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ABSTRACT: Nickel phosphides (NixPy) are a class of materials that
are made out of earth abundant elements and have shown relatively
high hydrogen evolution reaction (HER) activity. Here, we perform
first-principles density functional theory (DFT) calculations to
systematically investigate the stoichiometric and nonstoichiometric
surface reconstructions of six different NixPy, i.e., Ni3P, Ni12P5, Ni2P,
Ni5P4, NiP2, and NiP3, under electrochemical conditions and to
illustrate the implications of such reconstructions for the catalytic
activity toward HER. Our results can explain a broad range of
experimental observations on the HER activity of NixPy in a unified
framework. For the majority of cases, our protocol can closely
reproduce the experimentally measured overpotential trends in the
literature, which validates its usefulness in generating physical insight
into the surface phenomena responsible for HER activity. We find that, among the NixPy studied here, Ni3P and Ni5P4 are the most
active catalysts toward HER in acid, whereas Ni5P4 performs the best compared to other NixPy in base, in agreement with previous
experimental reports. We show that P-vacancy formation in base renders the Ni-rich NixPy (Ni3P, Ni12P5, Ni2P, and Ni5P4) worse
performers in base when compared to their activity in acid and hence propose that introducing nonmetals, which are less prone to
dissolution, can improve their catalytic performance. In terms of active site design, we find Ni3 hollow sites bind H too strongly and
surface P sites with P−Ni bonds bind H too weakly. On the other hand, we identify that surface P sites with P−P bonds offer the
best catalytic performances, and therefore, we predict that active site engineering to maximize the abundance of such surface motifs
can further improve the HER activity. Moreover, we unravel the nature of H binding across the material class for different binding
motifs via electronic structure theory analysis. The chemical insight we provide in this work can help rationalize the search for
materials composed of inexpensive earth abundant elements that provide improved HER catalytic activity.
KEYWORDS: hydrogen evolution reaction, surface reconstruction, electrocatalysis, nickel phosphides, earth-abundant maetrials

■ INTRODUCTION
Designing stable and active hydrogen evolution catalysts using
water as the proton source is a crucial ingredient of green and
renewable energy technology.1,2 Pt has been shown to be the
most active hydrogen evolution reaction (HER) catalyst due to
its ability to offer thermoneutral H binding on the surface and
facile kinetics.3−6 Pt also offers high stability under electro-
chemical conditions. However, the high cost of Pt is one of the
main bottlenecks of using it as a viable and scalable HER
catalyst. To this end, the development of HER catalysts made
from earth-abundant elements is regarded as one of the
sustainable alternatives.3,7−21 Nickel phosphide (NixPy)
catalysts have been developed as potential substitutes for Pt.
Several NixPy, including Ni-rich (x > y) and P-rich (x < y)
systems, have been synthesized and demonstrated to show
reasonable activity and stability for HER.3,13−21

Surface reconstruction is a class of phenomena where solid
surfaces undergo geometric, electronic, and atomic changes to

minimize the surface free energy, e.g., by passivating under-
coordinated surface atoms.13,22−25,27−36 Atomic surface
reconstruction can be stoichiometric, where the surface
stoichiometry mirrors the bulk termination stoichiometry,
and it can also be nonstoichiometric, where surfaces have
different stoichiometry than the bulk. Several studies have shed
light on how surface reconstructions can influence the catalytic
activity of heterogeneous reactions.13,22,26,30,33−35,37 For
electrochemical reactions, reaction conditions such as pH
and electrode potential (U) can change the surface structure

Received: January 17, 2023
Revised: March 4, 2023

Research Articlepubs.acs.org/acscatalysis

© XXXX American Chemical Society
4611

https://doi.org/10.1021/acscatal.2c06427
ACS Catal. 2023, 13, 4611−4621

D
ow

nl
oa

de
d 

vi
a 

W
A

SH
IN

G
T

O
N

 U
N

IV
 o

n 
M

ar
ch

 2
4,

 2
02

3 
at

 0
1:

21
:5

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayan+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arvin+Kakekhani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+B.+Wexler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+M.+Rappe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.2c06427&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06427?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06427?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06427?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06427?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06427?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.2c06427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


and reconstruction dynamically.30,38,39 In this regard, transition
metal phosphides (TMPs) including NixPy have been shown to
undergo various surface reconstructions under electrochemical
conditions, and furthermore, such reconstructed surfaces are
found to exhibit different catalytic properties than bulk-
terminated surfaces.13,30,40

TMPs have garnered significant interest because of the
availability of multiple binding motifs including metal (e.g., Ni)
and nonmetal sites (P) combined with their metallic
nature.7,41−43 Additionally, the covalent bonding between the
metal and nonmetal in a TMP can offer interesting chemistry,
which is not present in pure transition metals or metallic
alloys.44,45 Experimentally, a class of NixPy catalysts including
Ni3P,

13 Ni12P5,
15,18,46 Ni2P,

3,15,19,20 Ni5P4,
14 and NiP2

47,48 have
been shown to exhibit HER activity. Furthermore, computa-
tional studies have been conducted to understand the HER
activity of NixPy,

13,30 although only a few studies explicitly
consider the pH- and U-dependent surface reconstructions and
the consequence of such reconstructions on catalytic perform-
ance. Only Ni2P and Ni5P4 have been studied using such an
approach;30 there has not been any first-principles report on
Ni3P, Ni12P5, NiP2, and NiP3. Therefore, there is a need for a
study that systematically explores the surface reconstruction of
different NixPy as a class and relates that to their HER activity.

On the another hand, as NixPy offers a diverse set of binding
motifs, understanding the H binding strength across the series
is essential to design a more efficient NixPy-based HER
catalyst.13,30,44 The available binding motifs include Ni3 hollow
sites, P3 hollow sites, Ni top, P top, and bridging sites between
Ni−Ni, Ni−P, and P−P. Such diversity introduces additional
complexity in comparison to metal-based systems. Further-
more, as different orbitals participate in the hybridization with
the adsorbed H at the various metal and nonmetal sites,
traditional descriptors such as the d-band model cannot
provide physically meaningful insights.49−52 Therefore, an
electronic structure theory analysis to understand the nature of
H binding at different active sites is required to rationally
design improved TMPs for HER.
In this work, we study the surface reconstruction and HER

activity of six different NixPy, i.e., Ni3P, Ni12P5, Ni2P, Ni5P4,
NiP2, and NiP3, wherein the materials considered represent
both Ni- and P-rich ends of the compositional space. We
investigate the pH- and U-dependent surface reconstruction
and decipher their effect on the HER activity using first-
principles density functional theory (DFT) calculations. The
results successfully reproduce a set of experimental observa-
tions of NixPy HER catalysts spanning the last two decades.
Moreover, we present a survey on HER activity and nature of
the active sites to provide future directions on what sites

Figure 1. Surface phase diagram in acidic and basic conditions for (A) Ni3P, (B) Ni12P5, (C) Ni2P, (D) Ni5P4, (E) NiP2, and (F) NiP3. SHE stands
for standard hydrogen electrode. The notation is (bulk: surface termination + adsorbates), for example, Ni12P5: Ni4P5+5H corresponds to the
material Ni12P5 with the surface termination Ni4P5, and the surface is hydrogenated by 5H. Pv:, P vacancy; Pad, P adatom. Dashed black line is the
boundary of the bulk stability region (which lies on the side indicated by the black arrows), and white dashed line indicates 0 V vs reversible
hydrogen electrode (RHE) line. The diagrams are constructed by studying the surface unit cell for each of the compositions.
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Figure 2. Column 1 shows the bulk-like low energy surface terminations of the NixPy, column 2 shows the DFT predicted surface termination post
reconstruction at zero overpotential in acid and column 3 in base. Column 4 shows the HER active surface(s).
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should be maximized in NixPy to further improve their
performance. Finally, we perform electronic structure density
of states (DOS) analyses to understand the H binding energy
across the studied NixPy materials set and different binding
motifs. We hope that our results and the generated physical
and chemical insights in this work can provide a pathway to
engineer the surface structure and active sites to further
improve the design of earth-abundant HER catalysts.

■ RESULTS AND DISCUSSIONS
Surface Phase Pourbaix Diagrams of NixPy. Previous

experimental and theoretical studies have shown that (001)/
(0001)/(0001̅) facets are stable and catalytically active factes
for Ni3P, Ni2P, and Ni5P4; thus here we perform DFT
calculations on these low Miller index facets.3,13,30,53−56 While
we acknowledge that other facets could also play a role for
Ni12P5, NiP2, and NiP3, we focus on such low-index facets as a
tractable set of calculations to study all six NixPy. Additionally,
the widely used high-temperature solid-state synthesis of NixPy
allows the structure to fully equilibrate, thereby exposing the
thermodynamically preferred facets predominantly and avoid-
ing kinetically controlled high-energy facets.13,14 Such energeti-
cally preferred facets have been reported to be mostly lower
Miller index facets.13 Next, we find out the stable surface
terminations of the facets by calculating the surface energy of
different terminations (see the Suppoting Information (SI) for
more details).53 We have found that the P-rich surface
terminations are the most energetically favorable surface
terminations of NixPy, which have also been reported
previously.30,53 Specifically here, we have studied the surface
reconstruction and hydrogen evolution reaction (HER)
activity of Ni3P(001):Ni4P4, Ni12P5(001):Ni4P5, Ni2P-
(0001):Ni2P3, Ni5P4(0001̅):Ni4P3, NiP2(001):Ni2P4, and
NiP3(001) :Ni 4P8 , where the nota t ion i s bu lk -
(facet):termination. A detailed discussion regarding the
considered facets and surface terminations is provided in the
Supporting Information. After establishing the stable termi-
nation, we construct the surface phase Pourbaix diagram by
considering the aqueous equilibrium of Ni and P at different
pH and electrode potentials (U) and by considering the H/O/
OH adsorption on the surface. The theoretical details of
establishing the surface phase Pourbaix digram is given in the
Methods section. Thereafter, the energetics of the HER is
studied on the most stable surface under the relevant
electrochemical conditions. The theoretical overpotential/
limiting potential (η) is calculated by finding out the minimum
electrode potential required to render both HER steps (H
adsorption on surface and H2 formation) thermoneutral.57

Note that we study the HER activity of different adsorbed
surface H species, and the role of H of surface hydroxyl
(−OH) species is not considered herein. Additionally, we have
not considered the solvation effect and the role of pH and
electrode potential in affecting the kinetics of HER.58,59 Rather
an ab initio thermodynamic perspective is presented to
understand the HER activity by establishing the stable surface
structures under relevant electrochemical conditions and
quantifying their activity.
The surface-phase Pourbaix diagrams are given in Figure 1

for acidic and basic conditions for all the six NixPy. The
considered surfaces span both stoichiometric and non-
stoichiometric NixPy surfaces with H/OH/O adsorbates and
a variety of coverages. The list of considered surfaces is given
in the Supporting Information. As previous studies have shown

that the nonmetal P plays a critical role in determining the
HER catalytic activity,13,30 we have extensively considered P-
vacancy (Pv) and P-adatom (Pad) formation in the surface
structure database. The stable bulk termination, stable surfaces
at low overpotential (η) in both acid and base, and the
catalytically active surfaces, are shown in Figure 2.
Nature of Active Sites and Structure−Activity

Relationship. Surface Structure and Binding Motifs. The
simplest type of surface one can investigate is the bulk-like
terminations of the material, in which one simply terminates
the bulk-order of the material along the surface normal (here,
defined by the Miller indices) and makes a surface. Although
we know from the literature that such a naive approach
neglects the (nonstoichiometric) atomic surface reconstruction
phenomena, which are important in determining its catalytic
activity, we begin our systematic study with the bulk-like
surfaces. We later augment this knowledge to include the
relevant atomic surface reconstructions. The bulk-like termi-
nations of NixPy exhibit a rich set of active sites, which are
shown in the leftmost column of Figure 2. In the Ni-rich NixPy,
i.e., Ni3P, Ni12P5, Ni2P, and Ni5P4, Ni3 hollow sites are
ubiquitous on surface and subsurface. Such sites are shown as
green shaded regions in Figure 2 in panels A, B, and C, and for
Ni12P5, such sites are present at the subsurface. Along with the
Ni3 hollow sites, Ni2P2 moieties are present both in Ni3P and
Ni12P5 (red circles in the leftmost column in Figure 2). As the
NixPy becomes more P-rich, the P3 hollow sites (yellow shaded
regions in Figure 2) and surface P−P bonds (light red shaded
regions in Figure 2) begin to appear. For Ni5P4, which lies near
the borderline of Ni-rich and P-rich, we find both Ni3 and P3
hollow sites (Figure 2D). Next, for P-rich NixPy, i.e., NiP2 and
NiP3, P−P bonds are the most prominent motif (Figure 2E,F).
The P-sites of NiP2 and NiP3 have broken tetrahedral
coordination and are undercoordinated relative to the P of
the P3 hollow sites of Ni5P4.
We find that the presence of different binding sites on bulk-

terminated surfaces results in a wide range of coordination
environments for the adsorbed H; depending on the
coordination environment, the H binding energy (ΔGH) varies
significantly. At the Ni3 hollow sites, H acquires a 3-fold
coordination (μ3-H). On the other hand, P atoms of the P3
hollow site and the P−P moiety offer μ1-H top-site bonding.
We find that, irrespective of the composition, Ni3 hollow sites
have strong H binding energy (ΔGH ≈ −0.45 eV). On the
other hand, P-sites offer a range of ΔGH. Specifically, P-sites of
surface P−P bonds (in NiP2 and NiP3) offer relatively stronger
H binding (ΔGH ≈ −0.1 to −0.3 eV) than the P-sites of Ni2P2
moieties (ΔGH ≥ 0 eV). Further, P sites of the P3 hollow can
have near thermoneutral ΔGH, along the findings of previous
work.30

Catalytically Active Surfaces under Reaction Conditions.
Although understanding the surface structure of the bulk-like
terminations provides valuable insights, such structures can
change dynamically under the electrochemical condi-
tions.30,38,39 As mentioned earlier, we include such effects by
constructing the surface phase Pourbaix diagram. Here, we
focus specifically on pH = 0 and pH = 14 to represent the
acidic and basic conditions and to understand the pH effect on
the surface structure from a thermodynamic perspective. By
establishing the surface phase Pourbaix diagram (Figure 1), we
determine the most active surface toward the HER at both the
acidic and basic conditions. As a demonstrative example, for
Ni12P5 in acidic condition (pH = 0) (Figure 1B), we find from
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the Pourbaix diagram that at a lower overpotential (near 0 V vs
SHE) Ni12P5:Ni4P5+Pv+4OH+4H is the most stable surface
(Figures 1B and 2B). As the hydrogen atoms are adsorbed at
the Ni3 hollow sites, they are not active toward HER at such
condition because of strong binding energy (ΔGH ≈ − 0.45
eV). Here by “not active”, we indicate that, in the potential
window where this particular surface is stable, one cannot
achieve both thermoneutral H adsorption and H2 evolution.

30

Then, as the conditions become more reducing (more negative
U), we see the emergence of Ni12P5:Ni4P5+5H as the stable
surface (Figures 1B and 2B) and these H atoms are active
toward HER with near thermoneutral H binding. Thus, for
Ni12P5 in acid, we determine Ni12P5:Ni4P5+5H to be the active
surface. In similar fashion, we first find out the HER active
surfaces under acidic and basic conditions, by constructing the
surface phase diagram. Thereafter, we calculate the thermody-
namic overpotential (η) of the catalytically relevant surfaces
near 0 V vs RHE, which are summarized in Figure 3. We find

that there exists broadly two different origins of the η. First, we
find that, for some cases, the formation of the catalytically
active surface determines the η. For example, the formation of
Ni12P5:Ni4P5+5H or the formation of Ni3P:Ni4P4+5H (Figures
1A and 2A) is rate limiting and can be ascribed as the origin of
the η. In other words, the active surfaces appear only after a
certain U, i.e., under more reducing conditions where the H
can provide thermoneutral HER. On the other hand, for some
situations, we find that the H atoms are strongly bound, and
overpotential must be applied to attain thermoneutral
binding.30,57 Such a situation can be observed for
Ni2P:Ni3P2+H (Figures 1C and 2C) or for NiP2:Ni2P4+2H
(Figures 1E and 2E). Overall, we find that the pH and U have
significant effects on the nature of the HER active surfaces.
Additionally, we find that the nonstoichiometric surface
reconstructions via P vacancy (Pv) and adatom (Pad) formation
at low overpotentials is a prevalent phenomenon for NixPy.
The basic environment favors the formation of solvated
phosphate species, thus increasing the thermodynamic
tendency of the surfaces to host P vacancies. On the other
hand, P-adatom surface reconstructions can happen in acidic
media for Ni2P and Ni3P near the experimental conditions.
Furthermore, at higher overpotentials, the stoichiometric
surfaces with a range of H coverages are found to be the
most common surfaces.

Trends in the HER Activity. By combining the information
from surface phase diagrams and stable surfaces near the
experimentally relevant conditions in acid and base, we
calculate the overpotential (η) for six different NixPy under
two different conditions, pH = 0 and pH = 14 (Figure 3).
Therefore, we calculate a total of 12 η values, which are
summarized in Figure 3. Here, we discuss the key trends
observed in Figure 3. We compare the theoretically calculated
values with a range of experimental measurements from the
literature. Although we acknowledge that experimentally
measured overpotentials can vary in different experiments,
here, we focus on the key qualitative and quantitative trends
that have been observed experimentally and then validate our
theoretical results against them.

a. We find that, among the Ni-rich NixPy in acid, the HER
activity trend is Ni3P ≈ Ni5P4 > Ni2P > Ni12P5, where
Ni12P5 has the highest η (Figure 3). Such a trend has
also been observed experimentally in a set of previous
reports (Table 1). Pan et al. reported the HER activity

trend as Ni5P4 > Ni2P > Ni12P5 (Table 1).15

Accordingly, by combining the experimental observa-
tions by Popczun et al. on Ni2P

3 and by Laursen et al. on
Ni5P4

14 and Ni3P,
13 the experimental trend of acidic

HER is found to be the same (Table 1), i.e., Ni3P ≈
Ni5P4 > Ni2P > Ni12P5. Therefore, our results
successfully reproduce the experimental trends for Ni-
rich NixPy for acidic HER (Table 1 and Figure 3). This
supports our atomistic approach of understanding
surface reconstruction using surface phase Pourbaix
diagrams and binding sites for calculating the HER
overpotentials.

b. Next, we observe highly pH-dependent changes in η for
Ni-rich NixPy and almost pH-independent η for P-rich
NixPy (Figure 3). This has also been observed in
previous experimental reports (Table 1), where Ni-rich
NixPy performs less well for alkaline HER than acidic
HER13,14,46,60,61 and P-rich NixPy performs equally in
acid and base.47,48 Hence, the results capture the pH-
dependent η for different NixPy.

To gain more insight into the theoretically predicted η
values and to understand the trends in Table 1 and Figure 3,
we focus on their chemical origins and discuss the key insights
below.

Figure 3. Summary of thermodynamic overpotentials (η) in acid and
base. The η of Ni-rich and P-rich NixPy are shown using pink and blue
markers, respectively. Diamond markers correspond to pH = 0 and
square markers correspond to pH = 14.

Table 1. Comparing the Experimental η Required to Attain
10 mA/cm2 of Current Density (obtained from the
literature) and Predicted Theoretical Thermodynamic η in
This Study

material medium ηtheory (V) ηexp (V)

Ni3P acid 0.06 0.0713

Ni3P base 0.26 0.2913

Ni12P5 acid 0.17 0.2115

Ni12P5 base 0.29 0.2646

Ni2P acid 0.16 0.14,15 0.1362

Ni2P base 0.24 0.24,61 0.1863

Ni5P4 acid 0.07 0.04,14 0.1215

Ni5P4 base 0.19 0.1913

NiP2 acid 0.17 0.27,48 0.0847

NiP2 base 0.22 0.25,48 0.1047

NiP3 acid 0.24 NA
NiP3 base 0.24 NA
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a. Ni3P and Ni5P4 are the most active HER catalysts in acid
(Figure 3), while Ni5P4 also has the lowest η in base
(Figure 3). By contrast, for Ni3P, η increases from 0.06
to 0.26 V between pH = 0 and pH = 14 (Figure 3). We
find that, for the Ni5P4:Ni4P3 surface, there exists one
Ni3 hollow site and one P3 hollow site per cell (Figure
2D). The first H* binds strongly at the Ni3 hollow site,
and the subsequent three hydrogenations happen at the
P3 hollow site. H* at the P3 hollow site is found to be
HER active for the Ni5P4:Ni4P3+4H surface. On the
other hand, due to the relatively high concentration of
Ni in Ni3P, Ni3 hollow sites are abundant, which results
in strong H adsorption at low η in acid. We find that,
due to the coverage effect, the Ni3P:Ni4P4+5H becomes
HER active. However, in base, Pv are formed, opening
up more Ni3 hollow sites in Ni3P than Ni5P4, resulting in
strong H* adsorption even at a higher coverage and the
stabilization of the highly hydrogenated surface
Ni5P4:Ni4P3+2Pv+7H at low η. This is comprehensible
as Pv formation makes Ni at the hollow sites under-
coordinated. This results in an increased η for Ni3P in
base. Even though Ni3 hollow sites are also present in
Ni5P4, the relatively smaller concentration of such sites
leads to a less significant increase of η between acidic
and basic conditions than that for Ni3P (Figure 3).

b. We find that Ni12P5 is the worst performer among the
Ni-rich NixPy in acid (Figure 3). Such a low catalytic
performance has also been seen experimentally (Table
1). We find that, in acidic environments, the under-
coordinated P of Ni12P5:Ni4P5 (Figure 2B) dissolves,
leaving a P vacancy (Pv) and exposing the Ni3 hollow
site, which has strong H* binding. As this rather inert
surface with Pv (Ni12P5:Ni4P5 + Pv + 4OH + 4H) is
stable for a relatively higher potential window in acid
(Figure 1A middle panel), Ni12P5 becomes the worst
performer in acid among the Ni-rich NixPy (Figure 4).

c. We find that P vacancy (Pv) formation as one of the root
causes for lowered catalytic activity of Ni-rich NixPy
(Ni3P, Ni5P4, Ni2P, and Ni12P5) in the basic
medium13,14,46,60,61 as the Pv formation results in more
available Ni3 hollow sites on the surface, which bind H
too strongly. For example, the Pv formation in
Ni5P4:Ni4P3 results in the removal of HER active P3
hollow sites and exposes the subsurface Ni3 hollow sites
(Figure 2D, panel 3). Hence, we propose that
introducing nonmetals that are less prone to dissolution
can improve the HER activity in base for Ni-rich NixPy.
For the P-rich NixPy (NiP2 and NiP3), surface P
vacancies can form in both acidic and basic environ-
ments. Nevertheless, the lack of Ni3 hollow sites (a
consequence of Ni-poor composition) and the presence

Figure 4. Insights into site-dependent H binding energy. (A) Schematic showing the definition of the ΔEHband
gap ; eq 1 shows the explicit definition.

(B) Correlation between ΔEHband
gap and ΔGH, both calculated by DFT. Three different clusters corresponding to different H binding sites are shown.

(C) Orbital resolution analysis between Ni 3d and 4s orbitals with H 1s at the Ni3 hollow site of Ni2P. The yellow shaded regions correspond to the
places where more than one orbital of Ni hybridizes with H. (D) Existence of P−P bonds in P-rich NixPy provide states for H hybridization. The
figure shows such phenomenon for NiP2 as a demonstrative example. The projected density of states plots (PDOS) show the H hybridization with
the P states, and integrated local density of states (ILDOS) analyses confirm that those states correspond to P−P hybridized states.
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of some HER-active surface P species (forming P−P
bonds) on NiP2 and NiP3 lead to an almost pH-
independent HER activity (Figure 3), which has also
been observed experimentally.47,48

d. We find that the effectively repulsive H−H (coverage-
dependent) interactions can help create near-thermo-
neutral H binding sites once the H coverage per surface
unit cell (s.u.c.) is relatively large, which is in accordance
with previous works.30 Such a situation is encountered
for Ni3P and Ni5P4 in acidic conditions, where the H
binding energy (ΔGH) at low coverage is exergonic
(strong binding side of Sabatier volcano), but by going
to slightly more reducing conditions and more H
adsorption, the ΔGH is rendered thermoneutral. For
example, (Ni3P:Ni4P4 + 4H) cannot provide thermo-
neutral H at lower overpotential, whereas (Ni3P:Ni4P4 +
5H) has thermoneutral H near its stability region
(Figures 1 and 2A). One should note that the magnitude
of this effect is only large enough to push slightly
overbound species toward thermoneutral binding. In
basic conditions, P-vacancy formation creates such
strong H-binding that it cannot become thermoneutral
merely by coverage effects for Ni-rich NixPy at lower
overpotential in basic conditions.

Insights into the Nature of H Binding and Active
Sites. Understanding the Electronic Driving Force for H
Binding. In the previous sections, we have shown that the H
binding energy varies significantly depending on the nature of
the active sites. Here, we provide an electronic structure
theory-based analysis to understand the site-dependence of H
binding. Specifically, we seek to understand how the binding
motifs offer different electronic environments for H binding,
for example, why Ni3 hollow sites bind H strongly irrespective
of the NixPy material or why P sites of Ni-rich and P-rich NixPy
have different H binding energies. We find that the gap
(ΔEHband

gap ) between the center of the H band above and below
of the Fermi energy (EF), calculated using projected density of
states calculations, is correlated with the H binding energy
(ΔGH) (Figure 4) with the R2 = 0.83 and p-value = 0.002. In
other words, ΔEHband

gap is the gap between the center of the filled
H states and the center of the empty H states.
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A larger ΔEHband
gap corresponds to a more directional covalent

bond formation, as it involves more orbital overlap, which
results in separated bonding and antibonding regions. H
binding at the Ni3 hollow sites has the lowest ΔEHband

gap (Figure
4), which suggests that the bonding at Ni3 hollow sites does
not involve considerable orbital hybridization. Such a trend is
robust for the Ni-rich NixPy where Ni3 hollow sites are present,
i.e., Ni3P, Ni12P5, Ni2P, and Ni5P4. In terms of orbital
hybridization, 1s of H interacts with all the Ni 3d and 4s
orbitals and therefore results in a delocalized nondirectional
interaction. This is confirmed from the orbital projected DOS
analysis, and the major overlap regions are shown in yellow
shading in Figure 4C. The adsorbed H* at Ni3 hollow sites is
hydridic in nature (see Table S1 in the Supporting
Information), which is in accordance with the previous
results.30,39 Therefore, due to the hydridic nature of the
bound H* at electropositive Ni3 hollow sites, it experiences

electrostatic stabilization in a μ3-coordinated geometry. Such a
delocalized nondirectional interaction along with electrostatic
favorability result in a strong H* binding (Figure 4B).
On the other hand, H binding at the P sites is associated

with a larger ΔEHband
gap (Figure 4B) and therefore involves more

orbital overlap, which results in separated bonding and
antibonding regions. Furthermore, a higher ΔEHband

gap suggests
a greater hybridization and perturbation of the surface
electronic structure. For H binding at the surface P atoms
for P-rich NixPy (NiP2 and NiP3) and at the P3 hollow site of
Ni5P4, the existence of relatively unstable surface P−P bonds
renders the formation of H−P−P moieties thermodynamically
favorable (Figure 4B,D). The stabilization originates from the
stabilization of the antibonding states way below the Fermi
energy, and such states correspond to the P−P bonds, as
confirmed via the PDOS and integrated local density of states
analysis (Figure 4D). On another hand, the P−H binding
resulting in a H−P−Ni moiety in the absence of the surface
P−P bonds (for Ni3P, Ni12P5, Ni2P) is a thermodynamically
unfavorable phenomenon (ΔGH > 0) due to the lack of the
relatively unstable P−P bonds in such situations. Additionally,
we find that H adsorbed at the P sites (both with H−P−P and
H−P−Ni moieties) has near zero charge (see Table S1 in the
Supporting Information). Therefore, the extent of ionic
bonding for surface P−H bonds is less than that of the surface
Ni−H bonds at Ni3 hollow sites where H is hydridic in nature.
Hence, we find that the ΔEHband

gap serves as a strong descriptor
for understanding H binding because it captures the vital
aspects of H bonding, including the differences in covalency as
well as ionicity, as revealed by H Löwdin charge calculations.
Interestingly, similar interplay of covalent and electrostatic
interactions has also been found for H binding at transition
metal single-atom catalysts.64 In summary, we observe that, for
Ni3 sites, H binding involves a higher extent of electrostatic
stabilization and delocalized covalent binding at a μ3-
coordinated geometry; on the other hand, P sites offer strong
hybridization with H 1s at a μ1-coordinated geometry and
lesser extent of ionic interaction.

Future Directions for Active Site Engineering. We observe
that the H bonding on the NixPy metallic surfaces prefers a
more delocalized metallic interaction rather than a more
covalent one. Although, when such delocalized H binding can
happen, i.e., at the Ni3 hollow sites, H binding is found to be
too strong and thereby not optimal. On the other hand, H
binding at the P sites with H−P−Ni bonds is too weak and
requires higher overpotential to become hydrogenated. Finally,
we generally observe that, between the two limits of (too)
strong H−Ni3-hollow and (too) weak H−P−Ni bonds, P sites,
which form surface P−P bonds, can be the optimal active sites
for performing HER. Specifically, P3 hollow sites offer near
thermoneutral H binding, as a consequence of both surface P−
P bonds and also as three P atoms are present, coverage effect
plays a crucial role in making the third H to be adsorbed
weakly. Hence, we propose that, to go beyond Ni5P4 for HER
(which is the best NixPy so far reported), surface site
engineering to maximally expose P3 hollow sites for catalysis
can be explored. Such active site engineering can help narrow
the performance gap between NixPy and Pt.

■ CONCLUSIONS
Overall, we observe that, by exploring the compositional phase
space of NixPy via varying the Ni/P ratio, the HER activity can
be altered significantly. We present an atomistic computational
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protocol to predict the electrochemical activity of such surfaces
toward HER activity, leading to the close correspondence
between the overpotentials and trends predicted by such
approach and the experimental results reported in the
literature. We illustrate that, under varying electrochemical
environments, the stoichiometry of the surfaces changes as a
function of pH and electrode potential, and this stoichiometry
change also significantly affects the reactivity in comparison to
the bulk-like terminations. Additionally, we show that, as a
result of multiple binding motifs on the surfaces, H coverage
plays a critical role in determining the HER activity of NixPy. It
is found that the Ni-rich NixPy exhibit pH-dependent
thermodynamic overpotentials, while P-rich NixPy show almost
pH-independent activity. We reveal that such dependence
originates because of the nonstoichiometric surface recon-
struction via P-vacancy formation, and we propose that
introducing nonmetals that are less prone to dissolution can
improve the alkaline HER activity. The nonmetal sites are
found to be crucial and more active toward HER and therefore
provide an additional dimension to design better HER catalysts
beyond the monometallic compounds and metallic alloys.
Moreover, we propose that the abundance of surface P3 hollow
sites can be further engineered to improve the HER activity
and help narrow the gap between Ni5P4 and Pt. The unified
framework demonstrated in this work to understand the HER
on transition metal phosphides can guide the future design of
improved and scalable earth-abundant HER catalysts.

■ METHODS
Density Functional Theory (DFT) Calculation Details.

All of the density functional theory (DFT) calculations were
performed using the Quantum ESPRESSO software package.65

The generalized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE) was used to calculate the electronic
exchange-correlation energy.30,66−68 We chose a kinetic energy
cutoff of 50 Ry to achieve necessary convergence for the
calculated binding energies. The OPIUM (version 3.7)
software was used to generate designed, optimized, norm-
conserving, nonlocal pseudopotentials.69−71 The DFT-D3
correction developed by Grimme et al. was used to capture
dispersion interactions, which are important to the energetics
of catalytic transformations.72−76 Material-specific details are
provided in the Supporting Information. We used the
computational hydrogen electrode model to calculate the pH
and potential dependence of the free energies of the reaction
intermediates.77,78

Construction of the Surface Phase Diagrams. We
construct the surface phase diagrams (Figure 1) by considering
that each surface atom type A is in equilibrium with the
aqueous solution and by implementing the computational
hydrogen electrode model. This approach is adapted from the
literature and has been demonstrated to be able to capture the
pH- and U-dependent surface reconstructions.30,38,79 For such
event, the chemical equation is

n n nS A H O S H AO H ex y
z

w 2 H e+ + [ ] + ++F (2)

S is the surface (of the NixPy), nw is the number of water
molecules involved in the dissolution of A, [HxAOy]z is most
stable (minimum Gibbs energy) form of A in the aqueous
phase and z is its net charge, and nH and ne are the numbers of
protons and electrons, respectively, produced in the dissolution
of A.

The free energy change for the reaction 2:

G G G G n G n G n G( ) ( )(A,diss) S SA H AO H H e e w H Ox y
z

2
= + + +[ ]

(3)

Now expressing the dissolution eq 3 in terms of the standard
state of A:

G G G G G n G

n G n G G

( ) (

)

(A,diss) S A(std) SA H AO ) H H

e e w H O A(std)

x y
z

2

= + + +

+

[ ]

(4)

Equation 4 can be expressed as desorption energy ΔGdsrp for A
and as ΔGA(std)/[HdxAOdy]

z where A is in equilibrium with
[HxAOy]z:

G G G k T a

n k T n q U

ln

2.303 pH

A,diss dsrp A(std)/ H AO B H AO

H B e e

x y
z

x y
z= + +

×

[ ] [ ]

(5)

Next, we generate the surface phase Pourbaix diagrams using
the expression in eq 5 where ΔGdsrp is calculated using density
functional theory. The bulk stability region (shown using black
dotted lines and arrows in Figure 1) is calculated by
considering the free energy change for the complete
dissolution of the bulk NixPy phase,

G G x G

y G

(Ni P ,diss) Ni P
f

Ni(s)/ H AO

P(s,white)/ H PO

x y x y x y
z

x y
z

= +

+

[ ]

[ ] (6)

where ΔGNidxPdy

f is the free energy of formation of NixPy. The
criterion for bulk stability is ΔGNidxPdy,diss > 0, and the bulk
stability boundary is defined as (black dotted lines and arrows
in Figure 1)

G x G y GNi P
f

Ni(s)/ H AO P(s,white)/ H POx y x y
z

x y
z+[ ] [ ] (7)
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