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Phosphine Vapor-assisted Construction of Heterostructured
Ni,P/NiTe, Catalysts for Efficient Hydrogen Evolution

Yibing Li,® Xin Tan,? Hao Tan,® Hangjuan Ren,? Sheng Chen,? Wanfeng Yang,? Sean C. Smith® and

Chuan Zhao*®

Heterostructured catalysts with unique interfaces and properties endow distinct advantages for many electrochemical
reactions. Herein, a phosphine (PHs) vapor-assisted phase and structure engineering strategy is developed for the
controllable conversion of non-active NiTe into a heterostructured active Ni,P/NiTe, catalyst for alkaline hydrogen
evolution reaction (HER). The crystalline NiTez phase in-situ generated in a PHz vapor environment and the nanosheet
morphology both contribute to the outstanding alkaline HER performance with an overpotential only of 62 mV to achieve
a current density of -10 mA cm=2. Experimental and DFT mechanistic studies suggest the Ni,P/NiTe; interfaces provide
abundant exposed active sites. The Ni.P/NiTe; catalyst shows the lowest kinetic barrier for water dissociation and the
adsorbed H* can simultaneously bind to two Ni atoms at the interface of Ni,P/NiTe2(011), which greatly enhances the H*
binding and HER activities. DFT simulation also shows that more electrons transfer from Ni atoms to H* on NiP/NiTe2(011)
(0.22 e’) compared to that on NiTez(011) (0.13 e7), which can explain the enhanced H* binding at the NiP/NiTe,(011)
interface. The PHs vapor synthetic approach is also applied to treat chalcogenide-based materials with low HER activities,

such as NisS;, to create Ni,P/NiS; interfaces with significantly enhanced HER activity.

1 Introduction

Hydrogen (H2) as a clean carbon-free energy carrier has been
considered as a promising alternative to fossil fuels!. Hydrogen
evolution reaction (HER) from water electrolysis using renewable
electricity from solar and wind has been regarded as one of the
most sustainable ways for efficient production of high purity Hj2 3.
Pt is the benchmark catalyst for HER*6, but its practical application
is greatly limited by the scarcity and high cost. Thus, developing
earth-abundant catalysts with high electrocatalytic activity for HER
is one of the top priorities to enable the H, economy. To date,
various earth-abundant catalysts with considerable HER activity
have been reported. Among them, transition-metal-based
sulphides’, selenides® and nitrides® have been widely investigated.
Recently, a number of heterostructured materials have also been
studied for electrochemical applications!® 11, Particularly, van der
Waals layered heterostructured materials can offer the large
exposure of active sites, increased contact area with electrolyte,
and improved kinetics of ion transfer for water splitting. For
example, various heterostructured catalysts based on metal
dichalcogenides, such as MoS;/Co(OH),*2  CoSe,/MoSe;!3,
MoSe,/NiSe!4, and NiCo,S4/NisS;!> have been reported to show
extraordinary catalytic performance toward electrochemical water
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splitting over their counterparts. However, tellurium has rarely
been combined with transition metals to form heterostructures for
HER!6, The key challenge is the common hypothesis of large Gibbs
free energies of hydrogen adsorption at the metallic telluride
surface that are unfavorable for HER.

In addition to the effect of heterostructures, the specific
crystalline phase of a catalyst also plays a significant role for
electrochemical water splitting. For example, it is reported NiSe; is
catalytically more active for HER than NisSe,?, due to the similar d-
band electronic structure of NiSe; to Pt with optimal H intermediate
adsorption energies!® 19, Furthermore, owing to the high electrical
conductivity, metallic 1T MoS, is more desirable than
semiconductor 2H MoS, for catalyzing electrochemical H,
production from water?, Thus, fabrication of catalysts with
controlled growth of active crystalline phase for water electrolysis is
highly important.

In this study, we show a facile PH3 vapor-assisted approach for
the fabrication of Ni,P/NiTe, heterostructures with tunable phase
and morphology for highly active HER catalysis. Due to the higher
electronegativity of P than Ni, it can simultaneously react with Ni at
elevated temperatures to form Ni phosphides, creating a unique
interface between Ni,P and NiTe,. Importantly, the generated PH3
vapor can directly interact with NiTe, inducing a phase
transformation from less active NiTe to active NiP/NiTe, catalyst
for alkaline HER. In addition, it is known that metal
phosphide/dichalcogenide-based catalysts perform well for HER
activity in acidic condition’ 2. However, the prepared Ni,P/NiTe;
electrode is unstable in acid, because the nickel foam substrate
which served as the Ni source can react with H,SO4 to generate H,
even without applying a cathodic potential (Fig. S1, ESIT). Thus, we



only measured the HER activity of the Ni,P/NiTe, electrode in
alkaline in this work.

2 Experimental
2.1 Material synthesis

Synthesis of NiTe nanosheet: The NiTe nanosheet was in situ
anchored on nickel foam (NF) through a facile hydrothermal
process by using a piece of NF as both the substrate and the Ni
source, 0.25 mmol Na,TeO; as Te source and 0.25 mL hydrazine
hydrate as the reducing agent, which then dissolved in 10 mL
deionized water and put into a Teflon-lined autoclave of 20 mL
capacity. After stirring for 10 min, the autoclave was heated at
180 °C for 12 h. After that, the system was allowed to cool to room
temperature naturally and the electrode was collected, washed
with deionized water and absolute ethanol, and then air-dried at
room temperature.

Synthesis of Ni;P/NiTe; nanosheet: Briefly, the NiTe electrode
on NF was placed in a crucible boat and inserted in the center of a
tube furnace equipped with gas controllers. A crucible boat
containing different amount of NaH,PO; (0-18 mmol) and NiTe/NF
was placed in the upstream and downstream positions in the tube
furnace, respectively. Subsequently, the samples were calcinated at
350 °C for 2 h with a heating speed of 3 °C min-1 under a flowing Ar
atmosphere.

Synthesis of P-NiTe nanosheet: The synthesis procedure of P-
NiTe was the same as Ni;P/NiTe,, except replacing NaH,PO, by red
phosphorus powder as the phosphorus precursor.

Synthesis of Ni,P/NiS; electrode: Firstly, NisS, was prepared by
hydrothermal method, which was in situ grown on NF by using a
piece of NF as both the substrate and the Ni source, 0.25 mmol
C,HsNS as S source and then dissolved in 10 mL deionized water
and put into a Teflon-lined autoclave of 20 mL capacity for reaction
at 180 °C for 12 h. Then, the same procedure was carried out to
prepare the Ni,P/NiS; electrode by using 12 mmol NaH,PO, to
generate the PH; vapor.

2.2 Physical characterization

Scanning electron microscope (SEM, JSM-7001F) and X-ray
diffraction (XRD, Empyrean PANalytical diffractometer, CuKa
radiation) were employed for characterizing the prepared sample.
Transmission  electron  microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and energy-dispersive
X-ray spectroscopy (EDS) mapping images were obtained from JEOL
F200. Chemical compositions of the samples were analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB250i). Atomic
force microscopy (AFM) was carried out on a Dimension ICON SPM
scanning probe microscope (Bruker AXS S.A.S.).

2.3 Electrochemical measurement

All electrochemical measurements were carried out with a CHI 660
electrochemical workstation. As-prepared Ni>P/NiTe; catalyst on NF
was directly used as the working electrode without further
treatments. A graphite carbon plate and saturated calomel
electrode (SCE) with double junction were used as counter
electrode and reference electrode, respectively. All potentials
measured were calibrated to reversible hydrogen electrode (RHE)
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using the following equation: Egue = Esce + 0.241 V + 0.059 pH. In our
work, we regularly calibrated the used SCE against a master SCE
electrode which is kept in saturated KCl solution. The difference
between the working SCE electrodes and the master SCE (0.241 V vs
RHE) is always kept within £ 3 mV. If the working SCE exhibits shift
above + 3 mV, the reference electrode was reconditioned to
achieve + 3 mV shift. The pH range of the 1 M KOH electrolyte used
in this study was measured to 13.70 + 0.02 by using a Mettler
Toledo pH meter. The pH value 13.70 is used in this work for the
calibration to reversible hydrogen electrode (RHE). HER linear
sweep voltammetry (LSV) polarization curves were recorded at a
scan rate of 5 mV s1. All the HER polarization curves were
measured in 1 M KOH with 95% iR compensation.
Chronoampermetric measurement was obtained under the same
experimental setup without iR compensation. Electrochemical
impedance spectra (EIS) of samples were measured at an
overpotential of 200 mV in the frequency range of 0.1-100,000 Hz
with amplitude of 10 mV in 1 M KOH electrolyte.

Calculation of electrochemically active surface area (ECSA): The
calculation of ECSA is based on the measured double layer
capacitance (Cp.) of the synthesized electrodes in 1 M KOH. Briefly,
a potential range where no apparent Faradaic process happened
was determined firstly using the static CVs. The charging current ic
which equals to the product of the scan rate (v), and the
electrochemical double-layer capacitance, Cp,, was measured from
the CVs at different scan rates and follows the equation:

ic=0 CpL

Thus, the ECSA is positively correlated with the derived curve slope
from the equation.

2.4 Faradaic efficiency

The generated H, gases during HER are measured by gas
chromatograph (GC). Test conditions: Purge Ar gas (HP 99.99%) for
30 min before electrolysis. TCD for the detection of H,. In our
experiment, we employed a real-time quantitative method to
determine the concentration of H, and the corresponding Faradaic
efficiency (FE). The electrolysis was carried out in a two
compartment gastight H-cell at a potential of —1.2 V (vs. SCE) for 30
min and the GC detection was carried out and the generated H, is
detected online by a gas chromatograph system at the electrolysis
time of 8 min, 16 min and 24 min, respectively. The FE is calculated
to be 99.2 + 1%, by using the following equation:

FE = 2700 L1009
~RT,I 0
2 X 96,485 x Vv x 1.01 x 10° 100% 0315 XV X v 100%
= X =—X
8314 x 298.15 x | 0 i 0

FE = Faradaic efficiency; v = volume concentration of H, in the
exhaust gas from the cell; V = Ar flow rate (20 mL min1).

2.5 DFT calculations

All of the spin-polarized DFT calculations were performed using the
VASP program?224, which uses a plane-wave basis set and a
projector augmented wave method (PAW) for the treatment of
core electrons?3. The generalized gradient approximation of
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Perdew, Burke, and Ernzerhof (GGA-PBE)?* with van der Waals
(vdW) correction proposed by Grimme (DFT-D2)2°> was used in all
the calculations due to its good description of long-range vdW
interactions. For the expansion of wavefunctions over the plane-
wave basis set, a converged cutoff was set to 450 eV. Spin-
polarization effect and dipole correction were considered in all
cases.

To simulate the Ni,P/NiTe and Ni,P/NiTe; interfaces, we place a
Ni12Pg cluster on a 3x2x5 NiTe(011) surface and a 4x2x6 NiTe,(011)
surface, respectively, with a 20 A vacuum between the slabs. It
should be noted that in our simulations, we used 2x2x4 slabs (not
Ni;2Ps cluster) with periodical boundary conditions to mimic
Ni,P(111) surface. However, to simulate Ni,P/NiTe and Ni,P/NiTe;
interfaces, we added a Ni,P cluster on NiTe(011) and NiTe,(011)
surfaces, which was built based on Ni,P bulk crystal and resembles
the Ni,P (111) surface structure. The Nij>Pg cluster was built based
on NiyP bulk crystal and resembles the Ni,P (111) surface structure.
The Brillouin zone was sampled using 3x4x1 -centered mesh. In
geometry optimizations, the upper most layer (including the Nii2Pg
cluster and the top two atomic layers of NiTe(011) or NiTe,(011)
slab) were relaxed while the other layers were fixed at the bulk
lattice position. For comparison, a 3x2x5 NiTe(011) slab and a
4x2x6 NiTe;(011) slab was used to simulate the NiTe(011) and
NiTe,(011) surfaces, respectively. The Ni,P (111) surface was
modeled by a 2x2x4 slab, and the top two atomic layers were
relaxed while the other layers were fixed at the bulk lattice position.
The Brillouin zone was sampled using 3 x 3 x 1 l-centered mesh.
The convergence threshold in all the calculations was set as 10~ eV
in energy and 0.005 eV A in force.

The overall hydrogen evolution reaction (HER) mechanism is
evaluated with a three-state diagram consisting of an initial H*
state, an intermediate H" state, and 1/2 H, as the final product. The
free energy of H" (AGy-) is proven to be a key descriptor to
characterize the HER activity of the electrocatalyst. A
electrocatalyst with a positive value leads to low kinetics of
adsorption of hydrogen, while a catalyst with a negative value leads
to low kinetics of release of hydrogen molecule?®. The optimum
value of |AGy-| should be zero; for instance, this value for the well-
known highly efficient Pt catalyst is near-zero as |AGy+| = 0.09 eV.
The AGy- is calculated as: 2°

AGy+ = AEy- + AEzpg — TASy

where AEy- is the binding energy of adsorbed hydrogen, and AEzpg
and ASy are the difference in ZPE and entropy between the
adsorbed hydrogen and hydrogen in the gas phase, respectively. As
the contribution from the vibrational entropy of hydrogen in the
adsorbed state is negligibly small, the entropy of hydrogen
adsorption is ASy ~ —0.5S5y,, where Sy, is the entropy of H; in the
gas phase at the standard conditions. Therefore, the AGy+ value for
various studied catalysts should be AEy + 0.24 eV®.

3 Results and discussion

The heterostructures of Ni,P/NiTe; catalyst was prepared through a
two-step process, as illustrated in Fig. 1a. The thin NiTe nanosheet
was firstly grown onto nickel foam (NF) through a hydrothermal
reaction, where N;H, is used as a reducing and complexing agent to
react with Na,TeO; to form NiTe. The formation of NiTe can be
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visually detected from the color change of NF from silver white to
black after reaction (Fig. S2, ESIT). Ni;P/NiTe; heterostructures with
controlled crystalline phases and thicknesses from 1.5 nm to 7.5 nm
can be produced by a high temperature annealing process at
different PH; vapor concentrations (from 0 mmol to 18 mmol). The
Ni,P/NiTe, electrode prepared using 12 mmol NaH,PO, was
discussed in the following sections, unless otherwise stated, as it
shows the highest HER activity.
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Fig. 1 (a) Schematic illustration of the two-step synthesis of NizP/NiTez. (b) The
fabricated catalysts with different structures and nanosheet thicknesses and the
reaction mechanisms for the enhanced HER activity on Ni:P/NiTe2 with a

nanosheet thickness of 3.5 nm. Cphs is the concentration of PH3 vapor.

The morphology of the catalysts obtained was firstly
characterized by scanning electron microscopy (SEM).
Hydrothermally grown NiTe/NF shows thin nanosheet morphology
(Fig. S3, ESIT). The morphology of the Ni,P/NiTe; electrode largely
maintains the nanosheet structure of NiTe, but with a slightly
increased thickness. The transmission electron microscopy (TEM) of
Ni,P/NiTe; also demonstrates the well-kept nanosheet morphology
(Fig. 2b). The high resolution TEM (HRTEM) in Fig. 2c shows the
lattice spacing of 0.28 nm and 0.29 nm, which corresponds to the
(011) lattice plane of NiTe, and NiTe, respectively, and a lattice
spacing of 0.22 nm assigned to the (111) facet of Ni,P. The
formation of heterostructures is further confirmed by the selected
area electron diffraction (SAED) pattern (Fig. 2d) which shows the
diffraction spots of (111) for Ni,P and (011) for NiTe, and NiTe.
Moreover, TEM energy dispersive X-ray spectroscopy (EDS)
mapping also confirms that Ni, Te and P are all uniformly
distributed in the nanosheet (Fig. 2e-g). However, P and Te appear
mainly localized in the Ni,P, NiTe; and NiTe parts of the nanosheet
(Fig. 2f-h), further implying the formation of heterostructures and
Ni,P/NiTe; interfaces

X-ray diffraction analysis (XRD) was used to investigate the
crystal structure of the composite. As shown in Fig. 2i, the XRD
patterns of NiTe grown on NF shows peaks of (011), (002), (012),
(110) and (021) at 30.9°, 33.4°, 42.8°, 45.7° and 56.2°, respectively
(ICDD No. 98-004-2557, or JCPDS No. 38-1393), which matched with
the hexagonal NiTe phase. It should be noted that in some
literatures?7-2%, the main peak at 30.9° is assigned to (101) plane of
NiTe. However, in hexagonal structure of the same material, (101)
and (011) are crystallographically equivalent (see Fig. S4, ESIt),
because they are in the same family of planes of NiTe, by extension,
{011} family. The peaks at 44.4° and 51.7° arise from the underlying
NF substrate. Apart from the main peaks for NiTe, the peaks at
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27.6° and 29.8° are attributed to TeO, formed during hydrothermal
reactions by the reaction between Te and H,0O. For comparison,
pure Ni,P was also prepared which shows characteristic peaks at
40.5°, 47.2°, 48.8° and 54.1° for (111), (210), (002) and (300) facets
of hexagonal NiP (ICDD: 00-003-0953). For the NixP/NiTe;
electrode, the diffraction peaks for NiTe and Ni,P can be indexed.
However, a new peak emerges at 31.7° attributed to (011) plane of
NiTe, (ICDD No. 04-003-1928 or JCPDS No. 89-2642). At the same
time, the peaks at 29.8° for TeO, decrease to some extent, which
demonstrates that the PH; vapor not only can reduce TeO,, but also
induce the formation of Ni,P and trigger the phase transformation
from NiTe to NiTe,. Two control samples were prepared to further
demonstrate the important role of PH; vapor. One control sample
was fabricated by annealing NiTe in Ar without NaH,PO,, and the
other was prepared by annealing NiTe using red phosphorus as the
P source. For both samples, the XRD spectra showed almost
identical XRD patterns with NiTe (Fig. S5 and S6, ESIT), highlighting
the PH; vapor is key to the phase transformation and
heterostructures formation.
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Fig. 2 (a) SEM, (b) TEM, (c) HRTEM, (d) SAED and (e-g) the corresponding
elemental mapping images for Ni, Te, P elements and (h) the overlapping of Te
and P elements in Ni2P/NiTez. (i) XRD patterns of NiTe, Ni2P and NiP/NiTez. High-

resolution XPS spectra of (j) Ni2p and (k) Te3d of NiTe and Ni2P/NiTe..

20 510

The surface chemical composition and oxidation state of the
prepared NiTe and Ni,P/NiTe, catalysts were analyzed by X-ray
photoelectron spectroscope (XPS). For NiTe, the high-resolution
Ni2p (Fig. 2j) shows peaks at around 856.3 and 874.0 eV that can be
assigned to NiZ* 2p3/2 and Ni2* 2p1/2 of NiTe, respectively. The
peaks at about 853.2 eV and 871.7 eV belong to Ni° derived from
NF substrate. For Te3d, the peaks at 572.9 eV and 583.3 eV
correspond to Te? 3d 5/2 and TeZ 3d 3/2 of NiTe and the other
satellite peaks result from the oxidation of Te on the surface3°.
Similar XPS spectra are obtained for the Ni,P/NiTe; electrode. The
P2p core-level XPS shows two peaks centered at 129.7 eV and 134.0
eV (Fig. S7, ESIT), which match with the energy of Ni-P bond and
phosphate groups, respectively. When comparing the Ni2p and
Te3d spectra of Ni,P/NiTe, with NiTe, almost no peaks shift were
observed for all the prepared samples including the different
amount of NaH,PO, treated samples (Fig. 2j, k and Fig. S8, ESIt),
which indicates the electronic interaction between Ni,P and NiTe;
are not the reason for the enhanced HER activity. This unobvious
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electronic interaction between NiP and NiTe, also has been
confirmed from DFT calculations (see below). However, the XPS
peaks data ratios for metal phosphide/phosphate are 8.9%, 12.3%
and 16.2%, respectively, with the increment of the amount of
NaH,PO; from 6 mmol to 18 mmol, indicating a higher degree of
metal phosphide was formed at high NaH,PO, concentration.

The catalytic activities of Ni,P/NiTe; and the control samples
were studied for HER in 1 M KOH electrolyte. To optimize the HER
performance, a set of NiP/NiTe, electrodes were prepared by
adjusting the amount of NaH,PO; used in the annealing process for
generating different concentrations of PHs vapor. As shown in Fig.
S9 (ESIT), pure NiTe shows almost same HER performance as NF
substrate, indicating it is less active to HER. The best HER
performance was obtained for the Ni,P/NiTe, electrode fabricated
by using 12 mmol NaH,PO, to generate the PH3 vapor (Fig. S10,
ESIT). The deficiency or excess of NaH,PO, results in lower HER
performance and the reason was studied. Fig. S11 (ESIT) shows the
XRD spectra of the samples obtained with various amount of
NaH,PO,. It is found that the thermal annealing at different PHs
vapor concentrations is effective to regulate both the crystalline
phase and morphology of the catalysts. At low PH3 concentration (6
mmol NaH,P0,), there is no obvious peak for NiTe. In this case,
Ni,P/NiTe was fabricated and relatively small enhanced HER activity
was observed (Fig. S10, ESIt). As the electrochemical activity and
theoretical results (see below) both demonstrate that the
Ni,P/NiTe, heterostructures are more active and contribute more
to the observed HER activity, thus, the Ni,P/NiTe, is named for our
catalyst so as to highlight the key role of the Ni,P/NiTe; interface on
the enhanced activity. With the increment of the PHs3 vapor (12
mmol and 18 mmol NaH,P0,), the characteristic peaks at 30.9° for
NiTe gradually weakened and finally disappeared, while the 31.7°
peak for NiTe; gets stronger and becomes dominant, indicating high
PHs vapor concentration favors for the formation of NiTe,.
However, the sample annealed at high PH3 vapor concentrations on
NF is fragile, which can be viewed from the apparently damaged NF
with an abundance of cracked features (Fig. S12a, ESIT). In addition,
thick and densely distributed nanosheets were obtained (Fig. S12b,
¢, ESIT), which can be identified by atomic force microscopy (AFM).
For NiTe without PHs;, the AFM image clearly showed thin
nanosheets with an average thickness of ~1.5 nm (Fig. S13, ESIT).
With the increase of PHs, the nanosheet thickness increased to ~3.5
nm and ~7.5 nm for the samples prepared with 12 mmol (Fig. S14,
ESIT) and 18 mmol (Fig. S15, ESIT) NaH,PO,, respectively. The
collapsed NF substrate and the thick nanosheet are unfavorable for
electron transfer and have less exposed active sites, thus show
decreased HER performance, as illustrated in Fig. 1b.

The catalytic performance of Ni,P/NiTe, electrode prepared
with 12 mmol NaH,PO, was further investigated, together with the
control samples of NiTe, Ni;P and commercial Pt/C (20 wt% Pt on
carbon black). As shown in Fig. 3a, the Ni,P/NiTe; electrode delivers
significantly higher current density and lower overpotential than
bare NiTe and Ni,P for HER, suggesting the constructed Ni,P/NiTe;
interfaces are keys to the enhanced HER performance. For example,
the Ni,P/NiTe, shows a small overpotential of 62 mV to achieve a
current density of -10 mA cm~2, much lower than that of 195 mV for
NiTe and 107 mV for Ni;P. Moreover, to deliver a current density of
-100 mA cm??, it only requires an overpotential of 143 mV, whereas
294 mV and 199 mV are needed for NiTe and Ni,P electrodes,
respectively. Although these values are larger than the 18 mV (@-
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10 mA cm~2) and 42 mV (@-100 mA cm~2) overpotential required on
Pt/C, these results are comparable or better than that of recently
reported noble-metal-free HER catalysts with/without
heterostructures with comparable mass loading (Ni,P/NiTe; catalyst
mass loading on NF is: 1.4 £ 0.2 mg cm2, Table S1, ESIt)13, 14,3133,

To gain insights into the reaction kinetic mechanism of the
prepared electrodes, Tafel slopes were obtained for the prepared
samples. As shown in Fig. 3b, the Tafel slope for Ni,P/NiTe; is 80 mV
dec™!, which is smaller than that of NiTe (111 mV dec™?) and Ni,P
(86 mV dec™), suggesting that the HER at Ni,P/NiTe; follows a
Volmer-Heyrovsky mechanism34. For Pt/C, a Tafel slope of 29 mV
dec! was obtained. The exchange current density (jo) values of the
electrodes were also calculated through the extrapolation of Tafel
plots (Fig. S16, ESIT). The j, value of 2.41 mA cm2 is obtained for
Ni,P/NiTe,, which is 4 and 15 times larger than that of 0.61 and 0.16
mA cm2 for NiP and NiTe, respectively. This demonstrates the
Ni,P/NiTe; interfaces can boost the electron transfer rates and the
intrinsic catalytic activities of the catalyst for HER.

The long-term stability of the electrocatalyst is further
evaluated for practical applications. As shown in Fig. 3c, the
potential of the Ni,P/NiTe; electrode remains stable for over 20 h
and even 50 h (Fig. S17, ESIT) of HER at a constant current density
of -50 mA cm2. The LSV curves recorded before and after the long-
term stability test almost overlay with each other (Fig. 3d),
evidencing excellent long-term stability. The structure and
morphology of the Ni,P/NiTe, electrode was studied by the post-
electrolysis characterizations of the catalyst via XRD, TEM-EDS
mapping and XPS. The XRD spectra of the electrode after HER
shows an unchanged XRD pattern (Fig. S18, ESIt), while the TEM-
EDS mapping shows the co-existence of Ni, Te and P (Fig. S19, ESIT).
Moreover, the XPS spectra after HER also show the signals for Ni, Te

and P, with the characteristic nickel phosphide peak at 129.7 eV (Fig.

S20, ESIT). The atomic ratios of the elements after normalization to
Ni are NiTeo2sPo71 and NiTeg27Pos; before and after HER by
analyzing the XPS results, indicating there is a slight dissolution of
Te and P after HER. In addition, the atomic ratios of the elements
were further studied by inductively coupled plasma optical emission
spectroscopy (ICP-OES). The elemental ratios after normalization to
Ni are NiTeg32Po70 and NiTeg3oPoes, before and after HER. These
results are close to the results tested by XPS. The dissolution was
likely due to the corrosion of the catalyst by KOH, which resulted in
slightly decreased catalytic activity after stability, as shown in Fig.
3d.

In addition, we have compared the Ni,P/NiTe, XPS before and
after HER. As shown in Fig. S20 (ESIT), the Ni® peaks at around 852.8
eV and 871.7 eV are attributes to the underneath NF substrate. The
existence of Ni2p3/2 and Ni2p1/2 peaks can be assigned to Niz
oxidation state in the Ni,P/NiTe, composite. By comparing the XPS
spectra before and after stability, we have not observed clear shift
of binding energies at Ni2p. However, a positive binding energy
shift were observed at the Te3d and P2p XPS spectra after HER,
which can be attributed to the oxidation when the sample was
exposed to air or the oxidation of the element by the dissolved
oxygen in the electrolyte. For the valence state of Te, the peaks at
Te3d5/2 and Te3d3/2 correspond to Te?" in the Ni,P/NiTe; catalyst,
while their corresponding satellite peaks result from the oxidation
of Te on the surface. For P2p, both metal phosphide and phosphate
were observed before and after HER. However, different from the
slightly positive shifted metal phosphate peak, the metal phosphide
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peak shows less change, demonstrating the formed Ni,P is stable
during long-term water electrolysis.

Moreover, the estimated weight percentage of Ni in the
Ni>P/NiTe; compound is ~50%, which is between that of 78.9% in
NiP and 18.5% in NiTe,. In comparison to the literatures, this
weight percentage is close to the average of the reported values.
For example, the HER overpotential appears to be lower in the case
of electrodeposited Ni-Co alloys with a weight percentage ranging
between 35% and 64% in alkaline media3>36. Other reports indicate
that the weight percentage of Ni accounts for 80% of the
electrodeposited Ni/P catalyst shows the best HER activity3’.
Furthermore, the generated H; gas was qualified by gas
chromatography (GC) and a Faradaic efficiency of 99.2 + 1% is
obtained (see more details in Fig. S21, ESIT).
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Fig. 3 (a) The HER polarization curves and (b) the corresponding Tafel plots of
NiTe, Ni2P, Ni.P/NiTez and commercial Pt/C. (c) Time-dependent potential curves
of the Ni2P/NiTe; electrode under a static current density of -50 mA cm=2 without
iR correction and (d) the polarization curves comparison before and after
stability. (e) Extraction of the Ca from different electrodes and (f) polarization

curves of Ni2P/NiS; electrode and the control samples.

In order to understand the origin of the HER performance of
Ni,P/NiTe,, the double-layer capacitance (Cq) of the electrode was
measured in the non-Faraday region to estimate the
electrochemical surface area (ECSA) (Fig. S22, ESIt and Fig. 3e). As
expected, the Ni,P/NiTe;, electrode exhibits the largest C4 of 13.9
mF, which is 2.9 and 2.7 times higher than that of NiTe (4.8 mF) and
Ni>P (5.2 mF), indicating the heterostructures provide more active
surface area for HER. In addition, to understand the intrinsic HER
activities of each active site, the specific activity with current
normalized against ECSA was analyzed. Fig. S23 (ESIt) shows that
after considering the surface area effect, the Ni,P/NiTe; electrode
still shows higher HER activity than NiTe and Ni,P, revealing the
Ni,P/NiTe; interface is of great importance to the accelerated HER
kinetics.

Furthermore, the HER reaction kinetics and charge transfer
process of the samples were studied by electrochemical impedance
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spectroscopy (EIS). Fig. S24 (ESIT) shows typical Nyquist plots of the
Ni,P/NiTe,, NiTe, and Ni,P electrodes. An equivalent resistor-
capacitor circuit model was used to fit the impedance spectra, as
shown in the inset of Fig. S24 (ESIT), which consists of a resistor (Rs),
representing the resistance of the electrolyte solution; a charge
transfer resistance (R«), representing the charge transfer resistivity;
and a capacitance (C) in parallel with R, analogous to the double
layer charging capacity of the solid-liquid junction. The EIS spectra
reveal a smaller charge transfer resistance for the Ni,P/NiTe;
electrode (5.3 Q) than that of NiTe (19.2 Q) and Ni,P (7.9 Q),
suggesting faster electron transfer kinetics of HER at Ni,P/NiTe;
electrode.

To understand the effects of Ni,P/NiTe; interfaces on HER, a
series of density functional theory (DFT) calculations were carried
out for Ni,P/NiTe, and Ni,P/NiTe heterostructures, and compared
with Ni,P, NiTe, and NiTe. All the theoretical model structures are
shown in Fig. S25 (ESIt). Here, we considered the key reaction steps
in alkaline HER, including the water dissociation reaction and the
adsorption/combination of reaction hydrogen intermediates (H*)38,
For alkaline HER, water supplies hydrogen and the water
dissociation reaction is considered as a key rate determining step3®
39, Fig. S26 (ESIT) shows the calculated reaction energy diagram of
water dissociation on NiTe,(011), NiTe(011), Ni,P/NiTe,(011) and
Ni,P/NiTe(011). The energy barriers for water dissociation are 1.85
eV and 1.78 eV on NiTe(011) and NiTe,(011), respectively, and such
high energy barriers clearly hinders the dissociation of water on
NiTe(011) and NiTe,(011). However, the water dissociation barrier
is reduced to 1.45 eV on Ni;P/NiTe,(011) surface, which indicate
Ni,P/NiTe,(011) surface can promote water dissociation
substantially and increase the rate of H* formation.

Fig. 4c shows the calculated free energy diagram for HER on
Ni-P(111), NiTe»(011),  NiTe(011),  Ni,P/NiTe»(011)
Ni,P/NiTe(011) with the most energetically stable configurations,
and the corresponding optimized structures of H* adsorbed on

and

these catalysts are shown in Fig. 4a, b and Fig. S27 (ESIT). For the
NiTe,(011) and NiTe(011), the free energies of H* (AGy+) are quite
positive (0.53~0.54 eV), which indicates a weak interaction between
H* and catalyst surfaces, manifesting in poor HER reaction kinetics.
In contrast, the AGy- is -0.21 eV for Ni,P(111), suggesting a slightly
stronger binding of H* on Ni,P(111) relative to ideal HER catalyst
(the optimum value of |AGy-| should be zero?6). Importantly, it is
found that the Ni>P/NiTe, and Ni,P/NiTe interfaces have significant
effects on HER. The H* adsorbed at the interfaces of
Ni,P/NiTe»(011) and Ni,P/NiTe(011) can simultaneously bind to two
Ni atoms (a Ni of NiyP cluster and another Ni of NiTe;(011) or
NiTe(011) surface, as shown in Fig. 4a and b), which greatly
enhanced the H* binding on Ni,P/NiTe,(011) and Ni,P/NiTe(011)
compared to NiTe;(011) and NiTe(011). Especially, the value of
AGy- on NizP/NiTe,(011) is reduced to 0.01 eV, which is close to
ideal HER catalyst and much smaller than other control samples,
indicating the superior HER activities compared to Ni,P/NiTe (011),
Ni,P(111), NiTe,(011), and NiTe(011). Of note, to further elucidate
the NiTe (011) plane is the same as NiTe (101) plane that widely
used in the literatures, we have calculated the free energy of H*
(AGy+) at NiTe(101) and NiP/NiTe(101). The calculation results
show that they have the same value of 0.54 eV and 0.16 eV,
respectively (Fig. S28, ESIt), as that calculated on NiTe(011) and

6 | J. Name., 2012, 00, 1-3

Ni,P/NiTe(011), because they are in the same family of planes of
NiTe, that is the {011} family. Moreover, to gain the interface
effects on H* binding on Ni>P/NiTe,(011) during HER, we analyzed
the amount of electrons transferred from Ni atoms to H* on
Ni,P/NiTe»(011) and NiTe,(011) based on the Bader analysis*®. We
found that more electrons transfer from Ni atoms to H* on
Ni,P/NiTe»(011) (0.22 e*) compared to that on NiTe;(011) (0.13 e’),
which can explain the enhanced H* binding on Ni,P/NiTe»(011). The
HER activities of various catalysts follows the order in the sequence
of Ni,P/NiTe(011) > Ni,P/NiTe(011) > Ni,P > NiTe,(011) > NiTe(011),
which are in good agreement with the experimental observations
that the formed Ni,P/NiTe; interfaces are the real active sites of the
enhanced HER activities. It should be noted that we also
investigated the electron interaction between Ni,P and NiTe; by
calculating the charge state on Ni at the heterostructures interface.
As seen from Table S2 (ESIt), the Ni charge states at the
Ni,P(111)/NiTe(011) or Ni,P(111)/NiTe,(011) interface show little
change compared to NiTe(011) or NiTe,(011) after introducing Ni,P
into the heterostructures, which is consistent with the XPS results.
This indicates that compared to the electronic interaction effect,
the NiyP/NiTe,(011) interfaces play a more important role for the
enhanced HER activity, as we discussed above.

Ni
oni 0.6] _NiTe
©Te 0.4, : \

20.2
oP 2 0.0 NizPlNing

Tl Hre CHII-T2RH,

CH 0.2 s

0.4

Reaction coordinate

Fig. 4 The top (up) and side (down) views of the optimized structures of H*
adsorbed on (a) Ni2P/NiTe2(011) and (b) Ni.P/NiTe(011). The steel blue, dark
orange, magenta and white balls represent Ni, Te, P and H atoms, respectively. (c)
The calculated AGy+ diagram of the HER at the equilibrium potential for various
catalysts. The values for Pt(111) is also shown here for comparison.

Finally, we demonstrate this phase transformation strategy can
be extended to other metal-dichalcogenides to prepare active
heterostructured catalysts for HER. In this case, a NisS; electrode
grown on NF was prepared by a hydrothermal reaction and then
annealed in a PH3 vapor environment. Following the PH; treatment,
new phases of Ni,P, NisP and NiS; appeared, evidenced from the
XRD pattern (Fig. S29, ESIT). The formation of the heterostructures
is evidenced from the TEM-EDS elemental mapping, where a clear
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Ni,P/NiS; interface was observed (Fig. S30, ESIT). As shown in Fig.
3f, the obtained Ni,P/NiS; electrode shows a significantly enhanced
HER activity with an overpotential of 87 mV to reach -10 mA cm
and 156 mV to reach -100 mA cm2, better than the activity of Ni,P
and NisS;. Furthermore, the ECSA measurements indicate that
Ni,P/NiS; heterostructures offer large active surface area (Fig. S31,
S32, ESIt), which improves the electrocatalytic performance of the
electrode. After considering the surface area effect, the Ni,P/NiS;
electrode still shows higher HER activity than NisS; and Ni,P (Fig.
S33, ESIt), indicating the Ni,P/NiS; interface is of great importance
to the accelerated HER kinetics.

4 Conclusions

In summary, a facile PH; vapor treatment approach was developed
to fabricate heterostructured Ni,P/NiTe, catalysts with a controlled
crystalline phase and morphology for efficient HER. The phase
transformations as well as the morphological engineering have
experimentally and theoretically proved to be an effective way to
enhance alkaline HER electrolysis. Importantly, it is also applicable
to treat less active chalcogenide-based materials, such as NisS,, for
production of active Ni,P/NiS;, interfaces with enhanced HER
catalysis, by treating the NisS, electrode with PH3 vapor. The
present study highlights a general synthetic approach by using PH3
vapor for phase and structural engineering to create high-
performance  electrocatalysts for HER and important
electrochemical reactions beyond.
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