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ABSTRACT

The water-gas-shift (WGS, CO + H0 — H, + CO;) reaction was studied on the NiyP(001) surface
using a combination of experimental and theoretical methods. Our experimental measurements show
that NipP(001) displays an activity larger than that of Ni(100) or even Cu(100), which is the best metal
catalyst for the WGS process. The good behavior of Ni,P is associated with the Ni oxy-phosphides formed
as a result of strong O <> P interactions. Under reaction conditions, most of the P sites of Ni;P(001) are
covered with oxygen. The addition of Cs to the nickel phosphide surface increases the saturation coverage
of oxygen and enhances catalytic activity. As in the case of a [NiFe] hydrogenase enzyme, the active sites
of O/Ni;P(001) involve the combination of a metal and a light atom. This configuration of the active sites
leads to significant changes in the reaction mechanism with respect to that on Ni(100) or Cu(100). The
O atoms on the NiyP(001) surface facilitate the WGS reaction in both direct and indirect ways. On one
hand, O helps to lower the barrier for water dissociation; on the other hand, it also deactivates the Ni
sites in the surface to provide moderate bonding to the adsorbates, and the barriers for each elementary
step in the WGS process become lower than 1.2 eV. Our results imply that the high performances of
catalysts in the WGS rely heavily on the cooperation between oxygen and metal centers with moderate

activity.

Published by Elsevier Inc.

1. Introduction

With fossil fuels in limited supply, hydrogen has been recog-
nized as an environmentally acceptable, alternative energy carrier.
Furthermore, the reaction of hydrogen with CO or CO; can lead
to the generation of liquid fuels which contain heavy alcohols or
alkanes (Fischer-Tropsch process). Thus, there is a broad interest
in optimizing different routes used for the production of hydrogen.
The water-gas-shift (WGS) reaction is an important step in sev-
eral industrial processes [1,2]. The overall reaction corresponds to
the conversion of carbon monoxide and water into carbon dioxide
and hydrogen (CO + H,O — CO; + Hy). It is primarily used to
increase the Hy content as well as reducing the CO concentration
in synthesis gas and is an essential part of a hydrogen plant [2].
In recent years, the WGS reaction at low temperature has redrawn
attention due to its application in fuel cell technology [3]. The typ-
ical industrial catalyst for the low-temperature WGS reaction is Cu
[4-9] with ZnO and Al,O3 as support materials [10,11]. However,
there are problems in using these systems for automotive applica-
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tions since they are pyrophoric [11] and can be deactivated by the
condensation of water [12].

Extensive studies, involving theory and/or experiment, have
been carried out to search for new WGS catalysts to replace
the commercial Cu-based catalyst. The disadvantages of the in-
dustrial catalysts can be overcome by the use of precious metal
based systems: pure metals (Pd, Au, Pt) [13-16], and alloys [17,
18]. However, besides the factor of cost, the deactivation of the
catalysts was also found under the working conditions of the
WGS reaction [19-21]. Recently, it has been reported that the
WGS activities of metal (Au, Cu, Pt, Pd) catalysts are promoted
significantly by forming composite materials with oxides (CeOj,
TiOz, Mo0O;): metal nanoparticles supported on oxides and oxide
nanoparticles supported on metals [22-25]. These systems oper-
ate as bifunctional catalysts, taking advantage of the properties of
the metal and oxide, and the WGS reaction runs fast at the inter-
face [25].

It is worthwhile to study the WGS reaction on compounds
which involve non-expensive metals and light elements (C, N, P, S).
In principle, the formation of these compounds can lead to special
catalytic properties due to ensemble (i.e. reduction in the number
of exposed metal centers) or ligand effects (i.e. metal — light ele-


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcat
mailto:pingliu3@bnl.gov
http://dx.doi.org/10.1016/j.jcat.2009.01.006

P. Liu et al. / Journal of Catalysis 262 (2009) 294-303 295

Fig. 1. (Color) Optimized geometries of the Ni;P(001) surface. (Upper panel) Top
view; (lower panel) side view. Different adsorption sites on each surface are labeled
by Nos. 1-6. 1: metal hollow; 2: metal bridge; 3: metal atop; 4: phosphorus atop;
5: hydrid metal-phosphorus hollow; 6: hydrid metal-phosphorus bridge.

ment charge transfer) [26-33]. Interestingly, Mo,C has been found
to display a higher WGS activity than the industrial Cu-based cata-
lyst [26,29], but this carbide has problems of long-term stability.
A recent theoretical study has investigated the hydrogen evolu-
tion reaction (HER, 2HT + 2e~ — H) on a [NiFe] hydrogenase
enzyme, [Ni(PS3*)(CO)]~! and [Ni(PNP);]*t complexes, and sur-
faces such as Ni(111), Pt(111) or NiyP(001) [30]. The calculations
suggest that among all the systems investigated, Ni;P should be
the best practical catalyst for the HER, combining the high ther-
mostability of the surfaces and the high catalytic activity of the
[NiFe] hydrogenase [30]. Furthermore, NiyP exhibits an extremely
high activity for catalyzing hydrodesulfurization processes [28,34-
37]. In the present paper, we report, for the first time, exper-
iments and density functional theory (DFT) calculations for the
WGS reaction on a Ni;P(001) surface (Fig. 1). The (001) plane
is of great relevance because it is the predominant orientation
observed in real catalysts containing NiyP crystallites on a silica
support [34,37]. Our experiments show that, under similar ex-
perimental conditions, NiyP displays a WGS activity larger than
that of Ni or the best metal catalysts for the reaction, Cu. The
catalytic activity of Ni;P(001) can be substantially enhanced by
adding a small amount of cesium to the phosphide surface. Ac-
cording to our DFT calculations, the active phase of Ni,P towards
the WGS reaction is a Ni oxy-phosphide, where both O and P are
not spectators and participate in the reaction directly. Although
NiyP has metallic character [28], the mechanism seen for the WGS
reaction on NiyP(001) shows important differences with respect
to that found on Cu(100) or Cu(111) [8,9], as the active sites of
the metal phosphide resemble those of a [NiFe] hydrogenase en-
zyme.

2. Experimental and theoretical methods
2.1. Experimental studies

The experimental data presented in Section 3 were collected
in a conventional ultrahigh-vacuum (UHV) chamber (base pressure
~1 x 10710 Torr) equipped with instrumentation for X-ray photo-
electron spectroscopy (XPS. Mg or AlK« X-ray source), low-energy
electron diffraction (LEED), ion scattering spectroscopy (ISS), Auger
electron spectroscopy (AES), and temperature programmed desorp-
tion (TPD) [28]. The UHV chamber had attached a high-pressure
cell or batch reactor [5,6,24,25]. In our studies, the sample was
transferred between the reactor and vacuum chamber without ex-
posure to air.

The NiyP(001) crystal, 9 mm in diameter and 1 mm in thick-
ness, was prepared at the Tokyo Institute of Technology. The
Ni;P(001) crystal was mounted in a manipulator that allowed cool-
ing to 100 K, resistive heating to 1400 K, and e-beam heating to
2500 K. Clean NiyP(001) surfaces were prepared following a pro-
cedure similar to that reported in Ref. [28]. lon bombardment and
annealing in UHV at 750 K produced ordered (1 x 1) hexagonal
surfaces that have a composition close to that expected for bulk
NiyP [28]. lon bombardment with Art at 300 K removed surface
impurities like C and O plus P atoms, producing Ni-rich surfaces.
Surfaces with the correct stoichiometry were produced by anneal-
ing in UHV at temperatures above 700 K (diffusion of P from the
bulk to the surface) [28] or by reaction with small amounts of PH3
gas at 500-600 K. Along the (001) direction of bulk NiyP, there
is an alternation of planes that have Ni3P and Ni3P, compositions
[28,30]. A two-plane repeat unit along the (001) direction gives
the bulk NiyP stoichiometry. LEED, ISS and scanning tunneling mi-
croscopy (STM) showed that the NiyP(001) surfaces used in this
study exposed mainly Ni3P, planes (see Fig. 1) [31-33]. In these
surfaces, the area exposing NizP planes was in the range of 10-
20% of the total surface area. This is consistent with the results
of DFT calculations which indicate that a Ni3P, termination has a
lower surface-free energy than a Ni3P termination [27,28].

In a set of experiments, the catalytic activity of Ni;P(001) was
enhanced by depositing on the surface small amounts of cesium.
Cesium was vapor deposited on the NiyP substrate by heating a
SAES getter chromate source. For small doses, the relative coverage
of Cs (@¢s) was determined by comparing the area under the Cs
3d XPS peaks to the corresponding area for a saturated monolayer
of Cs on NipP(001) at 300 K.

In the kinetic measurements the sample was transferred to the
batch reactor at ~300 K, then the reactant gases were introduced
(20 Torr of CO and 10 Torr of HyO) and the sample was rapidly
heated to the reaction temperature (575, 600, 625 or 650 K). The
reaction conditions used to test the catalytic activity of the nickel
phosphide samples were similar to those used in previous stud-
ies examining the WGS reaction on well-defined surfaces [5,6,15,
24,25]. The CO gas was cleaned of any metal carbonyl impurity
by passing it through purification traps. Product yields were an-
alyzed by a gas chromatograph [24,25]. The amount of molecules
produced was normalized by the area of the sample which was ex-
posed to the reactants inside the batch reactor. The sample holder
was passivated by extensive sulfur poisoning (exposure to H,S) and
have no catalytic activity. In our reactor a steady-state regime for
the production of H, and CO, was reached before 3 min of reac-
tion time, and then a constant reaction rate was seen for periods
as long as 70 min. The kinetic experiments were done in the limit
of low conversion (<10%). After the tests of catalytic activity the
surfaces of the catalysts were characterized using XPS and/or ISS.
The gases were pumped out from the reactor, and the sample was
transferred back to the UHV chamber while it was cooling to room
temperature.
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2.2. Theoretical studies

The DFT calculations were performed using the CASTEP (Cam-
bridge Serial Total Energy Package) suite of programs [38], which
have proved to be very useful in theoretical studies dealing with
metal and metal phosphide surfaces [28,39,40]. Similar calculations
have successfully described the WGS reaction on metal surfaces,
metal nanoparticles and metal carbides [8,24,25,29]. The Kohn-
Sham one-electron equations were solved on a basis set of plane
waves with kinetic energy below 25Ry and ultra-soft pseudopo-
tentials were used to describe the ionic cores [41]. Brillouin zone
integration was approximated by a sum over special k-points se-
lected using the Monkhorst-Pack scheme [42]. Enough k-points
(5 x 5 x 1) were chosen to make sure that there was no sig-
nificant change in the calculated energies when a larger number
of K points was used. The exchange-correlation energy and the
potential were described by the revised version of the Perdew-
Burke-Ernzerhof (RPBE) functional [43]. Previous DFT calculations
using the RPBE functional predicted adsorption energies for CO, S,
SO, and thiophene on metal and metal phosphide surfaces were
very close to those measured experimentally (JAE| < 0.25 eV) [28,
39,40]. Using this setup, our calculated lattice parameters for NiyP
(hexagonal, a=b =5.93 A, c =3.37 A) agrees well with the exper-
iments (|Ad| < 0.06 A) [44,45].

The Ni;P(001) crystal used in the experimental studies exposed
mainly Ni3P, planes (see above). To model a Ni,P(001) surface in
a Ni3P,-termination, Fig. 1, we used four-layer slabs [28,39,40], re-
peated in a supercell geometry with a 11 A vacuum between the
slabs. The Ni;P(001) substrate was represented by a +/3 x +/3 unit
cell, corresponding to a surface coverage of 1/3 of a monolayer
(ML). In the calculations, the top three layers were allowed to relax
in all dimensions together with the adsorbates, while the bottom
layer was kept fixed at the calculated bulk positions. We checked
the effect of slab thickness and number of relaxed layers on the
energetics for the strong O adsorption. The results showed that the
adsorption energy using four layer and six layer slabs were consis-
tent. Due to the strong O-NiyP interaction as shown below, the
energy levels off only when the top three layers are allowed to re-
lax, where the adsorption energy increases by 0.16 eV from top 1
layer relaxed to top 2 layer relaxed and 0.03 eV from top 2 lay-
ers relaxed to top 3 layers relaxed. The methodology used in this
article is similar to that used by our group in previous studies of
Ni,P(001) [28,30].

3. Results and discussion

3.1. Activity of NizP(001) and Cs/NiyP(001) for the water-gas shift:
Experimental studies

As discussed above, the (001) surface of nickel phosphide con-
tains both Ni and P centers (Fig. 1). After exposing this substrate to
a mixture of H,O (10 Torr) and CO (20 Torr) in the high-pressure
reactor, O 1s XPS spectra showed the presence of adsorbed oxygen.
Fig. 2 displays the variation of the O 1s signal as a function of reac-
tion time for two different temperatures (575 and 650 K). In these
experiments the NipP(001) surface was expose to the mixture of
H,0/CO during the indicated period of time, then the gases were
pumped out, and the corresponding O 1s spectrum was collected
while the sample was cooling to room temperature. The amount of
adsorbed oxygen increased up to a reaction time of ~3 min when
it reached saturation. The P 2p XPS spectrum of clean NipP(001)
exhibited the main peak at ~129.9 eV. Upon the adsorption of a
saturation coverage of O, the total intensity of the P 2p features de-
creased, with a broadening towards the high binding energy side.
After curve-fitting [23], the P 2p spectra, a small peak appeared
at ~131.6 eV (ABE ~ 1.7 eV) consistent with the formation of P-O
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Fig. 2. Variation of the oxygen coverage (O 1s signal in XPS) with reaction time after
exposing a NizP(001) surface to a mixture of H,O (10 Torr) and CO (20 Torr) at 575
and 650 K.

bonds on the surface [46]. The adsorption of oxygen had a rela-
tively minor effect on the position (ABE ~ 0.4 eV) of the Ni 2p
signal in XPS. In ISS, a saturation coverage of O induced a decrease
of ~89% in the P signal and a decrease of only 38% in the Ni sig-
nal. Thus, it appears that the O deposited on NipP(001) by the full
dissociation of water interacted mainly with the P atoms to gener-
ate an oxy-phosphide. In principle, the uncovered Ni sites detected
by ISS, ~62% of those exposed by a clean Ni;P(001) surface, were
available for participating in the WGS process. However, after ex-
posing Ni;P(001) and the O/Ni,P(001) surfaces to carbon monoxide
at 140 K, the amount of CO adsorbed on the O covered systems
was ~40% of that seen on a clean Ni;P(001) substrate.

The presence of O on the NiyP surface does not imply that this
system will not be catalytically active. For example, it has been
reported that NiyP substrates partially covered with S are excel-
lent catalysts for hydrodesulfuration [28,34,36]. We found that the
O/NiyP(001) surfaces generated in the experiments of Fig. 2 did
catalyze the WGS. Steady-state was easily achieved and we did
not observe deactivation of the catalysts after 70 min of opera-
tion. Under reaction conditions no additional O was deposited on
the phosphide surface. Thus, the exposed Ni sites were not oxi-
dized. There was a very small amount of C at a binding energy of
~289.7 eV which could be attributed to HCOO or COy species on
the catalyst surface [47]. Similar C 1s features were observed af-
ter carrying out the WGS on metal/oxide catalysts [15,24,48], but
their concentration on the oxy-phosphide was 3-4 times smaller.
The XPS data did not provide a clear evidence for the participa-
tion of HCOO or COx in the main reaction path for the WGS on
Ni;P(001). Using the In of the measured reaction rates for the
WGS on NipP(001) at 575, 600, 625 and 650 K, we constructed
the Arrhenius plot shown in the bottom panel of Fig. 3. This plot
yields an apparent activation energy of 12.7 kcal/mol for the WGS
on NiyP(001).

Fig. 4 compares the WGS activity found for NipP(001) with that
detected for Ni(100) and Cu(100) [24]. Copper is the best known
metal catalyst for the WGS [4-9,14]. Nickel has a lower activ-
ity than copper because it binds the intermediates of the WGS
too strongly [14]. The Ni(100) surface is deactivated by a layer of
carbon (in a “carbidic” state) formed by the Boudouard reaction,
2C0O(gas) — C(ads) + CO»(gas) [7]. The water in the reaction mix-
ture for the WGS did not oxidize the Ni atoms present in Ni;P(001)
or Ni(100). Post-reaction surface characterization with XPS showed
quite small amounts of O or C on Cu(001) [24]. The metal surfaces
did not exhibit the photoemission peaks characteristic of HCOO or
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Fig. 3. (Top panel) Amount of Hy produced through the WGS on Ni,P(001) at 575,
600, 625 and 650 K. Before t =0 min, the Ni;P(001) surface was exposed to a reac-
tion mixture of H,O (10 Torr) and CO (20 Torr) for 5 min. (Bottom panel) Arrhenius
plot for the rate of the WGS on Ni2P(001). The plot was constructed using steady-
state rates obtained from the data displayed in the top panel.

COy species [5,6,24]. As we will see in the next section, the for-
mation of Ni-P bonds and the subsequent adsorption of oxygen
moderates the chemical reactivity of Ni;P(001) making it more cat-
alytically active than Ni(100) and Cu(100). O/Ni»P(001) is a good
WGS catalyst because it obeys Sabatier principle: It interacts well
with the reactants without binding the intermediates or products
too strongly. It is difficult to define the exact number of active
sites present on the O/NiyP(001) catalyst. In experiments of CO
chemisorption at 140 K, we found that the amount of CO adsorbed
on O/Ni;P(001) was 0.2-0.3 times the amount seen on Cu(100). If
the rates in the top panel of Fig. 4 are normalized by the num-
ber of metal sites titrated by CO chemisorption, it will appear that
O/Ni,P(001) is 7-9 times more active than Cu(100). However, in
this comparison one must be careful because the active sites in
O/NiyP(001) do involve a particular combination of metal and O
centers, see Section 3.2.3, and CO chemisorption may be overesti-
mating their concentration because the molecule will bind to all
free metal sites. The modification of NiyP by the adsorption of
O produces catalysts that are very active for the WGS, while a
modification by the adsorption of S leads to excellent catalysts for
hydrodesulfurization [28,34,36].

Cesium is a well-known promoter of Cu-based WGS catalysts [1,
5,6]. After depositing 0.15 monolayers of Cs on Ni;P(001), we found
a substantial enhancement in the catalytic activity (top panel in
Fig. 4). Cs 3d XPS spectra indicated that during reaction the Cs
was probably transformed into a CsO, or Cs(OH)y species [5]. Over-
all, there was an increase in the saturation coverage of O on the
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Fig. 4. (Top panel) Amount of H, produced on Cs/Ni;P(001), Ni;P(001), Ni(100) and
Cu(100) after 5 min under a steady-state rate at 625 K, 20 Torr of CO and 10 Torr
of H0. (Bottom panel) O 1s XPS signal measured after performing the WGS on the
indicated surfaces.

nickel phosphide surface. For the systems in Fig. 4 high catalytic
activity correlates with a large coverage of oxygen. The DFT calcu-
lations discussed below show that oxygen helps the energetics for
the WGS by reducing the barrier for the dissociation of water.

In Fig. 5 we can see that Ni;P(001) and Cs/Ni,P(001) have an
activity comparable or better than that of Cu nanoparticles sup-
ported on ZnO(0001) [24]. This is quite remarkable, since we are
dealing with extended surfaces of nickel phosphide and Cu/ZnO is
a system used for catalyzing the WGS in industrial applications [1].
In Fig. 5, the systems containing Cu nanoparticles {Cu/CeO,(111),
Cu/Zn0(0001), Cu/Mg0(100)} [15,24] expose more free metal cen-
ters than the Ni;P(001) and Cs/Ni;P(001) catalysts which are par-
tially covered with oxygen. In experiments of CO chemisorption,
the amount of CO adsorbed on the Cu/Zn0O(0001) and Cu/CeO(111)
catalysts at 140 K was 1.1-1.4 times larger than the amount ad-
sorbed on the NiyP(001) and Cs/NiyP(001) catalysts. The appar-
ent activation energy for the WGS on each catalyst may be a
good parameter to quantify relative catalytic activity [4-7,15,24].
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Cu/Zn0O(000i), Cu/Mg0(001), and Cu(100). (Bottom) Corresponding apparent activa-
tion energies for the WGS on the indicated surfaces.

Cs/NizP(001) and Cu/Ce0,(111) exhibit the lowest apparent activa-
tion energies and the highest production of H, per surface area.

3.2. Mechanism of the WGS on NiyP(001): Theoretical studies

Previous theoretical works have studied the mechanism of the
WGS on metals [8,9,13] or metal/oxide surfaces [25]. The Ni-P
bonds in nickel phosphide have a low degree of ionicity and the
compound has metallic character [28]. The presence of metal and
phosphorous sites in the Ni;P(001) surface makes this system dif-
ferent from Cu(100) or Cu(111). The nickel phosphide substrate has
binding sites that in many aspects are similar to those of a [NiFe]
hydrogenase enzyme [30]. However, it is frequently assumed that
the P sites in metal phosphide catalysts are simple spectators [34,
37,45]. We will begin this section by examining the adsorption en-
ergies of the reactants and products of the WGS on different sites
of Ni;P(001) and comparing these adsorption energies to those on
Ni(111) and Cu(111).

3.2.1. Calculated adsorption energies

Table 1 includes the calculated adsorption energies for Hy, CO,
H,0, OH, O, and CO; on the Ni(111) surface. The corresponding
adsorption energies for the case of Cu(111) have been calculated in
our previous study using the same method [8,29]. One can see that
the energies from the present calculations are in good agreement
with the experiments and other theoretical studies [9,13,43,49-52].
As observed previously [9,13,49,53], the present calculations show
that Hy, O, OH and CO are always found to be the most stable at

Table 1

Calculated energies (eV) for the preferential adsorptions at low coverage on the
surfaces of Cu(111), Ni(111), Ni;P(001) and O-covered Ni;P(001) (02_NiP(001)) in
comparison with experiments.?

Cu(111) Ni(111) NizP 02_Ni,P

Eco —067, —053[49]  —1.74, —155[50] —1.58 (1) —1.02 (1)

Ew, —023,-010[51] —128 —102[51] —1.08 (1)  —0.65 (top of O)
Emo —0.16, —0.18 [9] —0.47 —022(3) —0.35(3)

Eon —2.68, —2.85[9] —3.31 —3.07 (1) -2.72(1)

Eo, —350,—382[52] —478,—4.57[43] —479 (6) —2.49 (1)

Eco, 0.1, —0.09 [9] —0.05 0.09 >0

@ Normal italic values are from other experiments [49,50,52] and bold italic val-
ues come from other theoretical calculations [9,43,51]. The number in parentheses
represents the preferential adsorption site for each adsorbate and the corresponding
configuration for each number is shown in Fig. 1. Ex, = 2E(X*) — 2E(surf) — E(X3)
for Hy and O, adsorption, Ey = E(Y*) — E(surf) — E(Y) for the other adsorbates.
02_NiP(001) refers to a the NipP(001) surface covered by 2/3 of a ML of atomic O
at the Ni-P bridge sites. The adsorbate coverage on Cu(111) and Ni(111) is 1/4 of a
ML and 1/3 of a ML on NiyP(001) and 02_Ni,P(001).

Table 2
Calculated energies (eV) for the adsorptions on the different sites of the Ni;P(001)
surface at coverage of 1/3ML.2

Ni site P sites Ni-P hybrid sites
1 2 3 4 5 6
Eco —1.58 —1.50 —-1.35 —-0.23 —2 —1
En, —1.08 —1 —1 —0.52 —1 —0.53
En,0 —3 - —0.22 >0 - -
Eon —3.07 —2.89 —1 —2.76 —2 —4
Eo, —3.87 - - —6 —6 —4.79
Ecoz —3 - 0.09 - - >0

2 The number the preferential adsorption site for each adsorbate, which is shown
in Fig. 1. The arrow represents a spontaneous transformation to adsorption on the
sites after the arrow.

the hollow site of the Ni(111) surfaces. HO and CO, bond weakly
at the top sites. This is consistent with experiments [54-56] which
indicate the binding of H»O and CO, on metal surfaces as a phy-
sisorption. For all of the adsorbates, one can see in Table 1 that the
interactions with Ni(111) are stronger than with Cu(111).

Table 2 shows the calculated adsorption energies at different
sites of the Ni,P(001) surface including the Ni sites, the P sites,
and the Ni-P hybrid sites (Fig. 1). Most of the adsorbates (Ha, CO,
OH, H,0 and CO;) favor the same adsorption site as on Ni(111).
The most stable site for H adsorption is Ni hollow site (“1” in
Fig. 1) with an adsorption energy of —1.08 eV, which is slightly
weaker than that of Ni(111) (—1.28 eV). Similarly, weaker inter-
actions at the Ni hollow sites of Ni,P(001) are also observed for
the other adsorbates. According to our previous studies [28], this
is due to an electronic effect, since the Ni atoms of Ni;P(001) have
a d-band center (—1.77 eV, Fig. 6) lower than that of the atoms in
Ni(111) (—1.40 eV, Fig. 6) [57,58]. As a result of an ensemble ef-
fect, the number of active Ni sites decreases (Fig. 1). Although the
P sites and the Ni-P sites (“6” in Fig. 1) also interact with H, the
corresponding binding energy is 0.5 eV weaker than that at the Ni
hollow sites (Tables 1 and 2). CO and OH also prefer the Ni hollow
site (adsorption energies of —1.58 and —3.07 eV, respectively), and
in contrast the adsorption at the P sites is weaker (the adsorption
energy of —0.23 and —2.76 eV, respectively). Both H,O and CO;
only stay at the top of a Ni site with a very weak binding energy
as in the cases of Ni(111) and Cu(111). Atomic O is an exception.
The most stable site for the adsorption of O is the Ni-P bridge site
(“6” in Fig. 1), which is 0.92 eV stronger than the adsorption at the
Ni hollow site. On the Ni-P site, oxygen interacts mainly with the
P centers. This is due to a strong overlap between the s, p orbitals
of O and P (Fig. 6) that is accompanied by a large transfer of elec-
tron density from P to O. In addition, the P atom bonded with O
shifts outwards the surface by more than 0.2 A, which also gives
rise to a strong O-P interaction. Overall, one can see in Table 2
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Fig. 6. (Color) Partial density of states (PDOS) of the Ni(111), NiyP(001),
02_NiP(001) surfaces.

that the pure Ni sites of Ni;P(001) bond strongly with the adsor-
bates, while the less active P sites or the Ni-P hybrid sites also
show some adsorption activities. We will see in the following that,
the P or Ni-P hybrid sites play an important role during the reac-
tion. This is different from the pure Ni(111) surface, where plenty
of active metal hollow sites are available.

3.2.2. WGS reaction on the NiyP(001) surface

There have been two pathways proposed regarding the mecha-
nism for the WGS: a regenerative redox mechanism and an asso-
ciative mechanism [10]. In the redox mechanism, successive oxida-
tion and reduction of the surface occurs as follows:

CO + *<*CO, (1)
Hy0 + *<>H,0%, 2)
H,0* 4+ *«<>HO* + H*, (3)
HO* + *«<H* 4 0%, (4)
CO* + *0 < *COy + *, (5)
*COp < COp + ¥, (6)
2H* & Hy + 2*. (7)

Here “x” represents a surface site, and therefore “X*” stands for the
adsorbate bonded to this site. Water dissociates into adsorbed oxy-
gen and hydrogen atoms, and the adsorbed oxygen is then titrated
by CO. The associative mechanism involves reaction through an
adsorbed intermediate species such as formate (HCOO), carbonate
(CO3), or carboxyl (HOCO). For instance, the dissociated OH reacts
with CO to form formate

HO* + CO* <> HCOO** (8a)
or carboxyl
HO* + CO* < HOCO* + *, (8b)

which eventually dissociate completely

HCOO** <s H* 4+ CO, + *, (9a)
HOCO* < H* + CO,, (9b)

to form CO,, H, and water. Here, the carbonate intermediate is not
included in this study, as it is usually observed when metal oxides
are involved [11]. The XPS data discussed in the previous section

does not provide a clear evidence for the participation of HCOO or
CO3 in the main reaction pathway for the WGS on NiyP(001).

Fig. 7 displays the calculated potential energy diagram for the
WGS reaction on Ni;P(001). The energies are expressed relative
to the clean surface, a free CO molecule and H,O molecule in
the gas phase. The adsorptions of CO (1) and HyO (2) are both
exothermic with an energy release of 1.80 eV (Fig. 7A). Water dis-
sociation (3) on Ni;P(001) is also an exothermic step with the
reaction energy (AE3) of —0.48 eV and the corresponding barrier
(AEas) is +1.29 eV. As indicated before, there are several possi-
bilities for the next step, where the reaction intermediates can be
0* (4), HCOO** (8a) or HOCO* (8b). We carry out extensive tran-
sition state (TS) calculations to find the energy barrier for each
of these three reactions. The calculated barriers are shown in Ta-
ble 3 and the configurations of the corresponding transition states
are included in Fig. 7B. In the present study, two factors are con-
sidered to determine the optimal reaction mechanism. One is the
high stability of the reaction intermediate; the other is the low re-
action barrier. The results in Fig. 7A show that *CO + *H + *O is
more stable than HOCO* and HCOO* by at least 0.58 eV. In addi-
tion, the reaction barrier to produce O by OH splitting (4) is lower
than that for the formations of HOCO* (AEag, = +2.55 eV) and
HCOO* (AEagy, = +4.49 eV) (Table 3). Given that, the WGS on a
clean NiyP(001) should follow the redox mechanism, which gives
the lowest barrier of AEaq = +1.76 eV. In contrast, the associa-
tive mechanism is not likely, as the involved formate and carboxyl
intermediates are less stable and more difficult to produce. Here,
our calculations also showed that the HCOO* formation is actually
controlled by the O-H bond cleavage. As seen in Fig. 7B (d), the
corresponding transition state is always associated with the elon-
gated O-H bond. Interacting with *CO species, the produced *O
yields *CO, (5). This is the first endothermic and the most difficult
step with the energy loss of +0.44 eV and the highest barrier of
+2.23 eV. Finally, the desorptions of CO, and Hy (6), (7) are also
up-hill reactions with the energy cost of +1.10 eV. It is known
that temperature and pressure will particularly affect the chemi-
cal potential of gas-phase molecules. Desorption processes, such as
a 2H* — H; reaction, are driven by a large entropy term at ele-
vated temperatures, so the endothermic nature of the final step on
Ni;P(001), or O-covered Ni,P(001) as we will see below, does not
represent a significant problem. Overall, the WGS on NiyP(001) is
dominated by a redox mechanism and CO oxidation into CO; is the
rate-limiting step (rls).

It has already been shown in previous studies [8] that Cu is a
better WGS catalyst than Ni. The strong CO interaction with the Ni
surface leads to a CO-poisoning under the working conditions, es-
pecially with a high CO/H,0 ratio, which blocks the Ni sites from
water dissociation and the rest of the WGS reaction. The high cov-
erage of CO on Ni(100) also leads to deactivation by the deposition
of carbon through the Boudouard reaction, 2CO(ads) — C(ads) +
CO, (gas) [7]. Therefore, a low WGS activity and small amount of
oxygen were observed experimentally (Fig. 4). However, this is not
the case for Ni,P(001), where a substantial amount of oxygen was
detected after the WGS reaction (Fig. 4). The calculated results in
Table 1 show that due to a weak ligand effect [28], the bonding
strength of Ni;P(001) to an adsorbate like CO is slightly weaker
than that of Ni(111) and much stronger than that of Cu(111). As a
result, the CO-poisoning of Ni,P(001) is also expected but an en-
semble effect due to the presence of P prevents the deposition of
carbon on the surface through the Boudouard reaction. According
to our calculations (Table 2), CO prefers the Ni sites rather than
the P sites or Ni-P hybrid sites, which, as we will see below, are
involved in water dissociation by providing strong bonding to the
dissociated OH, O and H. Do this weak ligand effect and the di-
rect participation of the P sites in water dissociation make NiyP a
better WGS catalyst than Cu? According to our previous work [29],
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Fig. 7. (A) Calculated potential energy diagram for the WGS reaction on the NiyP(001) surface. The energies in the figure are expressed with respect to bare Ni;P(001) and
free CO and H,0 molecules in gas phase. (B; color) Top views of the geometries of the transition states involved in the WGS reaction on Ni;P(001): (a) transition state for
water dissociation (H,0* + *HO* + H*); (b) transition state for OH dissociation (*OH + *—O* + H*); (c) transition state for carboxyl formation (CO* + *OH <> HOCO* + *)
(inset: side view); (d) transition state for formate formation (CO* + *OH < HCOO**) (inset: side view); (e) transition state for CO, formation (CO* + 0* <> CO3).

water dissociation (3) is the rls for the WGS reaction on Cu(111)
with a barrier of 1.54 eV. In the case of NiyP(001), the barrier is
lowered by 0.25 eV and the corresponding transition site is bridg-
ing the Ni and P sites (a, Fig. 7B). However, one can see in Table 1
that for atomic oxygen, the adsorption at the Ni-P bridge site on
Ni;P(001) is stronger than on Cu(111) by more than 1 eV. As a re-
sult, the O removal from NiyP(001) in the form of CO; is so slow
that it becomes the rls with a barrier of +2.23 eV. Given that, our
DFT calculations imply that the WGS reaction on Ni;P(001) does
not proceed as well as on Cu. This conflicts with our experiments
which show a better WGS activity on Ni;P than on Cu (Fig. 4). To
understand this, we have considered the role of adsorbed oxygen.
Due to the fact that the O-Ni,P interaction is too strong to be bro-
ken by CO oxidation, Ni;P(001) is easily covered with O during the
WGS reaction (Fig. 2).

3.2.3. Effect of adsorbed oxygen on the WGS activity of Ni»P(001)

The XPS and ISS data discussed in Section 3.1 point to a sig-
nificant amount of oxygen covering the Ni;P(001) substrate under
reaction conditions. The oxygen is mainly bonded to the P sites and
its exact adsorption geometry is not known. The bottom of Fig. 8
shows adsorption geometries obtained with DFT after depositing
different coverages of O on Ni;P(001). As in the case of the ex-
perimental measurements, the DFT calculations point to a strong

Table 3
Calculated reaction barriers (eV) for the important elementary steps involved in
WGS reaction on the Ni;P(001) and 02_Ni;P(001) surfaces.?

Ni P 02_Ni,P
H,0* + *<>HO* + H* 1.29 0.92
*OH + *<0* + H* 1.76 3.71
CO* 4+ *OH «> HOCO* + * 2.55 1.15
CO* 4+ *OH <> HCOO** 4.49 4.22
CO* 4+ 0* <> COx* + * 2.23 -
HOCO* 4 *<>CO; + H* - 0.31

4 02_NiyP(001) represents the NiP(001) surface covered by 2/3ML of O at the
Ni-P bridge sites.

interaction between the O and P sites. We calculated the differen-
tial adsorption energy of O on NiyP(001):

AEq = E(nO/Surf) — E[(n — 1)0/Surf] — 1/2E(0), (10)

where “n” is the number of O atoms adsorbed per supercell (1 <
n < 3). In Fig. 8, we plot the results for three different oxygen
coverages and values of “n.” The more negative the value of Ej,
the stronger the O bonding to the surface. The top panel in Fig. 8
displays the calculated Eq at different coverages, and the corre-
sponding geometries are also included. As indicated before, at low
coverage (1/3ML), O binds very strongly on the Ni-P bridge site
(AEg = —2.39 eV) interacting mainly with the P center. At 2/3ML,
the other Ni-P bridge site is preferred, and the O binding en-
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Fig. 8. (Color) Calculated O adsorption energy on NipP(001) at different coverage;
the corresponding geometries are shown at the bottom of the figure. AEg is ex-
pressed as Eq. (10). We have considered three different oxygen coverages and values
of “n” in Eq. (10).

ergy changes slightly (AEg = —2.28 eV). Only upon going from
2/3ML to 1ML, a significant decrease of O binding energy is ob-
served (AEg = —1.25 eV). That is, O is able to strongly adsorb on
Ni;P(001) up to 2/3ML due to the high activity of the P surface
atoms towards O. After all the Ni-P sites are occupied, further ad-
dition of O results in the occupation of the less active Ni hollow
site, and the O-Ni,P interaction is weakened greatly. That is, the
full oxidation of Ni,P(001) is highly activated, and the Ni hollow
sites should survive under WGS reaction conditions. Our calcu-
lations agree well with the experiments (see Section 3.1), where
the presence of adsorbed O and O-P interactions were observed in
XPS spectra taken after performing the WGS reaction on NiyP(001).
Based on this, we take a further step to investigate the WGS on the
Ni;P(001) surface covered by 2/3ML of O at the Ni-P bridge sites
(O2_NiyP(001) in our notation). Although the experimental mea-
surements cannot determine the exact coverage of O, 02_Ni;P(001)
is selected due to its high stability according to the DFT calcula-
tions (Fig. 8).

As shown in Table 1, most of the adsorbates (CO, CO;, O,
H, and OH) bind more weakly with the O-covered surface. Com-
pared to NiyP(001), the presence of O deactivates the Ni sites of
02_NiyP(001), which is probably a consequence of electron trans-
fer from Ni to O and therefore a downward-shift of the d-band of
Ni (Fig. 6). In addition, the O atoms in the surface also introduce
repulsions to these O-containing adsorbates. The only species that
bonds 02_Ni;P(001) as strongly as Ni;P(001) is HoO (Table 1). Al-
though the atop of Ni is also preferred in the case of O2_Ni,P(001),
H,O tilts towards the O atom in the surface and form a weak H
bond, which helps to stabilize the molecule.

Fig. 9A shows the potential energy diagram for the WGS reac-
tion on 02_ Ni,P(001). Differently from Ni>P(001), the reaction on
02_NiyP(001) follows the similar trend as that of Cu [8,9,29] and
the variation in energy throughout the pathway is much smaller.
The water dissociation (3) is an endothermic reaction (AE3 =
+0.55 eV), rather than exothermic, however, the corresponding ac-
tivation barrier is lower (AEasz = +0.92 eV, Table 3) compared to
the case of NipP(001). It is attributed to the strong O <> H inter-
action (Fig. 9B). Our calculations show that the adsorption of H on
top of O in the surface of O_NipP(001) is 0.12 eV stronger than

that on the Ni hollow site (Table 1). Different from the case of
Ni>P(001), on O2_Ni,P(001), HCOO* is more stable than HOCO*,
but the energy difference between *CO + *H + *O and HOCO*
is rather small (0.3 eV). *CO + *H + *O is the least stable set of
species due to a big weakening of O adsorption on O2_Ni;P(001)
(see Table 1). In addition, as shown in Table 3, the formation of
HOCO* on 02_Niy;P(001) (AEag, = +1.15 eV) is much more favor-
able than the formations of HCOO* (AEag, = +4.22 eV) and O*
(AEaq = +3.71 eV). Given the lowest stability and the high for-
mation barrier, the *CO + *H + *O species is clearly ruled out as
an intermediate in the WGS reaction. HCOO* is slightly more sta-
ble than HOCO*, however, we also notice that the production of
HCOO* has to cost 3.07 eV more energy than that of HOCO*. This
makes HOCO* the most favorable intermediate. Similar to the case
of Ni»P(001), the transition from *CO+ *OH to HCOO* is controlled
by the O-H bond cleavage (see Figs. 9d and S1). That is, the WGS
reaction on O2_NiyP(001) probably adopts an associative mecha-
nism via carboxyl, which dissociates into CO, and *H (9b) with an
energy gain of —1.27 eV and a barrier of +0.31 eV. Therefore, the
formation of carboxyl (8b) should be the rls, which corresponds
to a barrier 0.39 eV lower than that of water dissociation on Cu.
Therefore, a higher WGS activity is expected for O/Ni,P than for
Cu, and indeed this is seen in experimental measurements (Fig. 4).
In our previous work [8,29], we developed a micro-kinetic model
based on the DFT calculations, which allowed us to estimate the
overall WGS rate. The results show that the overall rate is well
correlated with the barrier of the rls: the lower the barrier is, the
faster the WGS reaction runs. Therefore, the difference in the bar-
rier for the rls gives a semi-quantitative description of the trend in
the overall activity from one system to the next, which is our in-
terest here. Given that, the WGS reaction on 02_NiyP(001) (barrier
of rls: 1.15 eV ) proceeds better than that on NipP(001) (barrier of
rls: 2.23 eV).

In Fig. 4, the pure transition metals, Ni and Cu, are not highly
active catalysts for the WGS reaction. Ni bonds the intermedi-
ates too strongly to be removed from the surface. Cu is the best
metal catalyst for the WGS reaction because displays a moderate
bonding towards the reactants, intermediates and products [14].
In spite of the deactivation introduced by P, NiyP binds the WGS
adsorbates much stronger than Cu, and the clean Ni;P(001) does
not catalyze the WGS reaction as well as Cu. Species such as O
and S interact strongly with nickel phosphide without decreas-
ing or removing its catalytic activity [28,34,36]. In fact, our results
from both experiment and theory show that the good behavior of
NiyP is associated with the Ni oxy-phosphide formed as a result
of strong O <> P interactions under the WGS reaction conditions.
Compared to Ni;P(001), the presence of oxygen helps in facilitat-
ing the water dissociation on O/Ni;P(001), which is the rls in the
case of Cu [9,29]. In Fig. 9B, the dissociation of H,O is the result of
a cooperation of a Ni and O center of the O/NiyP(001) surface. In
addition, the O atoms in the surface of O/Ni;P(001) also destabilize
the oxygen-containing species (such as CO, O, and OH. See Table 1)
by deactivating the Ni sites and providing lateral repulsion, which
leads to a facile removal of CO (Table 3). This is similar to the
case of the [NiFe] hydrogenase enzyme, where the active sites also
involve the combination of a metal and a light atom [30]. Such
a combination of elements can do chemistry with the reactants
and does not bind intermediates and products too strongly, obey-
ing Sabatier principle. Given that, we speculate that the promotion
effect of Cs on the WGS activity of NiyP(001) is associated with
increasing the amount of adsorbed O, as observed experimentally
(Fig. 4), to help in dissociating water and removing CO. In the case
of Cu(100) or Cu(111), there are only metal centers with a moder-
ate reactivity and these systems are less active WGS catalysts than
O/NiyP(001). However, the WGS activity of the copper surfaces is
enhanced by adding Cs as a promoter [5], with the alkali metal be-
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Fig. 9. (A) Calculated potential energy diagram for the WGS reaction on the O-covered Ni;P(001) surface. The energies in the figure are expressed with respect to Ni;P(001)
covered by 2/3ML of O and free CO and H,0 molecules in gas phase. (B, color) Top views of the geometries of the transition states involved in the WGS reaction on O-covered
NiyP(001): (a) transition state for water dissociation (H,O* + *<>HO* + H*); (b) transition state for OH dissociation (*OH +* <>O0* + H*); (c) transition state for carboxyl
formation (CO* + *OH <> HOCO* + *; inset: side view); (d) transition state for formate formation (CO* +* OH <> HCOO**; inset: side view); (e) transition state for CO,

formation (HOCO* <> CO; + H*).

coming CsOx/Cs(OH), under reaction conditions and providing the
O sites necessary for an efficient dissociation of water. Similar to
the case of NiyP, the formation of a Mo oxy-carbide on the surface
of Mo,C is responsible for a high WGS activity [29]: the oxygen
atoms on the surface help to dissociate water. Our results imply
that the high performances of catalysts in the WGS rely heavily on
the direct participation of oxygen by providing moderate bonding
to intermediates and an indirect participation by tuning the activ-
ity of metal sites.

4. Summary and conclusion

Both experimental and theoretical studies were employed to
investigate the WGS activity of the NiyP(001) surface. Our Ki-
netic measurements showed that the NiyP(001) substrate dis-
plays a WGS activity significantly larger than that of Ni(100) or
even Cu(100). Under reaction conditions, most of the P sites of
Ni;P(001) are covered with oxygen. The addition of Cs to the nickel
phosphide surface increases the saturation coverage of oxygen and
enhances catalytic activity. As in the case of a [NiFe] hydrogenase
enzyme, the active sites of O/Ni;P(001) involve the combination
of a metal and a light atom. This configuration of the active sites
leads to significant changes in the reaction mechanism with re-
spect to that on Ni(100) or Cu(100). The O atoms on the NipP(001)

surface facilitate the WGS reaction in both direct and indirect ways.
On one hand, O helps to lower the barrier for water dissociation;
on the other hand, it also deactivates the Ni sites in the surface
to provide moderate bonding to the adsorbates. Our results imply
that the high performances of catalysts in the WGS rely heavily on
the cooperation between oxygen and metal centers with moderate
activity.
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