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A B S T R A C T

Adsorbate induced work function modification of Ni have been investigated by means of first-principles
calculations. More specifically, the adsorption of Li, Na, Si, Zr, Pd, Pt, or Sn at various coverages on Ni low-
index surface models have been considered. In the case of Sn, a more thorough investigation was performed
comparing the adsorption as an overlayer structure with the case of surface alloy formation. Our calculations
suggest that the most stable Sn@Ni configuration corresponds to a surface alloy, and here the Ni(100)c(2 × 2)-
Sn, Ni(110)c(2 × 2)-Sn, and Ni(111)(

√

3 ×
√

3)R30◦-Sn surface alloys were found to display similar stability.
Concerning the induced work function change, a different behaviour as a function of coverage was observed
depending on the nature of the Sn@Ni surface model. Both overlayer adsorption and surface alloying were
found to induce a work function decrease already at relatively low coverages (≈ 0.05 atom Å−2), regardless
of the underlying surface orientation. However, while the work function obtained for stable surface alloys
was found to monotonously decrease as the coverage increases, the work function for the stable overlayer
structures goes through a minimum. For all investigated surface modifications, the change in work function
was found to be consistent with the orientation of the charge transfer at the adsorbate–surface interface. The
computed data in this work may serve as handles for experimental endeavours aiming to optimize properties
of active materials through atomic-scale surface engineering.
1. Introduction

The work function of a material is a fundamental, albeit surface-
specific, property important for many technological applications, such
as electronics [1–3], catalysis [4,5], corrosion resistance [6–8], and
electrochemistry [9–11], to list a few. In the past, the lack of ex-
perimental handles to tune the work function has limited material
choices which often lead to unnecessary expensive solutions, relying
on materials based on scarce resources. Today, advances in the fields
of surface science and nanotechnology allow the engineering of surfaces
at the atomic scale [12–16]. This opens up for controlled ways to
tune the work function, which in turn makes it possible to use more
sustainable material choices in terms of cost and resource abundance
in the above-mentioned applications.

An important example where work function modulation has been
used to increase reaction efficiency is in the field of heterogeneous
catalysis. Here, the possibility to tune the work function of a metal
electrode using an electric current has been shown to increase the
catalytic activity for certain reactions; a phenomenon that is known
as the electrochemical promotion of catalysis (EPOC) [17–19]. The
underlying mechanism explaining the increased catalytic activity is
that ions migrate from the solid electrolyte support to the surface of
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the catalyst upon an applied voltage, causing a change in the surface
dipole and thereby the work function [20–22]. The active catalytic
materials used in these applications are generally scarce transition
metals such as Pt, Pd, Rh, and Au. Given the broad usage of these
catalysts, there is an urge for replacing them with abundant and less
expensive alternatives [23–26].

Ni constitutes here an example of a material that lately has attracted
much attention in many areas where efficient catalysis is needed,
such as in fuel cell applications [27–29], for hydrogen production via
either partial oxidation of methanol [30,31] or by steam reforming of
methane [32–35]. However, the use of Ni-based catalysts comes with
many problems, such as efficiency-loss at high temperatures due to
sintering and poisoning through coke formation [23,34,36,37]. Here,
the use of right work function modifiers and/or EPOC technology can
be a viable solution to solve some issues of Ni-based catalysis [38].

Ni alloys have been a subject of study for many years, and here Sn as
the alloy element has been gained attention recently owing to desirable
protective properties against coke formation and corrosion [39–47].
From a thermodynamic point of view, the NiSn system comprises an
interesting case study. Given the considerable difference in atomic radii
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between Ni and Sn, alloying these elements generally leads to phase
transformation, and thus the formation of stable Ni3Sn2 [43,48] and
Ni3Sn [47,49] phases, see full phase diagram in Ref. [50]. However,
upon atom deposition of Sn on low-index Ni surfaces, both Sn in the
form of a surface overlayer structure of adsorbed atoms [42], and as a
solid solution surface alloy structure with Ni has been observed in ex-
periments [51–54]. The latter has been characterized using low energy
ion scattering (LEIS) and low energy electron diffraction (LEED) exper-
iments [40,53,55]. The thermodynamics of these surface structures has
further been investigated by means of Density Functional Theory (DFT)
calculations, showing that the ordered surface alloy is thermodynami-
cally more stable than the surface overlayer analogue [56]. The authors
also reported that Sn causes a shift in the surface density of states
to lower energy levels due to an induced charge transfer. Although
the authors showed how Sn affected the electronic structure of the
underlying Ni surfaces, the change in work function was not a subject of
their study. In fact, there are very few reports in the scientific literature
on how much Sn affects the work function of Ni surfaces.

The fact that alloying elements can be stable as adsorbates on Ni
surfaces without inducing a phase transition and previous theoretical
simulations indicate significant charge redistribution suggests that the
EPOC effect on Ni-based catalysis can be valuable in industrial applica-
tions. Therefore, it is interesting to investigate how different adsorbates
affect the Ni work function in more detail. For such tasks, theoretical
modelling is vital, as modern electronic structure methods makes it pos-
sible to produce a high-fidelity picture of the charge redistribution at
the adsorbate/substrate interface. Some examples of studies providing
this information are the pioneering work of Pacchioni et al. on the role
of adsorbed oxygen on cluster models of metals [57], Leiva et al. on
how Na adsorption affects the work function of Pt surfaces [58,59], and
the recent grand-canonical DFT works by Baranova and co-workers [60,
61]. Gross and co-workers used periodic DFT calculations to elucidate
coverage effects of halides adsorbed on Pt(111) and Cu(111) and how
these adsorbates induce a dipole change at the surface interface [62,
63]. Broqvist et al. studied the CO oxidation reaction over model
Au/MgO catalysts modified by either Na or Cl to investigate dipole
effects promoted by dopants on supported catalysts [64]. Chou and co-
workers [65] developed a general model, namely the orbital-overlap
model, to describe their observed coverage dependence in computed
work function for various Cs-covered transition metal surfaces, includ-
ing Ni. However, to the best of our knowledge, the adsorption-induced
work function change obtained for different adsorbates on Ni surfaces
have not been investigated from first-principles.

In this work, we investigate the two different adsorbate structures
found experimentally (surface overlayers and surface alloys) and the
corresponding alteration they impose in the work function of Ni. Given
the relevance of the NiSn system, we have chosen Sn as a ‘‘demonstra-
tor’’ to thoroughly investigate the energetic, electronic, and structural
properties of surface overlayers and surface alloys on Ni. Finally, we
extend the discussion of the adsorbate-induced change of the work
function with results obtained for other adsorbates (Li, Na, Zr, Pd, Pt,
Sn, and Si).

2. Computational methods

2.1. Electronic structure method

The electronic structure calculations presented in this work have
been done using spin-polarized density functional theory in the im-
plementation with plane waves and pseudopotentials using the Vienna
ab initio simulation package (VASP) [66–71]. In the calculations, the
vdW-DF-cx [72] density functional was used. This functional has previ-
ously been shown to yield accurate predictions of work functions for
transition metal surfaces with or without adsorbates [73–76] (for a
detailed comparison of computed properties calculated using PBE and
vdW-DF-cx functionals, see the supplemental material [77]). Projected
2

augmented wave (PAW) pseudopotentials as proposed by Blöchl were
used in all calculations [78,79]. The 2s1 for Li, 3s1 for Na, 3s23p2

for Si, 4s13d9 for Ni, 4s24p65s24d2 for Zr, 4s13d9 for Pd, and 5s25p2

for Sn were treated as valence electrons. The pseudopotentials were
obtained from the VASP library and generated using the PBE den-
sity functional [80,81]. Non-spherical contributions from the gradient
corrections inside the PAW spheres were included in all calculations.

Structural optimization of the unit cell and atomic positions for
all bulk systems were performed using the conjugate gradient algo-
rithm [82], where the relaxation continued until all components of the
stress tensor were less than 0.01 kBar and the forces on each atom
were less than 0.01 eV/Å. The Brillouin zone was sampled using a
Monkhorst–Pack grid of 16 × 16 × 16 k-points for all bulk systems and
a grid of 4 × 4 × 1 k-points for all slabs. For the electronic structure
of isolated atoms, we used a simulation box of 12 × 13 × 14 Å3, only
sampling the 𝛤 -point. In all calculations, the plane wave energy cutoff
was set to 400 eV following the results of earlier works on similar
systems [76]. To better estimate total energies and work functions,
we performed an additional single-point calculation after the geometry
optimization using the tetrahedron method with Blöchl corrections for
Brillouin-zone integrations of all structures.

2.2. Structural models

Slab models for the three low-index surfaces, i.e. (100), (110), and
(111), were built from the optimized Ni bulk structure at the vdW-DF-cx
level (a = 3.467 Å). The surfaces were repeated four times in the a and
b directions giving a (4 × 4) surface unit cell for Ni(100) and Ni(110),
and a (4 × 2

√

3) for Ni(111). For the Ni(111)(
√

3 ×
√

3)R30◦-Sn slab
model, a (3×3) surface unit cell was used. Supercells were created with
slabs containing seven atomic layers in conjunction with at least 20 Å
of vacuum separating repeating slab periodic images in the direction
normal to the surface. All surface models were built with the Atomic
Simulation Environment (ASE) [83].

The effect of alloying the surface region with Sn was investigated
with two surface structure models. The surface overlayer model was
built with an overlayer of Sn adsorbates placed in the hollow sites
on the three different Ni surfaces, cf. Fig. 1. The surface alloy models
were built by replacing Ni surface atoms with Sn, cf. Fig. 2. The largest
possible distance between Sn atoms was used in order to avoid Sn–Sn
lateral interactions as much as possible. For both models, symmetric
slabs were used, which implies that the top and bottom surfaces in
the slab are equivalent. Additionally, two more alloying scenarios were
investigated: (i) migration of Sn atoms into the bulk of Ni for the
coverage of 0.062 ML; and (ii) clustering of Sn atoms in the surface
alloy for the coverage of 0.250 ML of the surface alloy, where Sn–Sn
interactions were modelled for dimer, trimers, and tetramers.

2.3. Calculated properties

2.3.1. Adsorption energies
The adsorption energy in the overlayer structure (𝐸𝑎𝑑𝑠) was calcu-

ated as

𝑎𝑑𝑠 =
𝐸𝑆𝑛∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) − 𝑛𝐸𝑆𝑛(𝑎𝑡𝑜𝑚) − 𝐸𝑁𝑖∕(𝑠𝑢𝑟𝑓 )

𝑛
, (1)

where 𝐸𝑆𝑛∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) is the total energy of the supercell representing a
low-index Ni surface with 𝑛 adsorbed Sn atoms, 𝐸𝑆𝑛(𝑎𝑡𝑜𝑚) is the total
energy of an isolated Sn atom, and 𝐸𝑁𝑖∕(𝑠𝑢𝑟𝑓 ) is the total energy of the
supercell representing the bare surface.

The surface alloy formation energy (𝐸𝑓
𝑎𝑙𝑙𝑜𝑦) was calculated as

𝐸𝑓
𝑎𝑙𝑙𝑜𝑦 =

𝐸𝑆𝑛∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) −
(

𝐸𝑣𝑎𝑐 + 𝑛𝐸𝑆𝑛(𝑎𝑡𝑜𝑚)
)

+ 𝑛𝐸𝑓
𝑣𝑎𝑐

𝑛
, (2)

where 𝐸𝑆𝑛∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) is the total energy of the supercell representing a
low-index Ni surface substituted by 𝑛 Sn atoms, 𝐸 is the total energy
𝑣𝑎𝑐
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Fig. 1. Top view of the relaxed Ni surfaces with an overlayer of Sn atoms at different coverages studied in this work. A monolayer (ML) is defined as a 1:1 ratio w.r.t. the
number of Ni surface atoms and Sn adsorbates. Additionally, the surface coverage is given by an adsorbed atom per Å2. Sn and Ni atoms are labelled as grey and green spheres,
respectively. The white frame shows the supercell used in the calculations.
of the supercell representing a Ni surface with 𝑛 vacant surface sites,
𝐸𝑆𝑛(𝑎𝑡𝑜𝑚) is the total energy of an isolated Sn atom, and 𝐸𝑓

𝑣𝑎𝑐 is the
vacancy formation energy for the given structure calculated as

𝐸𝑓
𝑣𝑎𝑐 =

𝐸𝑣𝑎𝑐 + 𝑛𝐸𝑎𝑡𝑜𝑚
𝑁𝑖(𝑓𝑐𝑐) − 𝐸𝑁𝑖(𝑠𝑢𝑟𝑓 )

𝑛
, (3)

where 𝐸𝑣𝑎𝑐 is the total energy of the supercell with 𝑛 vacant surface
sites, 𝐸𝑎𝑡𝑜𝑚

𝑁𝑖(𝑓𝑐𝑐) is the total energy per atom of Ni fcc bulk, and 𝐸𝑁𝑖(𝑠𝑢𝑟𝑓 )
is the total energy of the supercell representing the Ni surface.

2.3.2. Work function
The work function (𝛷) is defined as the energy needed to extract one

electron from the Fermi level to vacuum. In the supercell approach, the
absolute value of the vacuum energy is not known, as the electrostatic
potential by definition is averaged to be zero. Instead, 𝛷 can be
calculated through

𝛷 = 𝑉𝑣𝑎𝑐 − 𝜀𝐹(𝑠𝑢𝑟𝑓 ) , (4)

where 𝑉𝑣𝑎𝑐 is the averaged electrostatic potential in the vacuum gap
of the supercell and 𝜀𝐹(𝑠𝑢𝑟𝑓 ) is the slab Fermi level. Alternatively, the
work function is computed through the macroscopic average approach,
where the difference in the planar averaged electrostatic potential in
the middle of the vacuum gap, 𝑉𝑣𝑎𝑐 , and in the middle of the slab,
𝑉𝑠𝑙𝑎𝑏, are used to define a potential offset, 𝛥𝑉 = 𝑉𝑣𝑎𝑐 − 𝑉𝑠𝑙𝑎𝑏. This
quantity is then referenced to the potential in the bulk structure,
𝑉 𝑚𝑎𝑐𝑟𝑜
𝑏𝑢𝑙𝑘 , and thereby provide means to align the bulk Fermi level 𝜀𝐹𝑏𝑢𝑙𝑘

to the electrostatic potential of the supercell. The work function is then
computed as

𝛷 = 𝛥𝑉 + 𝑉 𝑚𝑎𝑐𝑟𝑜
𝑏𝑢𝑙𝑘 − 𝜀𝐹𝑏𝑢𝑙𝑘 . (5)

The work function calculated using macroscopic averages only uses the
electrostatic potential from the slab supercell, which suffer less from
3

quantum confinement effects compared to electronic states at the slab
Fermi level [84,85]. It is still important that the slab is thick enough to
yield a converged electrostatic potential 𝑉𝑠𝑙𝑎𝑏. In this work, we checked
the convergence of the work function with respect to slab thickness
and concluded that 𝑉𝑠𝑙𝑎𝑏 is converged for a slab with a thickness of at
least seven atomic layers. In our test run, we observed that the work
function calculated using the slab Fermi level or macroscopic averages
yields similar values when the slab is at least seven atomic layers thick.
For details regarding our test run, see the supplemental material [77].

2.3.3. Adsorbate-induced charge transfer
The redistribution of the electron density at the metal–adsorbate

interface in the overlayer models was investigated by computing the
planar-averaged charge density difference 𝛥𝜌 (averaged in planes per-
pendicular to the surface normal) defined as:

𝛥𝜌 = 𝜌𝐴𝑑𝑠∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) − 𝜌𝐴𝑑𝑠 − 𝜌𝑁𝑖(𝑠𝑢𝑟𝑓 ) , (6)

In the formula, 𝜌𝐴𝑑𝑠∕𝑁𝑖(𝑠𝑢𝑟𝑓 ) is the planar-averaged ground-state elec-
tron density of the full system (adsorbate + slab), 𝜌𝐴𝑑𝑠 is the planar-
averaged electron density of the non-interaction surface overlayer, and
𝜌𝑁𝑖(𝑠𝑢𝑟𝑓 ) is the planar-averaged electron density of the non-interacting
metal slab. With this notation, positive regions have electronic charge
accumulation and negative regions have charge depletion.

From 𝛥𝜌, the induced dipole moment 𝛥𝜇 caused by the surface
overlayer was calculated by integration of 𝛥𝜌(𝑧) along the z direction,
perpendicular to the surface,

𝛥𝜇 = −∫

𝑣𝑎𝑐

𝑏𝑢𝑙𝑘
𝑧𝛥𝜌(𝑧)𝑑𝑧 . (7)

The integration runs from the central layer of the metal slab to the
middle of the vacuum. The negative sign is introduced because positive
values of 𝛥𝜌 represent electron buildup.
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Fig. 2. Top view of the relaxed Ni surfaces with a surface alloy of Ni-Sn atoms at the different coverages studied in this work. The most stable and the experimentally probed
surface alloy structures are labelled following the Wood’s notation. A monolayer (ML) is defined as in Fig. 1. Sn and Ni atoms are labelled as grey and green spheres, respectively.
The white frame shows the supercell used in the calculations.
3. Results and discussion

3.1. Adsorption of Sn on Ni surfaces

In Ref. [56], Li et al. investigated the surface overlayer and surface
alloy formation of the Sn@Ni system focusing on the overlayer and
surface alloy structures suggested by experiments at a certain coverage
for each low-index Ni surface [51,53,86–88]. These correspond to the
Ni(100)c(2 × 2)-Sn, Ni(110)c(2 × 2)-Sn, and Ni(111)(

√

3×
√

3)R30◦-Sn
surface structures (indicated in Fig. 2). Our data presented in Fig. 3
(panels a and b) also confirm the experimental claims that the surface
alloy structures are favoured over the overlayer structures.

In this work, we additionally investigated the effect of adsorbate
coverage, both for surface overlayers and surface alloy formation. The
investigated coverage range span from 0.062 ML to 0.625 ML (see
Figs. 1 and 2 for a top view of the slab models), where 1 ML corresponds
to a 1:1 ratio between the surface Ni atoms and the adsorbates. The
computed adsorption energies for the different coverages are given
in Fig. 1. As seen in the figure, the Ni(110)c(2 × 2)-Sn (0.500 ML)
surface alloy has the lowest 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦 of all coverages, in agreement
with the experimental observations made in Ref. [53]. For Ni(100),
on the other hand, our calculations suggest that the most favourable
configuration is the Ni(100)c(4 × 2)-Sn (0.250 ML) surface alloy,
which is 0.27 eV/atom more stable than the experimentally suggested
Ni(100)c(2 × 2)-Sn (0.500 ML) surface structure of Refs. [51,89]. For
Ni(111), the adsorption energy is found to gradually decrease going
from a coverage of 0.062 ML to 0.333 ML, and the highest adsorption
energy (in absolute values) corresponds to the experimentally found
Ni(111)(

√

3 ×
√

3)R30◦-Sn surface alloy (coverage of 0.333 ML) [88].
As seen in Fig. 3(a) and (b), the surface alloy structure is favoured

for coverages up to 0.500 ML for all surfaces. From these results, it is
evident that the Sn–Ni interaction is stronger than the Sn–Sn, as is also
4

reflected in the low cohesive energy computed for Sn [cf. horizontal
line in Fig. 3(a)]. Consequently, as long as the Sn–Sn distance is large
enough, there is an energy gain for adsorption. When the surface
coverage is higher than 0.500 ML, the addition of extra Sn atoms leads
to a puckered surface layer on all studied Ni surfaces, which in turn
lead to a decrease (in absolute values) of 𝐸𝑎𝑑𝑠 and 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦. We also note
that, at low coverages, the more closed-packed the surface is, the more
favoured the surface alloy is, compare the difference in 𝐸𝑎𝑑𝑠 and 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦
for Ni(111), Ni(110) and Ni(100) in the (a) and (b) panels of Fig. 3,
respectively.

For coverages up to 0.500 ML, 𝐸𝑓
𝑎𝑙𝑙𝑜𝑦 is greater than the cohesive

energy of fcc Ni (in absolute values) which could infer that Sn could
migrate into the Ni bulk. To investigate if this is energetically feasible,
we have considered models where one Sn atom replaces one Ni in the
subsurface layers. The substitutional energy per Sn atom was calculated
using the same equation as for 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦 (Eq. (2)), and the results are
reported in Table 1. We note that at low coverages, here shown for a
coverage of 0.062 ML, the NiSn surface alloy is more favourable by at
least 2 eV/atom compared to moving Sn further down in to the Ni bulk.
Since 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦 is very similar for all investigated coverages up to 0.500
ML, one can expect that the surface alloy formation is also favoured up
to 0.500 ML compared to the scenario where Sn substitutes inner fcc
Ni atoms.

3.2. Work function change induced by Sn on Ni surfaces

Adsorbates change the work function of the underlying material
through alteration of the surface dipole. Experiments alone can measure
such effects but are often too obtuse to capture the actual underly-
ing chemical mechanisms behind these alterations. For example, it is
not easy to distinguish between different surface structures, such as
overlayers, surface alloys, or clustering of adsorbates. Here, materials
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Fig. 3. (a) Adsorption energies, 𝐸𝑎𝑑𝑠, (b) surface alloy formation energies (𝐸𝑓
𝑎𝑙𝑙𝑜𝑦, and work functions for (d) an overlayer of Sn atoms and (d) an Sn surface alloy on Ni low-index

urfaces for various surface coverages. The cohesive energies for bulk Ni and bulk Sn and the calculated work function of bare Ni surfaces are represented by horizontal lines. The
range, blue, and green shaded areas indicate where the surface coverage is greater or equal than 0.500 ML for the Ni(110), Ni(100), and Ni(111) surfaces, respectively.
Table 1
Surface alloy formation energy (𝐸𝑓

𝑎𝑙𝑙𝑜𝑦) and substitutional energy per atom of Sn on low-
ndex Ni surface models for a coverage of 0.062 ML calculated using Eq. (2). Layer 0
eans that a Ni atom is substituted by Sn on the surface layer and the negative values

rom −1 to −3 mean that a Ni atom is replaced by Sn on a subsurface layer (the more
egative, the deeper the surface layer into the Ni bulk).
Layer Surface

Ni(110) Ni(100) Ni(111)

0 (surface) −5.611 −5.462 −5.318
−1 −4.347 −3.709 −3.757
−2 −3.574 −3.790 −3.729
−3 −3.863 −3.743 −3.733

modelling can be instrumental, as it provides means to retrieve detailed
information on how different surface structures may affect the work
function of electrocatalysts [90].

For the surface structures shown in Figs. 1 and 2, we have computed
the work functions and the results for the overlayer and surface alloy
structures are displayed in Fig. 3(c) and (d), respectively. As seen in
the figures, the interaction of the Ni surface with Sn always leads to a
decrease in work function compared to the bare Ni surface, regardless
of the surface coverage. The observed result implies that the adsorption
induces a charge depletion in the Sn components of the interface (see
Fig. 6 and discussions herein). For the stable overlayer structures, the
computed work function is seen to go through a minimum before
it converges to a stable value with increasing coverage. The minima
for the different surfaces are obtained for the Ni(110)c(2 × 2)-Sn,
Ni(100)c(2 × 4)-Sn, and Ni(111)p(2 × 2)-Sn, respectively. For the
surface alloy structures, a linear decrease in work function is observed
for all cases. However, as discussed in Section 3.1, high coverages are
energetically unfavourable for the surface alloy structure and one can
5

therefore expect that the Ni(110)c(2 × 2)-Sn, Ni(110)c(4 × 2)-Sn (0.250
ML), and Ni(111)(
√

3×
√

3)R30◦-Sn surface alloy structures are the con-
figurations that might be observed experimentally. As seen in Fig. 3(c)
and (d), the change in work function increases with increasing surface
packing. The maximum work function change caused by Sn is −0.228,
−0.353, and −0.507 eV for Ni(110), Ni(100) and Ni(111), respectively.
Interestingly, the work function after Sn adsorption (4.499, 4.766, and
4.496 eV for Sn@Ni(110), Sn@Ni(100) and Sn@Ni(111), respectively)
are all very similar to the work function measured for a poly-crystalline
Sn sample.

When comparing the dependence and change of the work function
with surface coverage, we look at each surface structure class (over-
layer and surface alloy) separately. For the overlayer structures, we
observe a clear trend in computed work functions with a minimum
found already at a relatively low coverage. The minimum in work
function coincides with the maximum in adsorption energy, which can
be understood in terms of the orbital overlap of Sn and Ni atoms result-
ing in the largest surface dipole alteration when having the strongest
binding to the surface. When the coverage is increased further, Sn–Sn
bonds start to form, which weaken the Sn–Ni orbital overlap, causing
a decrease in adsorption energy resulting in only modest changes in
the surface dipole and consequently a smaller change in the work
function. For the surface alloy structures, there is instead a linear
decrease in work function with increasing coverage. This behaviour can
be rationalized in terms of the stress experienced by Sn atoms caused
by being compressed in the Ni surface (see Fig. S3 in the supplemental
material [77]). For low coverages of the surface alloy (below a coverage
of 0.062 ML and 0.125 ML for the Ni(100) and Ni(110) surfaces,
respectively), we do not reach the limiting value, which should be that
of a Sn structure strained such that it fits within the surface unit cell
of the corresponding Ni slab. However, at high coverages (0.625 ML in
case of the Ni(111) surface), the surface becomes puckered which have
large effects on the computed work function. Therefore, for continuous
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Fig. 4. Left column: Models of Sn clustering in the surface alloy structures corresponding to a coverage of 0.250 ML. Right column: (a) Surface alloy formation energy difference
(𝛥𝐸𝑓

𝑎𝑙𝑙𝑜𝑦) of Sn clusters with respect to the most stable NiSn surface alloy for a given low-index surface structure. (b) Computed work function of the same surface alloys.
Sn growth, we expect that the work function should converge to the
value of a polycrystalline Sn work function, but this limit is not reached
for the structures herein.

3.3. Clustering of Sn atoms in the surface alloy and the effect in the surface
work function

As seen in Fig. 3(b), the surface alloy formation energy (𝐸𝑓
𝑎𝑙𝑙𝑜𝑦)

was found to be essentially constant for coverages up to 0.333 ML
which is where Sn atoms start to interact with each other. Thus for
an even distribution of Sn atoms in the surface, 𝐸𝑓

𝑎𝑙𝑙𝑜𝑦 increases when
one of the nearest neighbours of an Sn atom is another Sn atom. To
investigate if this also holds for a constant coverage, the effect of Sn
clustering has been studied using three different cluster sizes embedded
in the low-index Ni surfaces corresponding to a coverage of 0.250 ML.
Dimers, trimers and square clusters have been considered, as illustrated
in Fig. 4.

The relative energy differences for the surface alloy clusters with
respect to the most stable surface alloy for each Ni surface (Ni(100)-
c(4 × 2)-Sn, Ni(110)-c(2 × 2)-Sn, and Ni(111)-(

√

3 ×
√

3)R30◦-Sn) are
shown in Fig. 4(a). The figure shows that the embedded dimer cluster
in Ni(110) can be as stable as the surface alloy with evenly dispersed
Sn atoms. In contrast, all the other configurations yield an energy
difference higher than 0.05 eV. According to the Boltzmann factor,
i.e. the ratio of probabilities between two states, the probability of
finding the surface embedded Sn dimer cluster in Ni(110) is 47% at
this coverage. Although Sn tends to spread on Ni evenly, it is still
interesting to investigate whether the Sn clustering affects the work
function alteration of the metal surface compared to that of the most
stable surface alloy. The computed work functions for three different
surface alloy clusters embedded in the low-index Ni surfaces are given
in Fig. 4(b). Interestingly, all surface alloy clusters have similar work
6

functions as the c(4 × 2)-Sn surface alloy structure (4.564, 4.766,
and 4.598 eV for Ni(110), Ni(100), and Ni(111), respectively). Thus,
regardless of how Sn accommodates on Ni surfaces, a similar work
function alteration is obtained.

3.4. Effect of other adsorbates in the work function of Ni surfaces

In the previous sections, we have thoroughly investigated how the
adsorption of Sn can alter the work function of a metal surface. The
effect of Sn adsorption is a modest work function drop of about 0.5 to
0.7 eV, depending on the surface structure. However, other adsorbates
may induce a larger charge transfer to the metal surface and thus lower
the work function further, as for cesiated metal surfaces [65]. In order
to investigate general aspects of the work function change, a series of
overlayer adsorbates on low-index Ni surfaces were modelled in this
work. The adsorbates are two alkali metals (Li and Na), due to their
importance in recent battery technologies [91–95], and because they
are classic examples used in EPOC applications; the transition metals
Zr, Pd, and Pt, owing to their importance and use in Ni-based alloys,
enhancing the catalyst stability and selectivity for various chemical
reactions [96–99]; and Si because of the importance of nickel silicates
in microelectronics and as an anode material in Li-ion batteries [100–
102]. Fig. 5 summarizes the predicted Ni work function alteration for
these adsorbates for various coverages.

The change in work function concerning the surface coverage
caused by these adsorbates follow the same trend as discussed for Sn
in Section 3.2, except for Si and Pt on Ni(110). As seen in Fig. 5, there
is an increase in the computed work function for these adsorbates,
which means the charge transfer is opposite for these cases. It is
also observed that the so-called orbital-overlap model introduced to
predict the relation between surface coverage and change in work
function for cesiated surfaces in Ref. [65] is also applicable for other
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Fig. 5. Work function change in Ni(110), Ni(100), and Ni(111) surfaces induced by
surface overlayer of metal atoms versus coverage. The dashed horizontal line is the
ork function for the same bare Ni surface.

verlayer adsorbates. However, the work function change caused by
he adsorbates studied here is smaller than the work function change
aused by Cs.

A more general explanation of the adsorbed-induced work func-
ion change caused by a surface overlayer can be derived from the
dsorbate-induced charge transfer, which can be quantified by comput-
ng the induced dipole moment from Eq. (7). The charge redistribution
pon adsorption is analysed by the charge density difference profile
𝛥𝜌) along the z direction perpendicular to the surface. Fig. 6 shows
he profile of 𝛥𝜌 for a coverage of 0.250 ML. Since the supercell used
s symmetric, the figure shows only half of the profile along z, and
he 𝑥-axis in the graph is labelled according to the distance from
he surface. The profiles show how the surface overlayer changes the
7

Fig. 6. Planar-averaged charge density difference in Ni(110), Ni(100), and Ni(111)
along the normal direction of the surfaces induced by a surface overlayer of metal
atoms.

electron density. One can see an electron depletion for the adsorbates
that decrease the work function of Ni, followed by an electron buildup
close to the surface. Moreover, the more closely-packed the underlying
surface is, the more charge redistribution, and consequently, greater
the work function change.

Next, the change in work function caused by the adsorbates can be
related with the induced dipole moment. Fig. 7 shows that the greater
the induced dipole moment the lower the work function of Ni surfaces.
Adsorbates with induced dipole moment close to zero barely change
the work function of Ni. This is in fact true for any surface structure
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Fig. 7. Work function change, 𝛥𝛷, versus induced dipole moment per area for
arious adsorbates on Ni(110), Ni(100), and Ni(111). The solid black line shows
he electrostatic relation between work function and induced dipole moment change,
.e. 𝛥𝛷 = −4𝜋−1𝛥𝜌, derived from classic electrostatics [104,105].

or adsorbate, in accordance with other published works for different
adsorbates and metal surfaces [63,103].

4. Conclusions

The role of metal–adsorbate interactions on Ni metal surfaces is in-
estigated using DFT calculations. Having Sn as demonstrator, adsorp-
ion and surface alloy formation energies were analysed as a function
f surface coverage for three low-index Ni surfaces. The surface alloy is
avoured for all coverages up to 0.500 ML and the most stable structures
re Ni(100)c(2 × 2)-Sn, Ni(110)c(4 × 2)-Sn, and Ni(111)(

√

3×
√

3)R30◦-
n. Furthermore, the Sn adsorption causes a decrease in work function
or all coverages. For the surface alloy, a monotonous decrease in
ork function was observed, while for the overlayer structure, the

overage dependence can be explained in terms of the so-called orbital-
verlap model, resulting in a clear minimum in the computed work
unction already at low coverages. The same behaviour for the work
unction change of the overlayer structure can be observed for different
dsorbates on low-index Ni surfaces, in particular for Li, Na, Zr, Pd,
nd Sn. We showed that the work function change of Ni surfaces is
inearly correlated with the dipole moment change induced by the
dsorbate. The simulations performed in this work demonstrate that
he work function can indeed be controlled within a wide energy range,
roviding insights into the role of adsorbates on metal surfaces.
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