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Overall water splitting driven by a sustainable solar energy source has been recognized as a promising route
to produce clean and renewable hydrogen fuel. However, its practical application is restricted by the low
energy conversion efficiency and poor stability of photocatalysts. Herein, we report the realization of
highly efficient overall water splitting promoted by bifunctional bimetallic phosphide (NigsCogsP)
nanowire arrays vertically grown on carbon paper (NigsCoqsP/CP) and driven by highly stable all-
inorganic perovskite solar cells (PSCs). The NigsCoqsP/CP electrocatalysts can provide abundant active
sites, high electrical conductivity, and good contact interface with the electrolyte, thus showing
remarkable activity and great durability for both the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). The electrolyzer assembled with both the NigsCogsP/CP anode and cathode
can afford a current density of 10 mA cm™2 at only 1.61 V and allow consecutive water splitting. The all-
inorganic PSCs based on a CsPbggoSngilBr, light absorber and a nanocarbon electrode exhibit
remarkable stability. When driven by all-inorganic PSCs, the electrolyzer delivers a high overall energy
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Introduction

Human society calls for renewable energy sources, such as solar
and wind power, to substitute rapidly consumed and non-
renewable fossil fuels. However, most of the renewable energies
are intermittent, and their large-scale applications need the
assistance of energy conversion and storage techniques.'™
Electrocatalytic water splitting can realize the production of
chemical energy in the form of hydrogen fuel, which is
regarded as a clean fuel for energy conversion systems, espe-
cially for hydrogen fuel cells.>” For improving the efficiency of
overall water splitting, the overpotential and stability of electro-
catalysts need to be optimized.** To date, earth-abundant
compounds, including transition metal sulfides,'**® nitrides,**
carbides,”"** and phosphides,”>* have been extensively studied
for the hydrogen evolution reaction (HER). Meanwhile, transition
metal hydroxides***” and oxides*?** have been explored for the
oxygen evolution reaction (OER). However, the potential choices
of bifunctional electrocatalysts with high activity and stability
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conversion efficiency (3.12%) and good long-term durability.

simultaneously for both the HER and OER are rare.* It is chal-
lenging to integrate the electrocatalytic HER and OER activities
into a single architecture with rich exposed active sites, fast
charge transport, and excellent durability.**-**

On the other hand, it is vital to look for economical and
sustainable energy sources to serve as a power supply for overall
water splitting.**** In recent years, perovskite solar cells (PSCs)
have emerged as a novel class of photoelectrical conversion
devices that can effectively adsorb sunlight and generate elec-
trical power with high power conversion efficiency (PCE).*® The
first report of PSC driven electrocatalytic water splitting was
demonstrated by Luo's group in 2014, providing a promising
route for hydrogen fuel production.’” Although great progress
has been achieved in recent years, the efficient utilization of
PSC driven water splitting is still restricted by the instability of
PSCs. It is expected that by coupling novel bifunctional elec-
trocatalysts with high-performance PSCs, the water splitting
electrolyzer can enable high efficiency conversion of solar
energy to chemical fuels. Herein, we report the realization of
overall water splitting with bifunctional bimetallic Ni, 5Co, 5P
nanowire array electrocatalysts vertically grown on carbon paper
(CP) driven by highly stable all-inorganic PSCs. The all-inor-
ganic PSCs with high stability are based on a CsPb, ¢Sng 4IBr,
light absorber and a nanocarbon counter electrode, as
described in our previous work.*® The all-inorganic PSCs
possess several advantages: (1) in-expensive costs, without the
use of rare materials or noble metals;***' (2) simple and easy

This journal is © The Royal Society of Chemistry 2018
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fabrication processes;*”* (3) good long-term stability compared
to traditional organic-inorganic hybrid PSCs. In electro-
chemical tests, the Niy5Co,sP/CP electrocatalysts exhibit
superior electrocatalytic activity and stability for both the HER
and OER. When coupled with CsPb, ¢Sn, IBr,-based all-inor-
ganic PSCs, the assembled Ni, 5Co, 5P/CP||Niy 5C0,.5P/CP elec-
trolyzer delivers remarkable electrochemical performances.

Experimental
Preparation of Ni, ;Co, sP/CP

Carbon paper (CP) with a size of 1 x 2 cm” was first pre-treated
by immersing into 1.0 M HNO; solution for 3 h, and then
washed with deionized water several times. 20 mmol of NH,F
and 12 mmol of urea were dissolved in 80 mL of water under
vigorous stirring for 10 min. Subsequently, 3 mmol of nickel
chloride hexahydrate (NiCl,-6H,0) and 3 mmol of cobalt
chloride hexahydrate (CoCl,-6H,0) were added into the above
solution, and the mixture was stirred for another 3 h. After that,
the resultant transparent solution was transferred into an
autoclave, and then the pre-treated CP was added into the
mixture. After heating at 120 °C for 8 h, the autoclave was cooled
down to room temperature naturally, and the product was
washed by ultrasonication in deionized water. To obtain the
final product, the NiCo-precursor/CP and sodium hypo-
phosphite (NaH,PO,) were put into a tube furnace with
NaH,PO, at the upstream. The furnace was then heated at 300
°C for 2 h under Ar atmosphere (100 sccm) with a ramping rate
of 2 °C min~". As control samples, CoP/CP and NiP/CP were
fabricated in the same way as Ni, ;Co,sP/CP, but only used
CoCl,-6H,0 or NiCl,-6H,0 as the source material, respectively.

Characterization

Field-emission scanning electron microscopy (SEM) images and
elemental mapping profiles were collected on an FEI Nova
NanoSEM-450 instrument. Transmission electron microscopy
(TEM, JEM-2100) was performed on a JEOL JEM-2100F using an
accelerating voltage of 200 kV. The powder X-ray diffraction
(XRD) patterns were recorded with an X-ray diffractometer
(Bruker D-8 Advance) using Cu Ke. (A = 1.5406 A) radiation with
a scanning rate of 6° min~'. X-ray photoelectron spectra (XPS)
were measured on a PHI-5000 VersaProbe X-ray photoelectron
spectrometer using Al Ko X-ray radiation. The compositions of
the products were examined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Optima 5300DV).

Electrochemical measurements

The electrochemical performances of the as-prepared samples
were tested on a typical three-electrode setup using a CHI 760E
electrochemical workstation (Chenhua Instruments, Shanghai)
at room temperature. A KOH solution (1.0 M) was used as the
electrolyte. For the HER and OER tests, the as-prepared CoP/CP,
Niy 5C00 sP/CP and NiP/CP were employed as the working
electrodes directly, while a calibrated saturated calomel elec-
trode (SCE) and platinum foil were used as the reference and
counter electrodes, respectively. For the overall water splitting
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measurements, two Nij 5C0, sP/CP electrodes were employed as
the anode and cathode, respectively. Chronoamperometry
measurement was conducted and linear sweep voltammetry
(LSV) was performed at a scan rate of 2.0 mV s~ . Moreover, the
onset overpotential was defined as the potential at a current
density of 0.5 mA cm ™. A gas chromatograph (Agilent GC7890)
was employed to analyze the volume of generated H, and O,
during the electrochemical measurements.

Results and discussion

The synthesis steps of Nij 5C0, sP/CP are schematically illus-
trated in Fig. 1a and detailed in the Experimental section.
Firstly, NiCo-precursor nanowire arrays were grown on the CP as
an intermediate product (denoted as NiCo-precursor/CP) via
a hydrothermal method. Subsequently, the NiCo-precursor/CP
was put into a tube furnace with sodium hypophosphite
(NaH,PO,) placed at the upstream. Through a mild heating
treatment step under an Ar atmosphere, the NiCo-precursor
nanowires were converted into bimetallic Niy;Co,sP nano-
wires, resulting in the formation of Ni,;Co,sP/CP. Fig. 1b
shows the scanning electron microscopy (SEM) image of the
NiCo-precursor/CP product, showing the nanowires grown
vertically and homogeneously on the surfaces of carbon fibers.
After phosphidation, the finally produced Ni, 5C0, 5P/CP well

phosphidation

-

Fig. 1 Synthesis and structural characterization of NigsCoq sP/CP. (a)
Schematic illustration of the synthesis process of NigsCogsP/CP. (b)
SEM image of the NiCo-precursor/CP as an intermediate product. (c—
g) SEM images of the as-prepared NigsCogsP/CP with different
magnifications. (h and i) TEM images of the NigsCogsP nanowires
grown on CP. The inset of (i) shows a HRTEM image of the Nig sCoq 5P
nanowire. (j) Elemental mappings of NigsCoq sP/CP.
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retained the initial structure of NiCo-precursor/CP, and no
structural collapse was observed (Fig. 1c). The void spaces
between the nanowires (Fig. 1d and e) can efficiently facilitate
the electrolyte diffusion and provide good contact interface with
the electrolyte. Fig. 1f and g indicate that the Nij;Coq 5P
nanowires can reach several micrometers in length and have
relatively smooth surface features. Transmission electron
microscopy (TEM) characterization showed that the Ni, 5C0, 5P
nanowires possess a porous structure with abundant meso-
pores of several nanometers (Fig. 1h and i). Such a porous
nanostructure can further promote the infiltration of the elec-
trolyte and provide abundant active sites for electrocatalysis.
High-resolution TEM (HRTEM, the inset of Fig. 1i) revealed an
interlayer spacing of 0.24 nm, corresponding to the (111) planes
of Niy 5Cop sP. The SEM image and the corresponding elemental
mappings (Fig. 1j) indicate the co-existence and homogeneous
distribution of P, Co and Ni elements in the Ni, 5C0, 5P nano-
wires. As control samples, the SEM images of CoP/CP and
NiP/CP are presented in Fig. S1.7 It can be clearly seen that the
CoP/CP exhibits morphological features similar to Nij 5C0q 5P/
CP, while the NiP/CP shows very different features with rough
and porous nanoplates attached on the CP.

The crystalline structure and compositions of Ni, 5Co sP/CP
and control samples were investigated. Besides the strong
diffraction peak belonging to the CP at 26.5°, the XRD pattern of
Niy 5C0¢ sP/CP (Fig. 2a) exhibits peak characteristics similar to
that of CoP (JCPDS card, no. 29-0497). This indicates that the
crystal structure of Ni,5C0, 5P is still analogous to CoP, as
illustrated in the inset of Fig. 2a. While for NiP/CP (Fig. S21t), the
XRD pattern reveals the existence of the CP and the typical
diffraction peaks of NiP (JCPDS card, no. 18-0882). Fig. S3t
shows the survey XPS spectrum of Ni, 5C0, 5P/CP. The molar
ratio of Ni to Co is calculated to be close to 1:1, agreeing
well with the initial feeding ratio of Ni to Co salts. The
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Fig. 2 Compositional characterization of NigsCoqsP/CP. (a) XRD
pattern, (b—d) high-resolution XPS spectra at (b) P 2p, (c) Co 2p and (d)
Ni 2p regions of NigsCoq sP/CP. The inset of (a) shows the crystalline
structure configuration of Nigs5Cog sP.
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high-resolution XPS spectrum in the P 2p region is presented in
Fig. 2b. It consists of two peaks at 130.2 and 129.1 €V, corre-
sponding to the binding energies of P 2p;, and P 2p;.,
respectively, which are ascribed to the metal phosphides.* A
broad peak at ~133.0 eV is assigned to the phosphate species
resulting from the surface oxidation of Ni, 5Co, sP nanowires
exposed to the air, consistent with those in the previous litera-
ture.**** As regards to the Co 2p region (Fig. 2c¢), it shows two
distinguished doublets located at a low energy band (Co 2ps/,)
and a high energy band (Co 2p,,), respectively. The binding
energy difference between the two doublets is over 15 €V, sug-
gesting the co-existence of Co®>" and Co®".** Fig. 2d displays the
high-resolution XPS spectrum in the Ni 2p region. Two spin-
orbit doublets can be deconvoluted by using the Gaussian
fitting method, which are attributed to the characteristics of
Ni** and Ni**, and two shake-up satellite peaks, respectively.
The intense satellite peaks indicate that the majority of Ni
elements in the final product is Ni** cations.*

The HER performances of Nijs5C0y5P/CP and control
samples were investigated under alkaline conditions. Due to the
free-standing characteristics, Niy;C00sP/CP can be directly
used as a binder-free electrode for electrochemical tests. Before
the electrochemical measurements, N, was bubbled to elimi-
nate the dissolved O, in the electrolyte, and the electrodes were
activated by sweeping the cyclic voltammetry (CV) curves at 0.02
mV s~ for 30 min. Fig. 3a shows the linear sweep voltammo-
gram (LSV) polarization curves of CoP/CP, Ni, 5Co, sP/CP and
NiP/CP in 1.0 M KOH aqueous solution at 2 mV s~ . Both CoP/
CP and NiP/CP electrodes exhibit inferior electrocatalytic
activities with onset overpotentials of 75 and 110 mV, respec-
tively. As a control sample, the electrochemical performance of
the pristine CP was also investigated. As shown in Fig. S4a and
b, the pristine CP displays the interconnected network
morphology with a clean and smooth surface, and exhibits
a poor electrocatalytic activity for the HER, which can be
certainly neglected. The mass activities of different catalysts
were also calculated, as supplied in Fig. S5, further indicating
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Fig. 3 HER and OER performances of CoP/CP, NigsCoqsP/CP and
NiP/CP electrocatalysts in 1.0 M KOH solution. (a) LSV polarization
curves and (b) the corresponding Tafel slopes of CoP/CP, NigsCoq sP/
CP and NiP/CP. (c) Time-dependent current densities of NigsCog 5P/
CP at a static overpotential of 80 mV. (d) LSV polarization curves and
(e) the corresponding Tafel slopes of CoP/CP, Nig sCog sP/CP and NiP/
CP. (f) Time-dependent current densities of NigsCoq sP/CP at a static
overpotential of 300 mV.
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the very high electrocatalytic activity of Ni, 5Co, sP/CP. More-
over, CoP/CP and NiP/CP electrodes require large overpotentials
of 123 and 174 mV, respectively, to afford a current density of 10
mA cm 2 In contrast, NiysCo, sP/CP displays tremendously
enhanced electrocatalytic activities after the introduction of
both Ni and Co species. The Ni, 5Co, sP/CP electrode shows the
highest electrocatalytic activity with an onset overpotential
around 10 mV, and a low overpotential of only 43 mV to achieve
a current density of 10 mA cm > Fig. S6at shows the LSV
polarization curve of the state-of-the-art Pt/C electrocatalyst,
showing smaller onset overpotential value as compared with
that of Niy 5Co, sP/CP. The Pt/C catalyst also needs a compa-
rable overpotential of 38 mV to achieve a current density of 10
mA cm 2. The corresponding Tafel slopes of these electro-
catalysts were examined by fitting the linear portions of the
Tafel plots in Fig. 3b, yielding the lowest Tafel slope of 46.4 mV
dec™ for Nig 5C0osP/CP. According to the previous investiga-
tions on the HER mechanism in an alkaline solution,™ such
a low Tafel slope indicates that the HER process on the
Niy.5C0ysP/CP electrode is much more facilitated than on
others. Fig. S7at shows the electrochemical impedance spec-
troscopy (EIS) plots of CoP/CP, Ni,5Co,5P/CP and NiP/CP
electrocatalysts, revealing the comparable resistance charac-
teristics with small values, indicating the fast electron transfer
on this composite. Compared with the other reported electro-
catalysts (Table S1t),**° the Ni, 5Co, sP/CP electrode exhibits
much better electrocatalytic activity. As another important
criterion, the electrochemical stability of NiysCo, sP/CP was
evaluated by the time-dependent current density at a static
overpotential of 80 mV. As shown in Fig. 3c, even after a long
HER testing period (24 h), the current density of Ni, 5Co¢ sP/CP
remains almost unchanged, implying an ultrahigh stability.
Recently, transition metal phosphides have also shown great
potential as electrocatalysts for the OER under alkaline condi-
tions. In this regard, the OER performances of the samples were
also examined. Fig. 3d shows the LSV polarization curves of
CoP/CP, Nij 5C0,5P/CP and NiP/CP in 1.0 M KOH solution.
Apparently, the NiysCo, sP/CP electrode delivers the highest
catalytic activity among these samples. The achieved onset
overpotential is only 240 mV, smaller than those of other
samples (320 mV for CoP/CP and 270 mV for NiP/CP) and IrO,
(260 mV, Fig. S6bt). The control sample of the pristine CP also
shows a very poor electrocatalytic activity for the OER (Fig.-
S4ct), confirming that the pristine CP has almost no effect on
the electrochemical performance of the metal phosphides/CP
composites. Moreover, Ni, 5C0o sP/CP needs an overpotential of
only 260 mV to afford a current density of 10 mA cm 2. A broad
peak at about 1.30 V can be clearly observed from the LSV curve
of Ni, 5C0,.sP/CP, which is attributed to the redox processes of
the Ni species.”®*” Based on the LSV polarization curves shown
in Fig. 3d, the corresponding Tafel slopes were carefully calcu-
lated. As illustrated in Fig. 3e, the Tafel slopes of CoP/CP,
Nio.5C0,.5sP/CP and NiP/CP are 82.8, 58.3 and 75.4 mV dec™?,
respectively. All the results indicate that Nijs5C0g 5P/CP
possesses the highest electrocatalytic activity for the OER
among these samples. Moreover, the EIS plots of CoP/CP,
Nij 5C00.sP/CP and NiP/CP electrocatalysts for the OER were
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also investigated (Fig. S7bt), further confirming the smooth
electron transfer on these samples. In addition, compared with
the other reported electrocatalysts, Ni, 5C0, sP/CP also exhibits
much better electrocatalytic activity (Table S2t),°*%” further
demonstrating the remarkable performance of Niy 5Coo sP/CP.
The electrochemical stability of the NiysCoysP/CP electro-
catalysts for the OER was investigated. Fig. 3f shows the time-
dependent current density of NijsC0osP/CP under a static
overpotential of 300 mV, showing remarkable stable current
density in a long period time of 24 h.

Considering the excellent electrocatalytic activities of
Nig 5C005P/CP for the HER and OER processes in alkaline
solutions, an electrolyzer with a two-electrode configuration by
employing Ni, sCo, sP/CP as both the anode and cathode for the
overall water electrolysis was constructed (Fig. 4). Fig. 4a
displays the polarization curves of the assembled electrolyzer,
showing that the Ni, 5C0, 5P/CP||Ni 5C0, 5P/CP electrode pair is
able to catalyze the overall water splitting. As expected, the
Niy 5C0,.5P/CP||Niy 5C00 sP/CP couple delivers high electro-
chemical performance, and exhibits a current density of 10 mA
cm 2 at only 1.61 V. This value is smaller than those of other
reported bifunctional electrocatalysts (Table S37).>*3%72 The
faradaic efficiencies of the Ni, 5C0, sP/CP||Ni, 5C0¢ 5sP/CP couple
were investigated. As shown in Fig. 4b, the produced H, and O,
measured quantitatively by the gas chromatography match well
with the calculated amounts, and the molar ratio of H, : O, is
close to 2.0, suggesting a high faradaic efficiency of =100%.
Moreover, the electrochemical stability of the Nij5C0, 5P/
CP||Ni, 5C0, 5sP/CP couple was examined at 1.65 V. As revealed in
Fig. 4c, the time-dependent current density shows excellent
durability in long-term electrochemical measurements for
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Fig. 4 Overall water splitting performance of the NigsCogsP/CP
electrocatalyst serving as both the anode and cathode in 1.0 M KOH
solution. (a) LSV polarization curves of the overall water splitting
system with the NigsCogsP/CP||NigsCoqsP/CP configuration. (b)
Comparison of the amounts of theoretically calculated and experi-
mentally detected O, and H, generated from the NigsCoqsP/
CP||Nip sCoq sP/CP electrolyzer at a constant current density of 20 mA
cm™2. (o) Time-dependent current density of the NigsCogsP/
CP||Nig 5Coq sP/CP electrolyzer in 1.0 M KOH solution for 28 h.
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about 28 h. In addition, the morphology of Ni, 5Co, sP/CP was
retained well after electrochemical testing for 28 h, as shown in
Fig. S8,1 suggesting the excellent stability and high structural
integrity of Ni, 5Coq sP/CP. Further tuning the relative ratios of
Co to Ni to 1:2 and 2 : 1, the resultant catalysts (denoted as
Nig 33C00.67P/CP and Ni, ¢,C00.33P/CP) exhibit poorer catalytic
activity, but with comparably high stability (Fig. S97).

In addition, all-inorganic PSCs were employed to directly
convert the sunlight to electrical energy for driving the overall
water splitting, and Ni, 5Co, sP/CP was used as the bifunctional
electrocatalyst. Fig. 5a presents the configuration of the
assembled electrolyzer, in which both the anode and cathode
are composed of Nij 5C0q 5P/CP, powered by the all-inorganic
PSCs under simulated sunlight. The all-inorganic PSCs with
exceptional stability are based on the CsPbg,qSngIBr, light
absorber and the nanocarbon counter electrode, as detailed in
our previous report.*® The corresponding photovoltaic param-
eters, including short-circuit density (/s.), open-circuit voltage
(Voo), fill factor (FF) and power conversion efficiency (PCE) of the
all-inorganic PSCs are summarized in the inset of Fig. 5b,
showing a PCE as high as 10.8%. The assembled electrolyzer
can work well with two series-connected all-inorganic PSCs
under simulated sunlight. The repeated current on-off cycles of
the assembled electrolyzer were recorded, which are well
consistent with the on-off periods of simulated sunlight
(Fig. 5c). Moreover, the assembled electrolyzer exhibits good
cycling stability with the current retention maintaining at
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Fig. 5 Configuration and electrochemical performances of the
assembled electrolyzer for overall water splitting. (@) Configuration of
the electrolyzer with the Nig sCoq sP/CP electrocatalyst serving as both
the anode and cathode, powered by all-inorganic PSCs under simu-
lated sunlight. (b) Current density—potential (J-V) curve of the all-
inorganic PSCs under simulated AM 1.5G (100 mW cm™2) illumination.
The inset shows the corresponding photovoltaic parameters. (c)
Chronoamperometric measurements of the solar energy-derived
water electrolysis with/without the illumination of simulated sunlight.
(d) Current density retention of the all-inorganic PSC-driven water
splitting under continuous illumination for 24 h. The inset of (d) shows
the photograph of the electrolyzer working under simulated sunlight,
and the red arrows indicate the generation of H, and O, bubbles.
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83.4% after 24 h (Fig. 5d). The overall water splitting driven by
all-inorganic PSCs was also recorded by a real-time video (Video
S1t). The inset of Fig. 5d shows the photograph of the electro-
lyzer working under simulated sunlight, showing clear O, and
H, bubbles generated from the anode and cathode, respectively.
Fig. S107 displays the amount of generated H, versus reaction
time driven by all-inorganic PSCs. Combining with the PCE of
all-inorganic PSCs, the overall energy conversion efficiency is
calculated to be 3.12%. This value is relatively high compared
to the existing photocatalysis systems in the literature
(Table S47),”*7® suggesting the great potential of all-inorganic
PSCs for overall water splitting.

Conclusions

In summary, bifunctional Nijs5C0,sP/CP electrocatalysts
coupled with all-inorganic PSCs were developed for solar-driven
overall water splitting. With the merits of hierarchical and
porous nanostructures of Ni, 5C0, 5P nanowire arrays as well as
the high electric conductivity provided by CP, the Ni, sCo, sP/CP
can exhibit significantly enhanced electrocatalytic activity for
H, and O, evolution at low overpotentials. The assembled
electrolyzer with Niy 5Coy sP/CP serving as both the anode and
cathode delivers stable electrocatalytic performance for overall
water splitting over long periods of time. When coupled with all-
inorganic PSCs, the assembled electrolyzer enables overall
water splitting under simulated sunlight with a high overall
energy conversion efficiency. The combination of low-cost and
highly-active bimetallic phosphide electrocatalysts with highly
stable all-inorganic PSCs allows the effective utilization of solar
energy for overall water splitting.
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