
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 1
0:

11
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Crystallographic
aDepartment of Chemistry, Iowa State Un

kovnir@iastate.edu
bAmes Laboratory, U.S. Department of Energ
cNanochemistry Research Group, Internatio

Braga 4715-330, Portugal
dDepartment of Materials Science & Engin

50011, USA

† Electronic supplementary informa
10.1039/d0sc00676a

Cite this: Chem. Sci., 2020, 11, 5007

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th February 2020
Accepted 19th April 2020

DOI: 10.1039/d0sc00676a

rsc.li/chemical-science

This journal is © The Royal Society o
facet selective HER catalysis:
exemplified in FeP and NiP2 single crystals†

Bryan Owens-Baird, ab Juliana P. S. Sousa,c Yasmine Ziouani,c

Dmitri Y. Petrovykh, c Nikolai A. Zarkevich, b Duane D. Johnson, bd

Yury V. Kolen'ko *c and Kirill Kovnir *ab

How the crystal structures of ordered transition-metal phosphide catalysts affect the hydrogen-evolution

reaction (HER) is investigated by measuring the anisotropic catalytic activities of selected crystallographic

facets on large (mm-sized) single crystals of iron-phosphide (FeP) and monoclinic nickel-diphosphide

(m-NiP2). We find that different crystallographic facets exhibit distinct HER activities, in contrast to

a commonly held assumption of severe surface restructuring during catalytic activity. Moreover, density-

functional-theory-based computational studies show that the observed facet activity correlates well with

the H-binding energy to P atoms on specific surface terminations. Direction dependent catalytic

properties of two different phosphides with different transition metals, crystal structures, and electronic

properties (FeP is a metal, while m-NiP2 is a semiconductor) suggests that the anisotropy of catalytic

properties is a common trend for HER phosphide catalysts. This realization opens an additional rational

design for highly efficient HER phosphide catalysts, through the growth of nanocrystals with specific

exposed facets. Furthermore, the agreement between theory and experimental trends indicates that

screening using DFT methods can accelerate the identification of desirable facets, especially for ternary

or multinary compounds. The large single-crystal nature of the phosphide electrodes with well-defined

surfaces allows for determination of the catalytically important double-layer capacitance of a flat surface,

Cdl ¼ 39(2) mF cm�2 for FeP, useful for an accurate calculation of the turnover frequency (TOF). X-ray

photoelectron spectroscopy (XPS) studies of the catalytic crystals that were used show the formation of

a thin oxide/phosphate overlayer, presumably ex situ due to air-exposure. This layer is easily removed for

FeP, revealing a surface of pristine metal phosphide.
Introduction

In the past few decades, renewable energy sources, such as
wind, solar, ocean wave, and geothermal, have gained popu-
larity due to their reduced emission of greenhouse gases.1–3

Unfortunately, many of these energy sources are intermittent in
nature and cannot provide uninterrupted power generation.
Many storage solutions for such intermittent energy production
have been presented to address this downtime, such as
batteries, capacitors, gravitational storage, or chemical bonds,
allowing for power storage and delivery as required.4 Of these
suggestions, on-site production of H2 fuel is highly
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advantageous, as H2 is ultra-lightweight and offers the highest
specic energy of any non-nuclear fuel.5 Additionally, the direct
reaction of H2 and O2 results in only energy and environmen-
tally benign H2O. The production of both H2 and O2 can be
achieved through water electrolysis.

Water electrolysis is the combination of two half reactions,
the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER), occurring at the cathode and anode, respec-
tively. Many catalyst materials can be used as electrodes for
these processes, with their role being the reduction of the
applied overpotential required to overcome slow reaction rates
and charge-transfer limitations. Common and efficient catalysts
used at both the cathode and anode are based on the elemental
Pt or platinum-group metals (PGMs), identied as critical raw
materials reecting their limited availability and high price.
Fortunately, 3d transition-metal phosphides (TMP) have been
identied as replacements for PGMs as catalysis for HER and
OER applications, possessing efficient performance, high-earth
abundance, and lower costs.6–9

The majority of research surrounding TMPs for HER/OER
applications has focused on Fe, Co, and Ni phosphides, with
Chem. Sci., 2020, 11, 5007–5016 | 5007
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M2P, MP, and MP2 compositions.6–9 From analysis of published
data, we have shown that for M2P systems, Ni2P exhibited the
best HER performance; while among the MP systems, both FeP
and CoP were superior HER catalysts.7 This analysis was con-
ducted through literature survey of the overpotential required to
drive 10 mA cm�2 (h10) and Tafel slopes (TS) for the catalysts.
Reported data are quite scattered, for instance, for FeP one
group reported h10 and TS values of 39 mV and 32 mV dec�1,
respectively, while another group reported 240 mV and 67 mV
dec�1.10,11 Thus, factors beyond structure and composition are
at play, such as subtle surface effects of the nanomaterials.

Computational12,13 and experimental12,14–16 reports have
shown specic crystallographic directions of materials can
exhibit signicantly different catalytic behaviors, such as the
individual facets of the CoPS HER catalyst. Growth and expo-
sure of inefficient catalytic surfaces (facets with specic Miller-
indexed directions) could account for some (or most) of the
discrepancies observed across the literature. Therefore, to gain
a direct understanding of TMPs for HER applications, model
systems must be employed to identify catalytically efficient
crystallographic facets of individual TMPs and help with the
future rational design and optimization of HER materials.

It is a common belief that the HER performance is highly
dictated by structure of the surface and can be tuned by choice
of metals used. It is still an open question whether surface
restructuring under the reaction conditions is sensitive to the
structure of the corresponding bulk phases. We have recently
shown that the catalytic performance of two polymorphs of the
same metal phosphide in powder form, NiP2, was drastically
different in both HER and OER.17 Here, we address this issue by
studying the catalytic activities of the different facets of the
samematerial, either FeP orm-NiP2. Most studies conducted on
TMPs for HER applications are focused on the reduction of the
overpotential required to drive the catalyst. In this study, we did
not concern ourselves with this reduction, but instead focused
on the relative activity of the different crystal facets, thus
directly probing the structural sensitivity of TMP towards HER.
This method allows comparison of catalytic activities of
multiple surfaces of prominent HER catalysts with differing
crystallographic directions.

Here, the growth of mm-sized crystals of FeP and m-NiP2,
catalytic properties of selected crystallographic facets, and the
observed structural sensitivity toward HER in acidic conditions
are presented. The model systems show clear evidence of crys-
tallographic facet sensitivity in HER. Additionally, as the surface
area of the crystal is known and measurable, we probed the
catalytically active surface area for FeP through double-layered
capacitance of at surface measurements. The double-layered
capacitance of a material, used in the calculation of catalyti-
cally active surface area and turnover frequency, is oen
assumed and not experimentally measured. Furthermore, the
surface characteristics of the catalytically tested crystals were
probed using high-resolution X-ray photoelectron spectroscopy,
which show the formation of easily removable oxide/phosphate
layers. Finally, we use the computationally derived H-binding
energies on different surfaces of FeP as a simple indicator of
5008 | Chem. Sci., 2020, 11, 5007–5016
catalytic activity of a specic facet, correlating with the observed
behavior.

Materials and methods
Computational details

To assess the various bulk systems and facets for H-terminated
surfaces to compare to experimental trends, along with the
associated electronic-structure and enthalpy effects, we utilized
spin-polarized density functional theory (DFT). In particular,
structural and bonding energies were calculated using DFT as
developed in the Vienna ab initio simulation package (VASP),18,19

utilizing projector augmented waves (PAW) basis,20,21 the PBE
exchange-correlation functional,22 and a modied Broyden
method23 for accelerated convergence. Brillouin-zone integra-
tions were performed on a Monkhorst–Pack k-point mesh.24 For
bulk FeP D2h-16 structure (Fig. S3†) with orthorhombic space
group Pnma (No. 62), the atoms and cell vectors were fully
relaxed at zero pressure using a conjugate-gradient algorithm
(with settings IBRION ¼ 2, ISIF ¼ 3 in VASP). For bulk relaxa-
tions, a G-centered k-point mesh (16 � 24 � 16) was used, and
a denser k-mesh (24 � 32 � 24) was used for calculating the
density of states (DOS), applying a Gaussian smearing of 0.1 eV
broadening to enhance convergence. For bulk FeP, the calcu-
lated equilibrium lattice constants for the orthorhombic cell are
a ¼ 5.152 Å, b ¼ 3.046 Å, and c ¼ 5.761 Å. The bulk DOS is
provided in ESI (Fig. S4†).

Surfaces with specic crystallographic termination were
prepared by appropriate cuts of, for example, bulk FeP structure
into a slab geometry, separated by �12 Å of vacuum, with
a periodicity from 10 to 20 Å in each direction. We considered
a sufficiently large periodic box in which the surface atoms do
not interact with their periodic images (or with the next slab),
permitting periodic boundary conditions and Monkhorst–Pack
(G-centered) meshes to be used for computational efficiency
and accuracy. The top few atomic layers near vacuum were
relaxed, while atoms in the bottom two layers were xed to bulk
locations, which overall mimics the effects in an innite bulk
with a cleaved surface. The supercell volume and shape con-
taining the slab in vacuum was then xed. To compute binding
energy, for example, a single H atom was attached to one of the
symmetry-distinct atoms on the surface, as will be exemplied.

Chemicals

All chemicals were used as received. Fe powder (99.9%, Alfa
Aesar), Ni powder (99.996%, Alfa Aesar), red P powder (99%,
Alfa Aesar), Sn shot (99.8%, Alfa Aesar), Au wire (99.95%,
0.1 mm diameter, Alfa Aesar), and H2SO4 (96%, Fisher). Ultra-
pure water (18.2 MU cm�2, TOC < 3 ppb) was generated using
a Milli-Q Advantage A10 system (Millipore).

Crystal growth

Single crystals of FeP and m-NiP2 were grown via Sn-ux.
Elements were loaded into a silica ampoule (total sample
weight 50 g) in the M : P : Sn ratio of 1 : 1 : 50 for FeP and
1 : 2 : 50 for m-NiP2, evacuated, and ame sealed. The ampoule
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Typical crystals of FeP and m-NiP2 produced via flux synthesis.
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was heated from room-temperature to 1373 K over 17 h,
annealed for 48 h, and cooled to 773 K over 120 h. At 773 K the
ampoule was ipped and centrifuged to remove most of the
molten tin. Aer centrifugation, the samples were treated with
a 1 : 1 HCl : H2O solution for 5 h, ltered, and dried. Large
shiny, silvery crystals were collected (Fig. 1).
Crystal preparation for facet-selective catalysis

The facet-indexed crystals of FeP and m-NiP2 were attached to
0.1 mm diameter gold wires using conductive H20E epoxy
(Epoxy Technology Inc.). These wires are attached opposite to
the crystallographic facets that are to be studied. Once attached
to the crystal, the assembly is placed in a vacuum oven and
annealed at 150 �C under vacuum for 5 min before being cooled
under vacuum. Once cooled, the crystal-epoxy joint is coated in
a thin layer of super-glue to resist corrosion of the epoxy if
Fig. 2 (a) Gold wire bonded to FeP crystal; (b) a diagram depicting the
electrochemical setup used.

Fig. 3 Cathodic polarization curves for the FeP [010], [101], [111], and [
density range.

This journal is © The Royal Society of Chemistry 2020
exposed to H2SO4 solution (Fig. 2a). The crystal assemblies are
robust and can be easily handled by users.

Produced crystals were characterized by single-crystal X-ray
diffraction and X-ray photoelectron spectroscopy. The HER
catalytic activities of selected facets were measured in 0.5 M
H2SO4 electrolyte. See ESI† for the details of characterization,
catalytic tests, and computations.

Results

In the ux crystal growth, controllable nucleation and growth
are hard to achieve,25 and spontaneous crystallization leads to
growth of crystals of different shapes with different large facets
(Fig. 1). For the current catalytic studies, we have selected
several crystals with large facets, i.e., having surface areas of
0.5–2 mm2. Reproducibility of results was checked on the NiP2
crystals, with two different crystals grown from different ux
reactions exhibit large [111] facets (vide infra). A controllable
nucleation and growth can be achieved when other growth
techniques are used, such as Bridgman–Stockbarger or Czo-
chralski methods, however, high melting points of the target
phosphides in combination with high vapor pressure of P at
elevated temperatures makes metal phosphide challenging
targets for both methods.

FeP facet catalysis

Four crystals of FeP were chosen to test, each with a unique
crystallographic facet and reasonably large surface area (0.5–2
mm2) of each facet. These facets correspond to the [010], [011],
[101], and [111] crystallographic directions.

As seen in Fig. 3 and Table 1, the HER activity does depend
on the crystallographic direction that is tested. The facet cor-
responding to the [010] plane exhibited the highest perfor-
mance, followed by the [101] and [111] facets that showed
similar behavior, and nally the [011] facet displayed the worst
activity. Separation of the activity becomes more pronounced at
higher current densities (Table 1 and Fig. 3a) with the exception
of the [101] and [111] facets, which show the same activity at
high current densities. Additionally, calculated Tafel slopes of
75, 79, 84, and 89 mV dec�1 were quite similar to each other for
all tested surfaces (Fig. S1†).
011] facets: (a) full plot and (b) enhanced region showing low current

Chem. Sci., 2020, 11, 5007–5016 | 5009
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Table 1 Overpotentials required to drive h10, h20, and h100 current
densities for specific facets of FeP and m-NiP2 crystals

Facet index
h10
(�10 mA cm�2)

h20
(�20 mA cm�2)

h100
(�100 mA cm�2)

FeP crystals
[010] �209 mV �240 mV �320 mV
[101] �212 mV �245 mV �343 mV
[111] �225 mV �256 mV �349 mV
[011] �241 mV �279 mV �391 mV

m-NiP2 crystals
[100] �231 mV �257 mV �345 mV
[121] �264 mV �303 mV �383 mV
[101] �278 mV �313 mV �389 mV
[111] (crystal 1) �322 mV �350 mV �445 mV
[111] (crystal 2) �325 mV �353 mV �453 mV
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m-NiP2 facet catalysis

Similarly, ve crystals ofm-NiP2 were chosen for examination and
ve facets were tested: [100], [121], [101], [111]1, and [111]2. Two
facets of [111] were studied to test the consistency of the method.
Like FeP, a clear structural sensitivity toward the HER process is
observed form-NiP2 based on crystallographic termination (Fig. 4
and Table 1). The [100] direction shows the highest activity, fol-
lowed by [121] and [101], and nally the [111] directions. Perfor-
mance in the [111] facet was nominally the same for the two tested
facets, only slightly deviating at higher current densities. The
current is normalized to surface area tested, implying that small
errors in measurement of the surface area would have larger
effects at higher current densities, possibly leading the deviation
seen in the [111] facet performances. Nevertheless, both
measured [111] facets exhibit the same Tafel slope of 89mV dec�1

(Fig. S2†). Similar Tafel slope was observed for [100] m-NiP2 facet,
while [101] and [121] facets exhibit larger Tafel slopes of 109 and
115 mV dec�1, respectively.
Double-layer capacitance of FeP

Double-layer capacitance of at surface (Cdl) of a material is
crucially important, as it is needed to calculate the electro-
chemical active surface area (ECSA) and turnover of the
Fig. 4 Cathodic polarization curves for the m-NiP2 [100], [121], [101], [11
current density range.

5010 | Chem. Sci., 2020, 11, 5007–5016
frequency (TOF). Oentimes, the Cdl of a material is simply
assumed based on previous reports that show typical Cdl values
fall within the range of 20–60 mF cm�2.26–29 To accurately
determine this value, the true surface area must be known,
making this determination difficult for nanomaterials. As we
had sizable single crystals of FeP with an easily measurable
surface area, the Cdl value for this prominent electrocatalyst was
probed.

To elucidate the Cdl value, cyclic voltammetry (CV) was per-
formed using various scan rates that ranged between 5 mV
sec�1 and 90 mV sec�1. The potential range used was chosen
where no faradaic processes were observed (0–0.2 VRHE). As seen
in Fig. 5a, as the scan rate increases, the hysteresis loop of the
CV curve widens due to charging effects. For each scan rate, ten
CV curves were collected and the hysteresis gap at 0.1 V was
measured, averaged, and halved. These values were plotted
versus the scan rate (Fig. 5b) and the Cdl can be extracted from
the linear t. This process was performed on three separate FeP
crystals fully immersed into the solution, resulting in Cdl values
of 42, 38, and 37 mF cm�2. The average of 39(2) mF cm�2 is well
within the previously predicted range. Difference in Cdl values
from crystal to crystal could be due to surface area measure-
ment errors or due to a structural sensitivity of Cdl. Double-layer
capacitance studies of m-NiP2 were not successful, possibly due
to semiconducting nature of the material.
Computational results for surfaces

We used as-prepared surfaces with slab geometry for specic
FeP crystallographic terminations (Fig. 6) compared to the bulk.
To compute DFT binding energies, a single H was attached
(Fig. 6) to one of the symmetry-distinct atoms on the surface
(Table 2). The bulk DOS (Fig. S4†) shows that P 3p-states
hybridize with Fe 3d-states well below the Fermi energy (�3.5
to �4.5 eV), stabilizing the structure. Hence, when a surface is
formed, P and Fe will re-structure the surface layer to accom-
modate the lost electrons, or, P (typically) will be prominent in
bonding with an adsorbate available. Notably, on a surface, an
adsorbent may form bonds with more than one atom, as seen
on some surfaces (Fig. 6).

Importantly for the present discussion, Wang and Johnson
generalized the “d-band” theory for adsorption energies at
1]1, and [111]2 facets: (a) full plot and (b) a zoomed region showing low

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Cyclic voltammetry scans of one of FeP crystals performed at scan rates of 5 to 90 mV sec�1. (b) Extracted hysteresis current densities
from (a) versus scan rate. The slope of the linear fit of this data is double-layer capacitance of flat surface, Cdl.

Fig. 6 FeP fully relaxed surfaces with minimal-energy bonding to H. Atoms are denoted by spheres for Fe (orange), P (black), and H (white), while
the unit cell is shown by grey lines. Notice that ideal (010), (111) and (011) surfaces are not flat, as they exhibit P “edge” features where H bonding is
favored, contrasting to the ideal (101) surface. The fully relaxed ideal (101) flat surface is less stable and may lead to step formation, see Table S1
and Fig. S5.† All structural images were generated using VESTA software.40
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surfaces to ordered intermetallic compounds with line compo-
sitions, i.e., narrow homogeneity range.30 They showed that
there is a linear correlation between adsorption energies for
HER and OER (actually any atom/molecule: H, N, O, CO, etc.)
and the specic d-orbital energy participating in the adsorption
on a given crystallographic facet. Surfaces with similar
symmetries have the same orbitals participating and, as such,
a Brønsted–Evans–Polanyi relation is thus different for each
symmetry-distinct adsorption site, similar to that found for
molecular adsorption on simple d-band metals.31 In addition,
a stepped surface (i.e., a terrace with particular index) will
typically be lower in adsorption, as step edges are more active
(have stronger adsorption) than the pristine facet surface.31

Interestingly, if the kinetics follows the same linear correlation,
then so-called “volcano plots” for reactivity follows to guide the
best reactivity.32 So, the expected correlation suggests that the
operative binding energy should mirror the reactivity (i.e., the
overpotential) on specic surface facet (indexed surfaces).
This journal is © The Royal Society of Chemistry 2020
Hence, we assess relative adsorption of H on FeP-terminated
surfaces. From Table 2, it is evident that the P–H binding energy
is larger than that of Fe–H on [010], [111], [011] facets, so that H
prefer to sit on P rather than on Fe, similar to observation for
the Ni–P catalysts.33–35 In particular, the P–H bond energy shows
a specic order (smallest-to-largest) of [011], [111], and [010].
With this result, we anticipate that S or Se modication of P
sublattices strongly affects the activity, and a similar effect was
observed in experiments for Ni- and Co-containing systems.36,37

Computed energies indicate that surfaces that have different
P–H bonding are expected to exhibit different relative reactivity.
And, this may translate into non-perfect (not at) surfaces, i.e.,
the structure of the layer may not critically matter. Indeed,
amongst surfaces considered in experiment, only [101] has an
ideal (at) surface to consider, which is unstable to a P–H
termination (Fig. S5†) and forms a P–H–Fe bond, while all the
others show a prominent “step-like” surface conguration
(Fig. 6) permitting a dominant P–H bond. Flat [101] surface has
Chem. Sci., 2020, 11, 5007–5016 | 5011
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Table 2 H-binding energy on FeP surfaces relative to single H1 atom
plus empty surface. Bolded values denote stable bond configurations.
The trend with HER overpotential is mirrored by P–H bonding energy
for each specific surface, as expected. [101] appeared to be unstable
surface , both H–P and H–Fe single bonds are unstable and relax to P–
H–Fe bridge bond (Fig. S5)

Surface

E (eV)
Overpotential
h from Table 1P–H Fe–H

[010] �2.91 �2.74 Best
[101] a a Y
[111] �2.66 �2.21
[011] �2.47 �2.34 Worst

a Bridging bonding P–H–Fe appeared to be most stable with an energy
of 2.32 eV.

Fig. 7 Surface depth profiling of the [010] facet of FeP crystal. Char-
acteristic XPS data in Fe 2p3/2, P 2p, and O 1s regions are shown for the
as-prepared surface (a), before removal of distinct phosphate features
in P 2p (b), and after 13 etch cycles (c). Symbols ¼ raw data, dashed
lines¼ background, colored lines¼ fit components, thick black lines¼
overall fit.
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two possible terminations (Fig. S5a and b†), one of which
(termination 1) is more stable than the other (termination 2)
(Table S1†). The steps on the [101] (termination 1) surface cost
energy, but this energy cost is moderate, hence the steps are
possible. [201] given in Table S1† can be viewed as an example
of [101] surface with periodic steps.

Notably, we compare the order of the measured HER activity
on each facet (best-to-worst in Table 1) with that of P–H bonding
in Table 2, nding they directly correlate. We hypothesize that
for any ordered phosphide, like FeP, the derived linear corre-
lation between adsorbate energy and energy of d-orbital that is
operative in the adsorbate bonding permits computational
screening of phosphide surfaces as a direct guide to experiment
for new HER catalysts. Moreover, such line-compounds and
their facets can be assessed and tuned for specic reactions and
applications.38,39

The effect of the hydrogen coverage was studied on the
example of FeP [010] and [011] surfaces (Fig. S6†). A small
variation of the adsorption energy with coverage was observed,
however, at each studied coverage a much higher difference in
adsorption energies between H adsorption energy on [010] and
[011] termination was preserved (Fig. S6†).
Surface composition

There is an open question whether in situ restructuring of the
phosphide surface and oxidation to phosphate occurs during
the HER reaction. Arguments for this assumption are the
observations of the oxide/phosphate layers on the surface of
HER phosphide catalysts aer reaction is complete. However,
highly reductive potentials and presence of the H species on the
surface are strong counterarguments. Oxidation may occur
when the freshly reduced surface of the catalyst is exposed to
ambient conditions. An exact answer to this question requires
in situ surface studies, which are challenging for HER condi-
tions. As the rst step towards such studies, we characterized
the [010] (FeP) and [101] (m-NiP2) crystal surfaces aer HER
catalytic tests by means of X-ray photoelectron spectroscopy
(XPS) (Fig. 7 and 8).
5012 | Chem. Sci., 2020, 11, 5007–5016
Surfaces of both catalysts, FeP and m-NiP2, aer HER reac-
tion showed indications of oxidation (Fig. 7a and 8a). To probe
the thickness of the oxide layer, a gentle sputter cleaning was
attempted using Ar clusters, which are typically effective at
removing surface contamination layers without signicantly
damaging the underlying solid inorganic material.41 The sputter
cleaning revealed a qualitative difference between the oxidized
surface layers on the two crystals. For the FeP sample, the etch
rate was consistent (Fig. S7†) until the complete removal of the
oxidized surface layer (Fig. 7c). In contrast, for the m-NiP2
sample, the etch rate dramatically slowed down aer removing
the topmost ca. 5 nm, to the extent that the same number of
subsequent etching cycles removed only ca. 1 nm of the over-
layer (Fig. S8†). As more aggressive etching conditions would
modify surface composition and BEs,42 the depth proling was
stopped at that point, corresponding to a m-NiP2 crystal surface
with ca. 3 nm of an oxidized overlayer (Fig. 8c).

For FeP, the strongest indications of reaching a clean crys-
talline surface aer sputter cleaning are provided by the quali-
tative changes in all the elemental spectra from top to bottom in
Fig. 7. The Fe 2p3/2 spectrum is simplied to a single component
at BE ¼ 707.0 eV, in agreement with BE values previously re-
ported for FeP powder samples.43,44 The pronounced asymmetry
of the Fe 2p3/2 spectrum in Fig. 7c is typically characteristic of
pure metals, however, for FeP the BE and line shape nearly
identical to those of Fe metal are well established and have been
attributed to the details of the electronic structure of crystalline
FeP.43 The P 2p spectrum in Fig. 7c is in agreement with the
literature reports for FeP powders.43,44 We note, however, that
because some sputter cleaning has been involved in all cases,
the exact BEs reported here and in the literature likely
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Surface depth profiling of the [101] facet of m-NiP2 crystal.
Characteristic XPS data in Ni 2p3/2, P 2p, and O 1s regions are shown
for the as-prepared surface (a), after appearance of distinct phosphide
features in P 2p (b), and after 20 etch cycles (c). Symbols ¼ raw data,
dashed lines ¼ background, colored lines ¼ fit components, thick
black lines ¼ overall fit.
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correspond to a FeP crystal surface with some degree of
amorphization: for example, both BEs and stoichiometry
signicantly shied for a model Ni2P(0001) single-crystal
surface aer it was annealed to recover long-range ordering.42

The evolution of the Fe : P ratio (based only on the intensi-
ties of the phosphide Fe 2p and P 2p components, color-coded
red in Fig. 7) during depth proling suggests that even the so
etching by Ar clusters modied the surface composition.
Specically, the ratio of “phosphide” Fe : P changed from ca.
1 : 2 on the unmodied samples aer HER treatment, to ca.
1 : 1 in the middle of the prole, to ca. 1 : 0.7 upon removal of
all the phosphate components in Fig. 7c. The Fe-rich nal
composition could be produced by a number of effects, such as
surface roughness and preferential sputtering, which are diffi-
cult to identify, because the nearly identical spectral signatures
would not allow even to distinguish any accumulation of
metallic Fe during the FeP sputtering. Intriguingly, the previous
measurements on FeP powders reported reaching a 1 : 1 stoi-
chiometry aer the more aggressive monoatomic Ar+ etching,43

so the exact nature of the FeP surface modication by sputter
cleaning remains ambiguous.

For m-NiP2 sample aer sputter cleaning (Fig. 8c), the
phosphide Ni 2p3/2 and P 2p3/2 components are, respectively, at
BEs of 853.3 and 129.5 eV, in excellent agreement with the
values characteristic of the monoclinic m-NiP2 crystal struc-
ture.17 The qualitatively different spectra (in terms of line
shapes and BEs) of the as-prepared m-NiP2 sample (Fig. 8a) are
also consistent with the change of the sputtering rate aer
removal of the topmost ca. 5 nm of the oxidized overlayer
(Fig. 8), as that part of the overlayer indeed appears to be
compositionally different, likely a different mixture of Ni
This journal is © The Royal Society of Chemistry 2020
phosphates and hydroxides, based on the Ni 2p3/2 compo-
nents.45 Themore difficult to remove ca. 5 nm layer on top of the
m-NiP2 single-crystal material is compositionally similar to the
oxidation layers on as-prepared polycrystalline17 and nano-
structured Ni phosphide catalysts,45,46 consistent with the
previous interpretation of the Ni 2p3/2 component at BE of 857.5
� 0.2 eV as primarily Ni phosphate. Finally, the difficulty in
removing the phosphate overlayer from m-NiP2, highlights the
apparently signicant effect of the specic transition metal and
bulk stoichiometry on the properties of the oxidized overlayers.

Discussion

The signicant variation of catalytic activity for different facets
on noble metal nano- and micro-crystals is well known in
catalytic science. For the abundant transition metals such as
Mn, Fe, Co, Ni, andMo, an HER catalyst is not a single metal but
a binary compound with non-metal elements (P, S, B) which
brings strong chemical bonding and resulting chemical resis-
tance.12,36,37,47–50 Moreover, metal atoms arrangement and band
structure of the binary material are signicantly different from
those for elemental metals. Recent experimental and compu-
tational studies of crystals of Mo borides show that selected
surfaces exhibit signicantly higher HER activity, such as
graphene-like boron-rich surfaces.47–50 While borides are known
for high chemical inertness, in the eld of transition-metal
phosphide HER catalysts, it is commonly assumed that the
surface of the catalysts is restructured during the reaction as
a result of the applied bias potential and chemical potential of
protons in solution. Evidence for this is the observed ex situ
surface oxidation aer potential cycling.7 As such, the impor-
tant question remains whether the structure of bulk phosphide
catalysts really matter, or if it is sufficient to supply the surface
with a proper ratio of M/P elements and the restructuring will
occur in situ. Reported properties for nano-structured catalysts
are too scattered to provide a denitive answer. We have
recently shown by studying the properties of two polymorphs of
NiP2 that the structure of bulk phases has an impact on the
catalytic properties of the corresponding phosphide.17 One
possible explanation is that the monoclinic polymorph of NiP2
is a semiconductor, while cubic one has metallic properties,
which might be sufficient to explain the observed difference in
reactivity instead of their bulk crystal structures.

In this current study, we investigated the electrocatalytic
activity of the same bulk material, FeP or m-NiP2 single crystals.
The only condition varied is the facet of the crystal that was
exposed to the electrolyte. A clear dependence of the HER
performance on the facet exposed was observed for both
phosphides (Fig. 3 and 4) indicating that this is a common
trend, rather than exception. Additionally, to test the repro-
ducibility of the facet dependence, we measured two m-NiP2
[111] facets on two different crystals and show the identical
performance within the accuracy of the experiments. Moreover,
we have theoretically shown, from a more general adsorption
analysis, that the facet activity correlates well with the
computed H adsorption energy on P sites. Thus, the observed
trends of the facet activity of transition-metal phosphides show
Chem. Sci., 2020, 11, 5007–5016 | 5013
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that the underlying bulk structure, as well as specic surface
termination, play an important role in the performance of HER
electrocatalysts. This justies computational screening of elec-
trocatalytic activity based on bulk crystal structure of
phosphides.

Single crystals have well-dened surfaces and are free from
the contamination typical for nanostructured HER electrodes
(such as binder or conductive additives), which allowed us to
estimate double-layer capacitance of at surface for FeP and
characterize surface of the phosphide catalysts aer reaction.
Based on our computational observations, one can assume that
P–H bonds, similar to those in phosphine PH3, dominate the
surface of the phosphide catalyst under reaction condition, i.e.,
applied reducing bias. Phosphines are prone to oxidation under
exposure to ambient conditions, which might be a source of the
observed oxide/phosphate layers. Mild sputtering was sufficient
to remove ca. 3nm of the oxide/phosphate layers for FeP,
revealing a pristine FeP surface (Fig. 7c). XPS indicates the
surface enrichment of the used FeP catalysts with P which was
removed by sputtering. The oxide/phosphate layer was thicker
for m-NiP2, which has intrinsically higher P content and higher
chances for P-enrichment of the surface. Thus, the surface data
obtained in this work can be explained without involving the
formation of the metal oxide/phosphate during the HER, but
rather aer the reaction. To achieve a nal answer on the
composition and oxidation state of metal and P during HER an
in situ experiments on the selected single crystals are necessary,
which are currently under development.

Conclusion

Large mm-sized crystals of FeP and m-NiP2 were grown and
crystallographically indexed. Individual crystal facets were
tested for their HER catalytic activity, showing a facet-
dependent activity for both types of phosphides. This differ-
ence becomes more apparent at high overpotentials. For FeP,
decreasing activity of facets was found as: [010] > [101] > [111] >
[011]; while for m-NiP2 the observed trend was: [100] > [121] >
[101] > [111]. Validity of these trends was checked using two
separatem-NiP2 crystals with exposed [111] facets, both showing
near identical performance. Additionally, electrocatalytically
important double-layer capacitance of at surface, Cdl,
measurements were performed on crystals of FeP, resulting in
an average Cdl value of 39(2) mF cm�2.

DFT calculations examined the effect of H bonding on
experimentally exposed surfaces of FeP. Based on a predicted
correlation for facet-specic, orbital-dependent adsorption, the
H-binding energies on the relaxed FeP surfaces show a similar
trend to the experimentally measured results, with [010] having
the greatest binding energy and [011] the smallest. The greatest
binding energies was found to be H adsorb predominantly on P
sites, similar to computational reports for Ni and Co
phosphides.

XPS was used to determine the surface characteristics of the
catalytically tested crystals. These measurements showed thin
oxide layers present on the surface of 3 and 5 nm for FeP andm-
NiP2 crystals, respectively. The BEs and line shapes of the
5014 | Chem. Sci., 2020, 11, 5007–5016
spectra collected for the bulk phases agree well with previously
reported XPS data.

As the catalytic behaviors of FeP and m-NiP2 are shown to be
directionally dependent, the anisotropic study of other prom-
inent catalysts is prudent. This knowledge could lead to the
rational design of highly efficient nano-catalysts with speci-
cally grown facets to boost activity. Furthermore, the good
agreement of the theory and experimental trends indicates that
screening using DFT methods may accelerate the identication
of desirable facet, especially for ternary or more complex
compounds, where the original structure of metal phosphide is
perturbed. Within the realm of solid-state chemistry, there are
numerous ternary phosphide compounds, where the transition-
metal 3d-orbital lling, local P coordination, and number of
states at the Fermi energy can be tuned in a wide range allowing
for novel HER catalysts. Coupled with computational screening,
an integrated computational/experimental research should
result in a novel HER catalysts with improved performance.
Single crystals of phosphides are also suitable model systems
for the in situ studies of the catalysts surface, nally answering
how much of a role oxides play in the HER activity of
phosphides.
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13 E. Skúlason, V. Tripkovic, M. E. Björketun,
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