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ABSTRACT:

Surface atomic, compositional and electronic structures play decisive roles in governing
performance of the catalysts during electrochemical reactions. Nevertheless, for efficient and
cheap transition-metal phosphides used for water splitting, such atomic-scale structural
information is largely missing. Despite much effort being made so far, there is still a long
way to go for establishing a precise structure-activity relationship. Here, in combination with
electron-beam bombardment and compositional analysis, our atomic-scale transmission
electron microscopy study on NisP4 nanosheets, with a preferential (001) orientation, directly
reveals coverage of a self-epitaxial Ni2P nanolayer on the phosphide surface. Apart from
presence of nickel vacancies in the NisP4 phase, our quantum-mechanical image simulations
also suggest the existence of an additional NiPx (0 < x < 0.5) nanolayer, characteristic of
complex surface atom reconstruction, on the outermost surface of the phosphides. The
surface chemical gradient and the core-shell scenario, probably responsible for the
passivated catalytic activity, unveil a novel insight to understand the catalytic performance

of transition-metal catalysts used for electrochemical energy conversion.
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INTRODUCTION

Sustainable production of chemical fuels through electrochemical reactions provides a
promising solution for renewable energy storage and usage. Given the scarcity of ideal catalysts,
usually precious metals, searching for highly efficient, active and cheap transition-metal catalysts
such as carbides, phosphides and sulfides becomes one of the urgent tasks. 1 In recent years,
transition-metal phosphides® such as Ni.P, CoP, FeP and MoP have been reported to possess
exceptional activity, efficiency and stability in water splitting,**? hydrodesulfurization®* and CO;
reduction.’* Compared with the rapidly-developed performance research, nevertheless, atomic-
scale structural investigation in experiments is severely delayed or even overlooked.'>1® Despite
tremendous efforts from many pioneering works,*"*° a long way is still ahead towards realizing
rational design of robust catalysts.

Unveiling the surface atomic structure plays a key role in understanding the catalytic
pathways for energy conversion.?®?* Taking the two-dimensional (2D) MoS; as an example, its
basal plane engineered by surface defects was found to be highly active for hydrogen evolution
reaction (HER). Associated with transmission electron microscopy (TEM) characterization, it is
shown that the superior activity is attributed to strained S-vacancies with tunability of the catalytic
sites.??2% Besides deliberate exposure of the active sites,?* proper surface sulfur doping on NisP4
and MoP?5-28 also show obvious improvement in performance of the catalysts. However, different
from the typical 2D materials, these transition-metal catalysts are usually 3D in morphology.
Although at nanometer scale, determining their 3D atomic structure, e.g., atomic arrangement and
species on the surfaces, is very challenging. Therefore, our current understanding on the catalytic

mechanism replies more on the theoretical models.7-1% 29-30
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With respect to the NiP phase,” ® a general argument drawn from theoretical'® and
experimental'® 3132 studies shows that the NisP4 phase possesses a superior catalytic activity for
hydrogen production. Nevertheless, except results from Laursen et al.,” ° there has been no other
results reporting that the performance of the NisPs phase is comparable to that of Pt catalyst.
Associated with a survey of the Ni/P composition ratio, the catalytic performance of pure NisP4
phase relating to the precursors, synthesis methods and electrolytes are summarized in Table 1. It
is seen that phosphorus tends to be enriched in the NisPs microparticles that possess the best HER
activity, which is supported by density functional theory (DFT) calculations'’*8, While for other
sample forms, e.g., film, nanocrystals and nanosheets, the Ni tends to be enriched on the NisP4
phase with the inferior activity.

In this work, to better configure the structure-activity relationship, we investigate the
atomic structures of (001)-oriented NisP4 nanosheets, synthesized by vapor phosphorization to Ni
foam,® by using atomic-resolution scanning/transmission electron microscopy (S/TEM). Our study
reveals that the surface structures of the NisP4 nanosheets are much more complex than our
traditional cognition. Being consistent with the compositional analysis, our electron-beam
irradiation experiments directly reveal a self-epitaxial Ni2P nanolayer on top of NisPs. Based on
guantum mechanical image simulations, a NiPx (0 < x < 0.5) nanolayer was found to reconstruct
on surfaces of the Ni>P-covered NisP4 matrix, in which the nickel is suggested to be deficient at
specific atomic sites. The structure-activity relation exposed here presents a novel insight towards

understanding catalytic performance of the nickel phosphides catalysts.

EXPERIMENTAL SECTION
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Sample Preparation and Electrochemical Test. The phosphide nanosheets were synthesized by
direct phospharization of commercially available Ni foam at 500 °C for 6 h in a tube furnace. X-
ray diffraction analysis shows that the NisP4 and Ni2P phase takes about 80% and 20% proportion,
respectively.® As for the TEM specimens, the nanosheets were scrapped down into the ultrapure
water using a blade. After dispersing the suspension solution, the copper grid was dried on a plate
oven (~ 60 °C) and then cooled down to room temperature. The HER tests were carried out at room
temperature (~25 °C) in a three-electrode cell in 0.5 M H2SO4 solution (pH = 0.28), during which
the N2 bubbling was maintained throughout the experiments. More relevant details are presented

elsewhere.®

Electron Microscopy Imaging Experiments. Scanning electron microscopy (JEOL, JSM-7400F)
was used for sample morphology analysis. An image-corrected FEI Titan 80-300 microscope, with
a point resolution better than 80 pm, was operated at 300 kV and used for TEM imaging
experiments. An FEI Titan 80-200 Chemi-STEM microscope, equipped with a Super-X energy
dispersive X-ray spectrometer and bright-field/dark-field STEM detectors was employed to collect
the HAADF images and energy dispersive X-ray spectroscopy (EDX) results. The selected area
electron diffraction experiments were performed on an FEI Tecnai F20 microscope. During our
electron-beam bombardment experiments, relatively low electron-beam dose rate is used for

illuminating thin regions of the phosphide nanosheets.

Image Simulations. The CrystalKit-MacTempas software package was used for TEM image
simulations, in which the imaging parameters are determined to be Cs = -10 pum, A1 = 2.5 nm, A2

= B2 = 90 nm, respectively. Dr. Probe® software package was used for STEM image simulations.



Being consistent with the experimental conditions, the collection angle range for the HAADF
image simulations was set at 70~200 mrad. Meanwhile, different gap distances between the
superimposed sublayers were tested to identify their influence to the column intensity, in which a

sublayer spacing of ~0.183 nm was used for our HAADF image simulations.

Table 1. List of compositional ratio, precursor, synthesis method, electrolytes and electrocatalytic

activity of NisP4 for the HER. The atomic ratio of Ni/P mainly comes from the EDX analysis.

10

11

12

Morphology Precursors Electrolytes Tafel slope  Mj=1omacm > Ref.
Ni/P ratio Synthesis method for HER (mVdec?) mvV
MicroParticle Nickel, red P 0.5 M H2S04 30 43 [7]
1.19° Solid state reaction 1 M NaOH 121 193
MicroParticle Solvothermal 1 M H2SO4 33 23 [10]
1.19 Solid state reaction Base 98 49
Film Ni foil, red P 0.5 M H2SO4 40 140 [8]
1.32/1.16/cp" Contact-conversion 1.0 M KOH 53 150
NanoCrystal Ni(acac),, TOP 0.5 M H,SO4 42 118 [31]
1.33 Thermal decomposition
NanoSheet Ni foil/foam 0.5 M H2S04 34 114 [32]
1.25° Chemical vapor deposition
NanoSheet? Ni foam, red P 0.5 M H,SO4 53 108 This work
1.45 Vapor solid reaction

Note: a. The available composition is only from the post-tested NisP4 MPs.

b. ICP: inductively coupled plasma optical emission spectrometry

c. The ratio measured from the EDX line profiles shown in Fig. 2 therein is Ni/P = 1.34.

d. The NisP4 phase is coexisting with the Ni.P phase.
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RESULTS AND DISCUSSION

The hexagonal NisPa4, with lattice parameters ass = bss = 0.6789 nm and ¢ss = 1.0989 nm,**
is comprised of independent NisP3, NisP3 and NisP. sublayers (Figure 1a), and the screw 63
symmetry leads to their repetition with rotation along the ¢ axis. For the hexagonal Ni2P phase,
it is comprised of stacking NizP1 and NisP2 sublayers along the c axis (Figure 1b). Figure 2a shows
morphology of the NisP4 nanosheets grown on the Ni foam, which are several micrometers in the
basal plane. Our statistical observations reveal that the nanosheets are preferentially oriented along
the [001] direction (Figure S1). By performing EDX detection, our statistical analysis reveals that
Ni is enriched on almost all NisP4 nanosheets. At the as-grown state, the atomic ratio Ni:P is about
1.45: 1, and this ratio decreases to 1.34: 1 after the HER test in sulfuric acid for 5 hours, which is
still higher than the nominal ratio of 1.25: 1 (Figure 2b).

(b) Ni,P

NP (@ OO © 00 O
NP (OO OO0 @O0
© 00 0 00 ©
00 ©00 ©0
Lbo 00 © 00 ©o
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Figure 1. Crystal structure of homogeneous nickel phosphides. (a) [100]-oriented NisP4 phase
(space group P63mc) with labeling the stacking sequences and Ni atomic sites (Nil, Ni2, Ni3 and
Ni4) within the unit cell. (b) [100]-oriented Ni.P phase (space group P62m) with labeling the

stacking sequences along c axis.
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Figure 2c shows an atomically-resolved TEM image recorded under the negative spherical-
aberration imaging (NCSI) conditions.®*3" By comparing with the simulated image (the inset), we
clearly see a sophisticated intensity distribution of atom columns, which is associated with
presence of atomic terraces (Figure S2). According to our image simulations, the decreased
contrast of collinear Ni/P (cNP) atom columns (blue circles) with increased specimen thickness
positions the NisP4 structural model on the experimental image (Figure S3). Further, the six-fold-
symmetric noncollinear Ni/P (ncNP) atom columns (marked by blue hexagons), with strong peak-
intensity variation, exhibit prominent reconstruction feature (Figure 2d). This is also hinted by
asymmetric intensity feature of <100>* reflection spots in the electron diffraction pattern with
respect to the simulated one (Figure S1). For simplicity, positions of the ncNP columns are
successively indexed as 0, n/3, 2n/3, &, 4n/3, 57/3 point (Figure 2f). Particularly, the 5n/3-point
atomic columns (green circles) have the maximum peak intensity. For phosphorous (red circles)
atoms bridged by non-collinear Ni2/Ni3 (ncNN) columns, the approximate peak intensities imply

that atoms are not obviously reconstructed there.

By means of electron-beam bombardment to the nanosheets, we surprisingly found a thin
layer of Ni2P (~ 3 nm), which is characteristic of three-fold coordination of Ni to P (Figure 2e).
Being consistent with the EDX result, this suggests that the surfaces of NisP4 nanosheets are coated
by a thin layer of Ni2P. Specifically, the observed 7/6 rotation of their primitive unit cells (PUCs)
evidences their coherent epitaxy (a21 ~ V3as4/2) along the [001] direction (Figure 2f). The lattice
parameters of Ni2P phase, a»1 = 0.5859 nm and c21 = 0.3382 nm®, indicates that the self-epitaxial
layer is suffering a compressive strain ~0.3% from the NisP4 phase. From the overlapped structural
models, we clearly see non-collinearity induced elongation of most atom columns and several

collinearly aligned columns, e.g., P atoms in Ni2P with the cNP atoms in NisPs. For simply
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describing their structural relationships, the parallelogram PUCs of both phases are re-shaped into

six-fold-symmetric equivalently transformed unit cells (ETUCs) with the identical ¢ axes,

respectively.
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Figure 2. Self-epitaxial growth of Ni2P layer on surfaces of NisP4 nanosheet. (a) SEM image

of the NixPy nanosheets and an enlarged view (inset). (b) Composition of as-grown (red), HER-

tested (blue) NisP4 nanosheets compared with the nominal stoichiometry (green). (c) Atomic-

resolution TEM image of NisP4 recorded along the [001] direction and the simulated image

(thickness t = 6.2 nm). The yellow dashed lines denote the atomic terraces resulting from surface

reconstruction (Figure S2). (d) Intensity profile comparison for the ncNP columns between the

experimental and simulated images. (e) Atomic-resolution self-epitaxial Ni>P phase revealed by

electron-beam irradiation on the NisP4 nanosheet and simulated image (t = 3.0 nm) along the [001]

direction. (f) Lattice match relation between NisP4 and Ni2P along their common [001] direction.

The PUC and ETUC of NisP4 and NioP phases are denoted by black and pink polygons,

respectively.
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It is noteworthy that the reconstruction feature is also observed in our high-angle annular-
dark-field (HAADF) STEM images of the HER-tested nanosheets, where the brightest ncNP atom
columns within the blue hexagons appear at the 0-point positions (Figure 3a). A large-area image
showing a uniform surface reconstruction of atoms is presented in Figure S4. Since the image
contrast of HAADF image is proportional to ~Z2 (Z = atomic number),® the atoms with smaller Z,
e.g., P(Z=15),0(Z=8)and H (Z = 1), on surface of the NisP4 phase are therefore invisible
owing to their weak scattering ability to the incident electrons. Being consistent with the simulated
image (inset in Figure 3a), this clearly signifies reconstruction of heavy Ni (Z = 28) atoms on top
of these P-occupying positions (red circles), which does not exclude the presence of surface species
like H.O and PHx. With respect to the experimental image, we also noted absence of elongated
ncNP atom columns in the simulated image. Furthermore, we see that the ncNN atom columns

always have the strongest peak intensities.

Since the HAADF-STEM images mainly collect signals from the heavy Ni atoms, the
surface structure disclosed by this method, to a certain degree, decomposes the reconstruction
feature manifested by the TEM results. For simplicity, the atomic surface reconstruction is
hereafter deciphered through simulation-based measurement of the HAADF images. Referring to
the peak intensity of the cNP columns (marked by blue circles), all column-peak intensities are
measured and plotted in polar coordinates. Within the blue hexagons (Figure 3b), the n/3- and
5n/3-point columns have the lowest intensity, identical to the reference cNP column (blue circle),
and the 27/3-, -, 4n/3-point columns have an intermediate intensity. Within the neighboring green
hexagon (Figure 3a,c), the 0-point ncNN columns and all ncNP columns have stronger peak
intensity than the reference column. Meanwhile, the 0-point ncNP column also has stronger peak

intensity than the 27t/3- and 47/3-point columns within the orange hexagon (Figure 3d). In addition,

10
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the collinear P columns (yellow atoms and denoted by red circles) in the green and orange
hexagons also have different peak intensities. In fact, the HAADF-STEM images also unveil a

complex reconstruction feature of atoms on the phosphide surface.
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Figure 3. Termination dependent reconstruction of Ni2P on top of NisP4. (a) Atomic-resolution
HAADF-STEM image of NisP4 collected along [001] direction and a simulated image (thickness
t =40 nm). (b-d) Polar-coordinate plots of peak intensity (radial direction), normalized by intensity
of the cNP columns, measured from atom columns within the blue, green and yellow hexagons
illustrated in (a). (e,f) Analysis of reconstructed Ni>P (colorful PUC and ETUC) on NisPs-
terminated and Ni4P3-terminated NisP4 (black PUC and ETUC). The green and pink circles denote
the possibly reconstructed Ni and P atoms and the black arrows mark the unit-cell shift of the two

structural phases.
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To find out origin of the surface reconstruction, the sublayer structural features of NisP4
are analyzed along the [001] direction. Given their lattice match relationship, the (001)-oriented
sublayers of NisP4 are re-partitioned by the ETUCs of Ni2P. It is surprisingly found that the NisP3
sublayer is comprised of two kinds of ETUCs21 (Figure 3e), periodic NisP2 (orange hexagons)
gapped by interconnected Ni2P73 (green hexagons). Obviously, the NisP2 hexagons provide a
favorable condition for epitaxial growth of Ni2P on top of NisP4, and additional filling of Ni (green
circles) and P (pink circles) atoms at certain positions may possibly happen at the (001) interface
of the two phases. Analogously, the NisPs sublayer, comprising of NisP2 (orange) and NizP73
(green) ETUC:1, may also be favorable for the epitaxial growth (Figure 3f). Nevertheless, the NizP2

sublayer does not show features of facilitating construction of Ni2P on top of NisP4 (Figure S5).

On this basis, the atomic reconstructions on NisP4 (001) surfaces were examined by image
simulations, in which the Ni4Ps-terminated NisP4 was superimposed by a layer of Ni2P (Figure 4a).
At positions of pure P-occupying positions, despite overlaying of Ni atoms in Ni2P on the top,
clear column intensities can hardly be discerned from the simulated image. Only when an
additional layer of Ni atoms is superimposed on top of Ni2P, the prominent reconstruction features
can be reproduced, e.g., the column intensities at pure P-occupying positions and the 0-point ncNP
within the blue hexagons (Figure 4b). Judging from the intensity profiles of the ncNP columns,
our simulation suggests that thickness of the top-most Ni layer is about 2 nm (Figure 4c,d). It
should be noted that the electron channeling effects*° also lead to intensity variation of neighboring
non-reconstructed columns. Meanwhile, the P atoms may also be involved in the surface atom

reconstruction.

A schematic structure model corresponding to the simulated image is presented along the

plan-view direction (Figure 4e). It can be seen that the reconstructed Ni atoms do not alter

12
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periodicity of the NisP4 lattices. Therefore, the surface atom reconstruction is not manifested by
presence of superstructure spots in the electron diffraction patterns (Figure S1). In addition, we
found that the nickel atoms at specific sites (Ni2, Ni3 and Ni4) of NisP4 tend to be deficient (Figure
1a). This is evidenced by a dramatic intensity mismatch of the ncNN columns between the
experimental and the simulated images of NisP4 at an ideal stoichiometry (Figure 3a and inset).
Without considering the nickel deficiencies, the ncNN columns always have the strongest
intensities, leading to failure in reproducing the experimentally observed reconstruction features,
even with overlapping of Ni2P on the top (Figure S6). According to our image simulations, it is
estimated that the occupation (Occ.) of nickel is Occ.niz = Occ.niz = 0.6 and Occ.nis = 0.8 (Figure

4c). The structural parameters used for the image simulations are presented in Table S1.
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Figure 4. Surface chemical gradients unveiled by quantitative image simulations. (a)
Simulated HAADF image of Ni2P (2.2nm)/NisP4 (38.5nm) bilayer along the [001] direction. (b)
Simulated image of Ni (1.9nm)/Ni2P (2.2nm)/NisP4 (38.5nm) triple-layer structure. The green and

yellow circles denote the reconstructed Ni atoms at 0-point positions within the blue hexagons and
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at positions of pure P atoms in NisP4. (c,d) Intensity profiles of ncNP columns within the blue
hexagons from the experimental and simulated image, respectively. () Schematic plan view of the
Ni/Ni2P/NisP4 layered structure along the [001]s4 direction. (f) Schematic cross-section view of
the Ni/Ni2P/NisP4 layered structure along the [010]s4 direction. The arrows denote the diffusion

direction of Ni and P in the multi-layer structure.

With respect to the self-epitaxial hetero-nanolayers, the cationic vacancies identified in the
NisP4 phase reveal that the Ni atoms possess high thermodynamic activity. That is to say, under
non-equilibrium thermal conditions, i.e., during the phosphorization process,® the Ni atoms diffuse
quickly towards the exterior surfaces associated with an inverse diffusion of P atoms towards the
interior (Figure 4f). This explains why the Ni tends to be enriched on surfaces of the phosphides.
It should be noted that the surface Ni atoms are not existing in an elemental form. Its valence in
the range of 0 ~ 1, as detected by X-ray photoelectron spectroscopy (XPS) (Figure S7), shows that
the Ni atoms may reconstruct together with the P atoms, which probably form a layer of NiPyx (0 <
X < 0.5) on the phosphide surfaces. Such a hetero-epitaxial scenario is further supported by
complex reconstruction of NiPx on surfaces of the Ni2P nanosheets (Figure S8), which yields an

atomic ratio of Ni/P = 2.16 + 0.25.

Regarding proportion of the Ni2P phase in the NixPy nanosheets, our previous quantitative
X-ray diffraction analysis reveals that it takes about 22% in the as-grown sample,® which decreases
to ~18% after 72 h HER test in No-saturated 0.5 M H>SOg4 electrolyte. According to our statistical
observations, nevertheless, only a few (less than 5) Ni>P-dominant nanosheets were identified
among tens of them (~50). This suggests that most of the Ni2P phase undergoes an epitaxial growth

on surfaces of the NisP4 phase. Assuming the Ni2P: NisP4 phase ratio is 1:4, for a nanosheet with

14
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a thickness of 10 or 100 nm, thickness of the self-epitaxial Ni2P phase is 2 or 20 nm, being
consistent with our result presented in Figure 2e. The polarization curves with the iR correction
(i.e., electrolyte resistance compensation) for the heterogeneous nanosheets are measured and
presented (Figure 5a). Compared with the 15% Pt/C catalyst, we see that an overpotential (7) value
of n =108, 147 and 169 mV is required to achieve a current density (j) of 10, 50 and 100 mA cm’
2 for the as-grown nanosheets. After two accelerated degradation tests (ADTS), the overpotential
individually increases to 117, 158 and 183 mV to achieve the same current densities.
Correspondingly, a linear fitting to the 7 vs log (j) relation reveals that the Tafel slope increases

from 53.1 to 56.2 mV dev!, which is 38.2 mV dev! for the Pt/C catalyst (Figure 5b).
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Figure 5. Catalytic performance of the heterostructure nanosheets in N2-saturated 0.5 M
H2SOu4. (a) Polarization (LSV) curves and (b) Tafel plots measured before and after each 1000-

cycle ADT with respect to the commercial Pt/C (15%) catalyst. The scan rate is 5 mV s,

Regarding presence of the self-epitaxial hetero-nanolayers, this can be ascribed to the
following reasons. Firstly, since the nanosheets were formed by vapor phosphorization to the Ni
foam, the obvious chemical gradients during the synthesis are not favorable for formation of

single-phase nickel phosphides,® 4! which are sensitive to the Ni-P atomic ratio of the precursors.3!
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Secondly, given the coherent (001) planes of the sublayers of both phases, the high thermodynamic
activity of nickel favors the self-epitaxy of Ni2P on top of the NisP4 phase. Thirdly, the formation
temperature of the Ni2P phase is lower than that of the NisP4 phase,® ! which also provides a
favorable condition for epitaxial growth of the former phase on top of the latter phase during the
cooling procedure of sample preparation. Therefore, with respect to the composition-activity
relation summarized in Table 1, particularly the P-rich NisPa4, our results suggest that the passivated
catalytic activity is possibly attributed to the surface reconstruction arising from the Ni enrichment.
This also provides a reference for understanding the catalytic activity of other Ni-containing

catalysts, e.g., NisP, Ni12Ps, NisSz and NiSe.” 4244
CONCLUSION

Our atomic-scale structural study reveals a self-epitaxial growth of Ni>P and NiPx (0 < x <
0.5) nanolayers on top of (001)-oriented NisP4 phase, which should passivate the intrinsic catalytic
activity of the NisPs phase. Besides the structural driving force arising from similarity of their
sublayers, the self-epitaxy of heterogeneous nanolayers may also be influenced by the synthesis
method, precursor, temperature factor and so on. Particularly, the identified surface chemical
gradient associated with the core-shell configuration, driven by the high thermodynamic activity
of nickel, innovates our traditional understanding on surface microstructures of the nickel
phosphides. Therefore, it is believed that the findings offer a new perspective to understand
performance of the transition-metal catalysts, e.g., phosphides, sulfides and selenides. It also
highlights the importance of performing atomic-scale 3D characterization to better configure the

structure-activity relationship in electrochemical energy conversion.

16



10

11

12

13

14

15

16

17

18

19

20

21

22

ASSOCIATED CONTENT

Supporting Information
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of the NisP4 phase by the ETUCs of Ni2P (Figure S5); simulated HAADF-STEM images of the
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