep voltammetry (LSV) of HER,
OER and water splitting were tested at the sweep rate of
2mV s ' with 90% internal resistance (IR) compensation.
For the solar-driven water splitting, the STH efficiency
can be defined as the following equation:
STH (%) = Chemical energy output/Solar energy input
=j x A x Eg x FEp /(P x A),
where j represents the operating current density; A re-
presents the effective illuminated area; E; is the standard
thermodynamic potential difference between HER and
OER (1.23V). FEy, is the Faradic efficiency of HER
which is regarded as 100%; P, is the power of simulated
solar illumination (100 mW cm 7).

RESULTS AND DISCUSSION

To realize the composite of CoP/NiP; and NiFe LDH,
CoP/NiP; was synthesized, followed by the growth of
NiFe LDH (Fig. S1). The specific quantities of raw ma-
terials are stated in Table S1. XRD patterns were recorded
to obtain crystallographic information (Fig. 1a). Table S2
summarizes the peaks for NiFe LDH@CoP/NiP; and their
attributions. The peaks located at 26 = 45.1°, 52.3° and
76.8° correspond to the (111), (200), and (220) crystal-
lographic planes of metallic Ni (PDF#03-1051), respec-
tively. The peaks at 20 = 21.4° and 39.4° indicate the
presence of nickel hydroxides (PDF#73-1520). The peak
at 26 = 36.1° corresponds to the (111) crystallographic
plane of CoP (PDF#29-0497). The peaks at 16.0° and
36.3° correspond to the (200) and (013) crystallographic
planes of NiP; (PDF#73-1242), respectively. XPS was then
conducted to determine the surface composition and
chemical valence (Figs S2-S7). As shown in Fig. 1b, NiFe
LDH@CoP/NiP; presents peaks corresponding to Fe, Co,

Ni, C, P and O. The coexistence of Fe and P illustrates
that NiFe LDH@CoP/NiP; was successfully obtained. The
element contents are stated in Table S3. We noted that
the Fe content was only 0.1 wt%, which may suggest the
low NiFe LDH content. Due to the low contents of Fe and
Ni in the raw materials, the relative content of NiFe LDH
was low; this explains the lack of recognizable char-
acteristic peaks associated with NiFe LDH in the XRD
patterns. Additionally, a weak peak at 26.6°, attributed to
amorphous carbon, was observed, which resulted from
small quantities of CO(NH,), and C;H,N, in the raw
materials [35,36].

In the SEM images (Fig. 2a and Fig. S8), NiFe
LDH@CoP/NiP; shows an arborized structure (a typical
characteristic of metal phosphides) on Ni foam. This
structure could facilitate intimate contact between the
catalyst and electrolyte to boost the OER kinetics [37].
The energy dispersive spectra (EDS) of NiFe LDH@CoP/
NiP; also supported the presence of Fe, Co, Ni, C, P, etc.
(Fig. S9), in accordance with the XPS spectra. Further-
more, the uniform distribution of these elements was
confirmed by the TEM elemental mapping images
(Fig. 2b, c). Fig. 2d presents the morphology of NiFe
LDH@CoP/NiP;. The phosphides were decorated with
thin LDH nanosheets. The high-resolution TEM images
(Fig. 2e, ) show the presence of CoP and NiP; particles.
The clear crystal planes with d-spacing of 0.248 and
0.208 nm correspond to the (111) plane of CoP and the
(321) plane of NiP;, respectively.

The OER performance was evaluated in 1 mol L' KOH
solution (Fig. 3a). As shown, NiFe LDH@CoP/NiP; only
required an overpotential of 239 mV to drive
10 mA cm °, outperforming its isolated NiFe LDH and
CoP/NiP; counterparts [38]. At a large current density of
100 mA cm °, NiFe LDH@CoP/NiP; also displayed a
significant overpotential advantage (310 mV) compared
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Figure 1 (a) XRD patterns and (b) XPS survey of various samples.
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Figure 2 (a) SEM images of NiFe LDH@CoP/NiP;. (b) TEM and (c) corresponding elemental mapping images. (d) TEM and (e, f) high-resolution

TEM images of NiFe LDH@CoP/NiP;.
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Figure 3 (a) OER polarization curves in 1.0 mol L™ KOH. (b) Overpotentials at 100 mA cm ” (left) and current densities at 7 =300 mV (right) of
different samples. (c) Tafel plots of different samples. (d) The overpotentials of recently reported electrocatalysts in 1.0 mol L' KOH.

with NiFe LDH and CoP/NiP;. In particular, NiFe
LDH@CoP/NiP; only required an overpotential of
300 mV to reach a current density of 82 mA cmfz, which
is 164.0, 9.1 and 2.3 times that of Ni foam, CoP/NiP; and
NiFe LDH, respectively (Fig. 3b). The Tafel slope value of
NiFe LDH@CoP/NiP; was 94 mV dec ' (Fig. 3c), which
indicates faster kinetics than the other samples [39].
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Based on the above result, the enhanced OER activity
should be attributed to the synergy of CoP/NiP; and NiFe
LDH [40]. Compared with both LDH catalysts and
phosphide catalysts reported recently, NiFe LDH@CoP/
NiP; exhibited a relatively favorable performance at both
10 and 100 mA cm (Fig. 3d and Tables S4 and S5). The
NiFe LDH@CoP/NiP; demonstrated good stability for
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more than 70 h at an overpotential of 300 mV (Fig. S10).

It has been reported that phosphides exhibit self-re-
construction phenomena during the OER process [41-
43]. The reconstructed catalysts, with oxyhydroxides on
the surface, inherit the advantages of nanostructures,
which are stable and act as the true active species [40]. To
investigate the reconstruction of NiFe LDH@CoP/NiP,
during OER, XPS and Raman spectra were recorded be-
fore and after OER. In Fig. 4a, the Co 2p5, peaks at 774.8,
780.3 and 796.4 eV correspond to the Coo, oxidized
Co'/ Co3+, and satellite peak, respectively [44]. The
weakened Co’ peak of NiFe LDH@CoP/NiP; after OER
indicates the improved oxidation state of the Co species.
As shown in Fig. 4b, the binding energies of Ni 2p;,
(854.9 V) and Ni 2p,,, (872.7 eV) shift to 855.3 and
873.0 eV, respectively, demonstrating the improved oxi-
dation state after OER [45]. In the O 1s spectra of NiFe
LDH@CoP/NiP; (Fig. 4c), the peaks at 530.4 and
531.5 eV are attributed to M-O bonds (M representing
metal) and oxygen defects in LDH, respectively. The peak
at 532.5 eV corresponds to the adsorbed O resulting from
hydroxyl groups (such as adsorbed H,0O) [46]. In the
Raman spectra of NiFe LDH@CoP/NiP;, the peaks lo-
cated at 188, 321 and 534 cm ' correspond to O-M-O,
O-H and M-O-M vibrations in LDH, respectively
(Fig. 4d and Table S6) [47-49]. After the OER, the peaks

Intensity (a. u.)

NiFe LDH@CoP/NiP,

770 780 790 800 810
Binding energy (eV)

Intensity (a. u.)

526 528 530 532 534 536
Binding energy (eV)

at 188 and 321 cm ' were not present because of the
conversion of hydroxides into oxyhydroxides. Under
anodic potentials, the hydrophilic, conductive and che-
mically stable M-OOH may be formed. This could serve
as the real active composition to boost OER activity [50-
53]. The crystal structure and surface morphology of NiFe
LDH@CoP/NiP; after OER were also investigated. After
the OER process, the phosphide peak intensity was re-
duced, which may be attributed to the formation of
amorphous oxyhydroxides. In the SEM images (Fig. S11a,
b), the initial arborized structure was seen to have
transformed into a finer flower-like structure after the
OER. This change in surface morphology also confirmed
the reconstruction of the catalyst, consistent with the
afore-described XPS and Raman results. After re-
construction of the phosphides, the M-OOH active site
was introduced, and the transformed flower-like structure
exposes more active sites. These factors significantly im-
prove the catalyst activity.

Subsequently, the HER activity of NiFe LDH@CoP/
NiP; was evaluated, which demonstrated clear superiority
over those of CoP/NiP; and NiFe LDH (Fig. 5a). The
overpotentials of NiFe LDH@CoP/NiP; at different cur-
rent densities are listed in Fig. S12. To reach a current
density of 50 mA cm °, the required overpotential was
only 206 mV (Fig. 5b left). For NiFe LDH@CoP/NiP;, an
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Figure 4 (a—c) The corresponding high-resolution XPS spectra of Co 2p, Ni 2p and O 1s. (d) Raman spectra of NiFe LDH@CoP/NiP;.
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Figure 6 (a) Overall water splitting polarization curves in 1.0 mol L' KOH. (b) The required cell voltage of electrocatalysts at 10 mA cm ~ in recent
years. (c) Stability test of NiFe LDH@CoP/NiP;. Insets: photograph evolving from the electrodes at the beginning of stability test and after 275 h. (d) J-
V curve of a solar cell and the polarization curve of NiFe LDH@CoP/NiP; for water splitting in a two-electrode system.

overpotential of 300 mV resulted in a current density of
315 mA cm -, which is 9.0, 5.3 and 3.4 times that of Ni
foam, CoP/NiP;, and NiFe LDH, respectively (Fig. 5b
right). Fig. 5c¢ shows that the Tafel slope of NiFe
LDH@CoP/NiP; is also the smallest (74 mV dec V), in-
dicating the Volmer-Heyrovsky mechanism [54].
Considering the above results, NiFe LDH@CoP/NiP,
shows potential as a bifunctional OER/HER electro-
catalyst. We then explored the overall water splitting
performance (Fig. S13). Using NiFe LDH@CoP/NiP; as
both the cathode and anode, a cell voltage of 1.64 V was
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required to reach a current density of 10 mA cm
(Fig. 6a), which is comparable to most of the reported
results summarized in Fig. 6b, based on Tables S7 and S8.
Notably, the constant current test at 100 mA cm  lasted
for 275 h with negligible activity loss (Fig. 6¢). As seen in
the inset in Fig. 6¢, H, bubbles at the cathode and the O,
bubbles at the anode were continuously produced during
the entire electrolysis process, further illustrating the ex-
cellent stability of the NiFe LDH@CoP/NiP; electrode.
The high durability of this water splitting system un-
doubtedly makes it promising for application. We
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speculated that, as a self-supporting electrode, the Ni
foam achieved close contact with the catalyst layer, which
reduced the charge transfer resistance and enhanced the
durability under large current densities [55]. Additionally,
the three-dimensional porous structure increased the area
of exposed active sites, hence boosting the catalytic ac-
tivity [56]. Then, we designed a simple solar-driven water
splitting system, which comprised a commercial Si solar
plane (16 cm®) and electrodes. Fig. Sl4a, b show the
electrolyzed water test, which used NiFe LDH@CoP/NiP,
as both the cathode and anode in 1.0 mol L' KOH so-
lution under Xe light irradiation as simulated sunlight. H,
and O, were spontaneously produced under the simu-
lated solar irradiation. From the current-voltage (J-V)
curve of the solar cell and the polarization curve of the
water splitting system, the operating current density at
1.59 V was calculated to be ~8 mA cm ~, which corre-
sponded to an STH efficiency of 9.89% (Fig. 6d) [57,58].
Thus, NiFe LDH@CoP/NiP; displayed potential to be
used in solar-driven water splitting.

CONCLUSIONS

In summary, NiFe LDH@CoP/NiP; was constructed as a
bifunctional OER/HER catalyst, which demonstrated
improved performance over the sum of its isolated
components. Under alkaline condition, NiFe LDH@CoP/
NiP; achieved an OER current density of 82 mA cm ~ (at
an overpotential of 300 mV), which was 9.1 times that of
CoP/NiP;. Moreover, the reconstruction behavior during
the OER was studied. In particular, for overall water
splitting, the sample displayed excellent durability for
275h at 100 mA cm >, Under Xe light irradiation, the
water splitting STH efficiency was 9.89%. A detailed study
of the synergistic mechanism between CoP/NiP; and
NiFe LDH is currently under way. This work presents the
coupling of different active compositions and their sy-
nergistic catalytic performance, and can provide a re-
ference for designing bifunctional electrocatalysts.
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