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abstract

Metal clusters of both iron (Fe) and nickel (Ni) have been foonthture as active electro-catalytic sites, for examptaen
enzyme carbon mono-oxide dehydrogenase found in autotrophic orgamisuss.surface modification of iron with nickel
could improve the surface work function to enhance catalytic applisatiThe effects of surface modifications of iron by
nickel on the structural and electronic properties have bediedtusing spin-polarised density functional theory calculatio
within the generalised gradient approximation. The thermodynamiceligrped sites for Ni adsorption on the Fe (100), (110)
and (111) surfaces have been studied at varying monolayerag®s (including 0.25 ML and 1 ML). The work function of
the bare Fe surfaces is found to be of the order (#JQ)L1) < (110) i.e. 3.80 e 3.84 eV < 4.76 eV, which is consistent
with earlier studies. The adsorption energies show that maoNiydeposition is thermodynamically favoured on the (100)
and (111) surfaces, but not on the (110) surface. Expansithedirst interlayer spacing {d ) of all three Fe surfaces is
observed upon Ni deposition with the extent of expansion decreasimgander (111) > (110) > (100), i.e. 6.78% > 5.76% >
1.99%. The extent of relaxation is magnified on the stepped (Litface (by 1.09% to 30.88%), where the Ni coordination
number is highest at 7 compared to 5 on the (100) facet and 4 dflefacet. The Ni deposition changes the work
functions of the various surfaces due to charge reordelimgrdted by charge density plots, where the work function is
reduced only on the (110) surface by 0.04 eV, 0.16 eV and 0.17 &\Wat 0.5 ML and 0.25 ML respectively, with a
concomitant increase in the surface dipole (polarity). This résyties enhanced electron activity and electrochemical
reactivity on the most stable and therefore frequently occuNirdpped (110) facet compared to the clean (110) facet, which
has implications for the development of improved Fe electtalysis (for example for Cfactivation and reduction). These
findings improve our understanding of the role of surface topologlyssability on the extent of Ni interactions with Fe
surfaces and the extent to which the Fe surface structulgzaperties are altered by the Ni deposition.

1. Introduction

that nickel deposited on the copper (100) surfadedea 60-fold increase in
the yield of methanol produced from @QCO and K4 . More generally, iron

Iron and nickel are known to be catalytically aetigites for CQ@ is a relatively cheap material whose surface alterat@mrnd have important
reduction, for example in the enzyme carbon-monoxateydrogenase which  implications for catalysis, electro-chemistry and thev@néion of corrosion.

is responsible for C® conversion to CO under ambient conditidis?].

Moreover, Nerlov et a[3] observed
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The structural and hence electronic properties obses differ from the
bulk, not only due to the lower coordination of $ace atoms but also due to
relaxation and/or reconstruction of the surfddé Adsorbates may also
induce surface relaxation and reconstruction, wherfaci atoms relocate to
optimize the strength of adsorbate-substrate bondtintgto the formation of
new and unexpected surface structures and propgitid=or
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example, Shih et al6] found that sulphur on Fe (110) leads to reconstructionreactions, for example for the process of2Gtivation and reduction.

of the surface.

Epitaxial growth, i.e. the deposition and growth fof, example, a metal
with a certain crystal structure on another metal alysas been widely
studied. A review of experimental studies of epitagiawth of Fe, Co, Ni
and Cu on low Miller indices of bcc W and M@d] shows that the work
function varies significantly as a function of faceymber of deposited
atomic layers and deposition time. Deposition on otteer durfaces such as
Fe, Cr, V, Nb, and Ta has, however, remained relativelger-explored,
partly due to the difficulty associated with cleanthgse surfaces. One of the
difficulties in cleaning iron surfaces is its transitivom bcc to fcc at 1183 K
[8].

Deposition and growth of nickel has been extensivelgistl on the bcc
tungsten metal facets. Based on the differences in ceurémergies/9],
ferromagnetic metals like Ni, Co and Fe are expectegaw by the Stranski-
Krastanov growth at elevated temperatures and by thsi-drank-van der
Merwe growth at lower tempera-tures, which requiresnéial 1-2 pseudo-
morphic monolayers. This growth pattern has already kmm for Ni
deposits on W and M@L0-18]. On the close-packed (110) facet, most of
these experimental studies support the idea of struathemiges before total
surface coverage, from pseudo-morphic through distatiredtures to close-
packed fcc (110) structures beyond 1 ML coverage.s@hehanges are
supported by work function measuremefits], which are very sensitive to
surface roughness and UPS spectra at energies sersisivadtural changes
[12]. This suggests change in surface roughness with depositieerage,
whereas the work function changes are small after thepletion of the first
layer [10]. The early stages of Ni growth on W(100) has been studledg
with the nickel-deposited W(110) facet, where thekel first monolayer was
reported to be pseudo-morphic with the sub-monolageanstructing due to
anisotropic misfit and strain on the filh7]. Using ultra-high vacuum (UHV)
scanning tunnelling microscopy (STM) to study the Ni/W(lland
Ni/Mo(111) systems, it was found that, unlike other dépdsmetals, nickel
is not mor-phologically unstable and therefore littteno reconstruction is
observed18].

Earlier experimental studies on clean iron surfaces Bavevn that no
surface reconstruction is observed on either Fe (14Q})1d) surfaceg8].
Surface relaxation of the clean Fe (10D)], (110) [20] and (111) [21-24]
surfaceshas been studied experimentallyjth contraction of the first

2. Computational details

All calculations were carried out using spin-polarizedculations based
on the density functional theory within the genewadi gradient approximation
(DFT-GGA), with plane wave basis sets and ultra-soft pseotéotials, as
applied in the Quantum ESPRESSO Packagé which performs fully self-
consistent DFT calculations to solve the Kohn-Sham temns[34]. The
Perdew Burke Ernz-erhof (PBE) GGA exchange-correlafimctional was
employed[35]. The Fermi-surface effects were treated by the smearing tech-
nique of Fermi-Dirac, using a smearing parameter 003 Ry. An energy
convergence threshold defirg self-consistency of the electron density was

set to 156 eV and a beta defining mixing factor for self-consisteof 0.2.
The graphics of the atomic structures and the iso-sfaf the differential
electron density plots in this manuscript have been pedpavith the
XCrysDen softwaré36].

The various low Miller index surfaces were creatednfrihe optimized
bulk using the METADISE cod&7]. Surfaces were described by the slab
model, where periodic boundary conditions are agpieethe central super-
cell so that it is reproduced periodically throughspace[38]. A vacuum
region of 12 A perpendicular to each surface wasdett be sufficient to
avoid interactions between periodic slabs. An energyoffuof 40 Ry (544
eV) and charge density cut-off of 320 Ry (4354 eM)the expansion of the
plane-wave basis set were sufficient to converge tta¢ ¢émergy of the iron
systems. The Brillouin zone was sampled using a Monkhorst-Pagkk-
point mesh of (% 9 x 9) for the bulk iron, a mesh of 9 x 1) for the p(1x
1) Fe(100), (110) and (111) planes, a mesh of & x 1) for the p(2x 1)
Fe(110) surface and, finally, a mesh ok(5 x 1) for the p(2 2) Fe(100) and
(111) surfaces. Dif-ferent monolayers were exploretuding 0.25 ML and 1
ML on all facets, where a ML indicates the ratio ofeddms to substrate
atoms in the top atomic layer (atoms with the same z swislmake up a
single layer and a full ML being the maximum number ofagams that can
be accommodated within a single layer).

interlayer spacing (b ) observed on (100) and (111) and some very little 3- Resultsand discussion

expansion on the (110). Surface relaxation and surémergies of the low
Miller indices of iron have also been determined camtenally using
interatomic potential-based metho@5] and quantum mechanical-based
techniques. By employing spin-polarized DFT-GGA methog&ns8er et al.
[26] reported the extent of surface relaxation andutatied that the surface
energies of Fe increased in the order (2Q0)0) < (111). The surface energy
of bcc iron is reported to be 2.42 3%n, but the specific facet to which this
energy corresponds was not stafed]. Whereas some earlier calculations
have shown the (100) surface to be the most stable facebcc iron,
controversy remains as to the relative stabilities of #8®) and (110) facets
of other bcc metal surfac&s3-30]

First principles DFT methods can be successfully emplayéuvestigate
monolayer (ML) deposition and the tuning of metal sagefwork functions,
as studied earlier for example for Ag and Mo surfacesutih the deposition

3.1. Bulk properties of bcc iron

Iron crystallizes in the bodycentered cubic (bcgystal structure and
exhibits ferromagnetic behaviour. Our calculated dattconstant and bulk
modulus are compared with experimental valuesTable 1 where the
computed lattice constant of 2.86 A and bulk modufus52.5 GPa, obtained
from a fit to the Murnaghan equation of state, shovekswt agreement with
the experimentally obtained lattice constant of 288@nd bulk modulus of
170 GPa. Non-spin polarized calculations are shownnerestimate the
lattice constant, with a predicted value of 2.76cénfirming the importance
of spin polarization in predicting the lattice cargtof bcc Fe. The magnetic

moment is computed at 2.48 , which deviates by <10% from the

experimental value of 2.24 .

The total and projected density of states (DOS) ofitan, as shown in

of ultrathin oxide films[31] and the TiN (001) surface through the deposition Fig. 1 is consistent with metallic behaviour due to avaleatates at the

of Au [32]. In line with these studies, the present work investig#tes
thermodynamically stable sites for nickel adsorption @niron and their
effect on the extent of surface relaxation, recoetitm and work function of
the Fe (100), (110), and (111) surfaces in ordevatuate this procedure as a
method to enhance iron surfaces for catalytic

Fermi level, indicating overlap of the conductiordaralence bands at the
Fermi energy level, with the 3d valence electronatest contributing most to
the states at the Fermi level as reported edHigr These consistencies with
known experimental results validate the model and inpatameters

employed in this study.



Table1
Calculated lattice constant (A) and Bulk modulus (GPa) of bec Fe.

Parameter Non-spin polarised Spin polarised Literature

Lattice constant/A 2.76 2.86 2.87[31], 2.85[32]
Bulk modulus/GPa - 162.5 182.46[32]
Magnetic moment/s - 2.43 2.24[19], 2.33[32]
Band gap/eV - 0.00 0.00[32]

(Aldén et al., 1994)29] TB-LMTO.
(Crisan and Crisan, 20141] XRD, SEM and magnetic measurements. (Jain et
al., 2013)[42] DFT-GGA with PAW-PP.

Table2
Calculated unrelaxed and relaxed surface energie_sz()Jm varying slab thicknesses (atomic layers) of Fe (100), (110) and (111) facets.
Slab thickness (100) (110) (111)
Unrelaxed Relaxed Unrelaxed Relaxed Unrelaxed Relaxed
2 - - 2.91 271 - -
3 - - 2.30 2.30 - -
4 2.36 2.34 2.2¢ 2.2¢ 3.23 2.82
5 - - 2.29 2.29 - -
6 228 2.258 2.28 2.28 2.651 2.54
7 — — — — — —
8 2.28 2.24 - - 2.65 2.47

2ndicates the various slab thicknesses employed in this study.

Table3

Calculated surface energies ('J?n) with varying numbers of relaxed top atomic layers of the
low miller indices of Fe.

(a) (b)

T
1
H
z i
= 1
3
s i Top relaxed layers (100) (110) (111)
o
3 ; 1 2.28 2.29 2.65
g ' 2 2.28 2.29 2.62
3 2.27 2.2 2.58
4 2.25 - 2.60
5 2.25 — 2.48
a

Indicates the most stable slab.

3.2. Surface properties

Energy minimizations were carried out on different gkibk-nesses of tl
Fe (100), Fe (110) and Fe (111) slabs to obtain theoppate slab thickness
for the various facets until con-vergence within 1 np&Y cell was achieve
Using a p(1x 1) super-cell and a k-point grid of 9 x 1), slabs made
four, six and eight atomic layers for the (100) abtil) and two to six atom

layers for the (110) surface were considered. The axadlsurface energieg

) of each surface were obtained from a single poittcaation of th
symmetric stoichiometric slabs before relaxation via(Ejp.

Fig. 1. The bcc structure (a), electronic DOS (total and projected DOS) of bulk Fe.

|
Eslabunre axed_ NEbulk
u= 2A
where I§|abume'axeqs the energy of the unrelaxed slabukk is the
energy of the bulk material, n is the number of bulksiin the

surface and A is the surface area of the surface ofideeof the slab.

When calculating the relaxed surface energies, fotigwiell establishe
convention, we have kept atoms in the last two layetke bottom side of tl
slab fixed at their bulk optimised position, relaxiexplicitly the atoms in tt
surface layers only. When only one side of the slap)(ts allowed to rele
unconstrainedly, while the atoms at the bottom ofstab are fixed at the bt
positions, the additional energy due to the relestatce at the top of the s
must be separated from the energy of the unrelaxedcsuatathe bottom,
the two differ. Using the unrelaxed surface energy



it is possible to calculate the

relaxed surface energyr()

from the total energy of the
relaxed slab as:

(1)

relaxed

Eslab = nEhulk

where EslabrEIaxed

is the energy of the
relaxed slab with
the bottom atomic
layer(s) frozen.

The computed

unrelaxed and
relaxed surface
energies of the
various slab

thicknesses are

reported inTable 2

From the energies
obtained, the
relaxed and
unrelaxed  surface
energies  indicate
that a six atomic
layer of the (100)
slab, a four atomic
layer of the (110)
slab and a six
atomic layer of the
(111) slab are
sufficient to model
the surface
behaviour of these
facets.

Having obtained
the number of
atomic layers that
are sufficient to
model the different
surfaces, we also
considered the
number of atomic
layers that must be
fully relaxed in
order to converge
the

surface  energies.
Table 3reports the
relaxed surfae

energies for the
different  numbers
of relaxed atomic
layers. The surface
energy gen-erally
decreases  slightly
for all three

surfaces when
fewer atomic layers
are constrained,

although there are fluctuating surface ener-giehiéncase of the (111) facet
and no change for the (110) surface and a steadgatecin surface energy of
the (100) surface. The lowest energy structures aserebd when all surface
atom layers are relaxed except the bottom layer.

The results infables 2 and are summarised diagrammati-callyriy. 2
We note that the convergence of the surface eneitly mspect to slab
thickness is the same for both the relaxed and unrekoedic layers for all
three facets, and the convergence of energy with cetpéayer relaxations is
gehieved for all sur-faces with a single bottom lageatoms fixed at their
bulk atomic positions. We employed the most stable slalmiftsequent
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Fig. 2. Surface energy () of Fe low miller index surfaces as a function of the number of atomic layers in the slab (left), and number of surface layers allawedrtstraiagdly (right).

Table4
Comparison of surface energies and magnetic moment from this work with earlier studies.

Surface This work Spencer et a[26] Alden et al[29] Vitos et al.[28] Tyson et al. [30] Blonski et al.[43]
[Im 2 m/ B Al 12 132 1Ini? M/ B
(100) 2.25 2.77 2.29 2.18 2.22 2.42 2.95
(110) 2.29 2.65 2.27 2.66 2.43 2.59
(111) 2.48 2.74 2.52 - 2.73 2.81
(Tyson et al., 1973)30] theories of crack propagation.
(Aldén et al., 1994)29] tight binding linear muffin-tin orbitals (TB-LMTO). (Vitos et
al., 1998)[28] TB-LMTO.
(Spencer et al., 2002)6] DFT-GGA (PW91 functional) US-PP.
(Blonski” and Kiejna, 2007) [43] DFT-GGA PAW-PP.
calculations as indicated ifable 3 A 4-layer slab with three relaxed surface
layers was used for the calculations of the (110) serfnd a 6-layer slab
with five relaxed surface layers for calculations bé t(100) and (111)
surfaces.
The surface energies reported Tinble 4 show decreas-ing stability of
) . =2
(100)-(110) > (111) with surface energies of 2229 < 2.48 Jm 111)

respectively. This trend is in agreement with eadadculations which report
the (100) surface as the most sta-ble surface and thenalat plane
expressed in the morphology of the Fe crygiat29]. This result also agrees
with the work of Spencer et gR6], who reported a trend of (1041L10) >
(111), with similar energies of 2.28.27 < 2.52 Jn_12 . The small differ-
ences in the calculated surface energies could beugdttiitto the difference in
the functionals employed; Spencer et al. used the PGGA functional
whereas we have employed the PBE GGA functional.

The calculated magnetic moment of the bulk ferromaghetid-e at 2.43

B compared well with experiment (séeble ) and we also found that the
magnetic moment is enhanced on the sur-faces compatkd bulk, where
the highest magnetic moment is observed on the (100handwest on the
(110) surface, consis-tent with previous studi&s. The results infable 4

show that the magnetic moment is calculated to increase 2r43p to 2.77
B, 2.65B and 2.743 on the (100), (110) and (111) surfaces, respectively.

Using the calculated surface energies, we have obitaittee
thermodynamic crystal morphology of Feid. 3 using the Wulff method
[44]. The calculated morphology shows the (100) and (11€gt$aas the
predominantly expressed surfaces owing to their low serfanergies.
Experimental results report a surface energy of 2.42_2Jbut without
identifying any particular surface(s). If this

Fig. 3. Thermodynamic equilibrium crystal shape of bcc iron.

value is assumed to be the average of a variety ofcsuraergies for
different individual planes, then the average surfanergy of the three
surfaces calculated in this study at 2.34_3(3 approaching the experimental
value, especially as we have considered perfect ssifadeereas defects
present on experimental surfaces will alter the suréaeegy and most likely
increase if45].

We have also characterized the extent of relaxaitiothe inter-layer
spacings of the bare bcc Fe surfaces before Ni depositid compared them
with those obtained from earlier experimental and &témal studies using the
formula:

%Relaxation

inter layer spacing ¢urfacg —inter layer  spacing (bulk)

x 100 3)

= inter layer spacing (lbkij)

As reported inTable 5 negative/inward relaxation of the surface atoms
was found on all three surfaces studied. The atoms in the



Table5

Surface relaxation (interlayer spacing) of the unreconstructed bare surfaces of iron compared to previous theoretical and experimental studies.

Surface i Bulk dij /A Relax ¢ /A Relaxation/%
This Work Literature

100 dhe 1.43 1.39 -2.79 -1.443) [19] 0.35[25] -1.89[26]
ths 1.43 1.47 2.80 -0.14[25] 2.59[26]
das 1.43 1.46 2.10 0.21[26]
das 1.43 1.47 2.80 —0.56(26]
dse 1.43 1.40 =2.10 -0.14[26]

110 dio 2.02 2.01 -0.50 0.10¢2) [21] 1(2) [24] -0.13[26]
ths 2.02 2.04 0.10 0.5¢:2) [24] 0.20[26]
das 2.02 2.01 =0.50 -0.06[26]

111 dhe 0.82 0.74 -9.76 -15.4¢:3) [22] -16.9¢:3) [23] -29.76¢:7) [24] -13.3[26]
d2s 0.82 0.68 -17.07 -9.8(3) [23] 6.0@5) [24] -3.6[26]
dha 0.82 0.92 12.20 4.26:3.6)[23] 13.3[26]
dis 0.82 0.68 -17.07 -2.26:3.6)23)] -1.2[26]
dss 0.82 0.74 -9.76 0.35[26]

(Legg et al., 1977).9] Experimental study using low energy electron diffraction (LEED). (Kishi
Itoh, 1996)[25] Theoretical study using Almitio molecular dynamics.
(Shih and Jona, 198()1] Experimental study using LEED.

and

(Xu and OConnor, 1991) [24] Experimental study using Medium Energy lon Scattering (MEIS). (Shih et al.,

1981)[22] Experimental study using LEED.

(Sokolov et al., 19863] Experimental study using LEED and Auger electron Spectroscopy (AES). (Xu and

O’connor, 1990) [24] Experimental study using MEIS.
(Spencer et al., 2002}6] Theoretical study using DFGGA.

t?ﬁ e s
Fe(100) Fe(110) Fe(111)

Fig. 4. Top views of the initial adsorption sites on the Fe (100), (110) and (111) surfaces.

topmost layers in particular moved down into the bulkemal during energy
minimisation, increasing their bonding with sub-surfas@ms. This
downward movement of the topmost atoms results in a dedredise first

ENi is the energy of a Ni atom. Thus, a negative adsorgnergy indicates
an exothermic and favourable adsorption process.
The adsorption energiesifis were calculated in two ways i.e.

interlayer spacing (g2 ). The most closed-packed surface, i.e. (110), has theeagg(nig) which is the adsorption energy calculated with egfee to nickel

least percentage relaxation ofd, calculated to be <1%. Relaxation was
most prominent on the (111) surface, which is also thet lstable facet. Our
results amplify and are fully compatible with earlieomputational and
experimental studies of this surface.

3.3. Adsorption of Ni atoms on the Fe surfaces

In order to determine the thermodynamically most statié®mtion site
and adsorption geometries, the Ni ad-atom and the topatostic layers
except the bottom layer of each slab were alloweelsox without constraints
until the residual forces on each atom reached 0.00A.e8ymmetry
constraints were not imposed on the geometry opttioiz&alculations, and
in partic-ular, the Ni ad-atom was free to move avegrhlly and vertically
from the initial adsorption site to find the minimum &ge adsorp-tion
structure. The three possible adsorption sites invedtigateeach surface
include top, bridge and hollow sites, as showhim 4

To characterize the strength of the adsorbate/suifié@ec-tion, we have
calculated the energy of adsorptiomgg) using the formula:

-(E_+E )

surf+Ni surf Ni

E

ads

4)
where [urf+Ni represents the total energy of the rad

bate/substrate (Ni/Fe) systensu is the energy of bare surface al

atom of a bulk nickel material (whereyEis the energy
per bulk Ni atom) and &is(NiA) is the adsorption energy calculated with
reference to atomic nickel in its free or gaseous staterévh
ENi is energy of Ni atom in vacuum) as indicated @ble 6

On the (100) facet, a single nickel atom is adsorbed am(l x 1) cell
which represents a 1 ML and total coverage of thiaser On computing the
starting structures for the Ni/Fe (100) system, two possitds were obtained
as compiled inTable 6 The top adsorption site was obtained as a stable
configuration, but both the bridge and hollow ilitsites converged to the Ni
ad-atom being located at the hollow site. The Ni advaie pref-erentially
adsorbed on the surface hollow site with a five-faldrdination, releasing an

adsorption energy of 26.6 kJn?(%I upon nickel deposition from the bulk
material. Adsorption of a nickel atom from vacuum totiblow site is more
exothermic, releas-ing an energy of 483.1 kfr1110IAt the less preferred top
site on the (100) facet, however, nickel is more stablés bulk than at this
adsorption site, with an endothermic adsorption enefg$09.4 k\]nml_1 .
However, deposition of nickel from its vapourised statd leads to a
favourable adsorption with an adsorption energy-847.1 kJmoT1 . The

surface interlayer spacing(e-Ni)),

when nickel is adsorbed on the hollow site is smallerlizl A
compared to 2.20 A at the top site, which shows aehigaNi

interaction at the preferred site, resulting in énbigadsorption
energy at the hollow site. At the top site, Ni conades to one



Table6

Adsorption energies, interatomic distances and coordination numbers of Ni ad-atom on the (100), (110) and (111) surfaces of Fe at >0.25 ML.

Surface Coverage Ads-site Eads(Ni—B)/kJmoI'1 Eads(Ni—A)/kJmol_1 (Fe-Ni) Fe-Ni/A Ni-Ni/A
Fe (100) 1ML Top 109.4 =347.1 2.20 2.20 2.86 1
Hollow =26.6 -483.1 1.31 2.40 2.86 5
Fe (110) 1ML Top 27.4 =429.0 2.24 2.24 2.47 1
0.5 ML Top 77.9 -378.5 2.24 2.24 3.45 1
Hollow 52.1 -404.3 1.08 1.94 3.45 4
Fe (111) 1ML Top 222.4 =234.0 2.14 2.14 4.0 1
Bridge 57.0 -399.5 1.08 2.20 4.0 3
Hollow =374 =493.9 0.65 2.32 4.0 7
2 ML Top 24.9 -431.6 0.56 1.99 2.46 1
Bridge =24.2 -480.7 0.56 1.99 2.46 5
I ML Top =152 =471.6 0.90 1.99 2.43 1

WhereAds-site is the converged nickel sites from top, bridge and hollow initial guess Bies(Ni-B) is the adsorption energy calculated with reference to bulk nickel &aus(Ni-A) is the

adsorption energy calculated with reference to gaseous nickel dgasni) is the top iron and nickel interlayer spaciftg;Ni is the interatomic distandeetween iron and the closest nickel atdii,
Ni is the interatomic distance between neighbouring nickel atoms and shows the number of Fe atoms coordinated to one Ni ad-atom.

iron atom with an interatomic distance of 2.20 A anthe hol-low site. Ni
coordinates to five iron atoms where the smallest Fei-imuclear distance
is 2.40 A. The top site is clearly a metastable cordiom.

Within a p(1x 1) cell, two nickel ad-atoms were introduced onte th
(110) facet, which corresponds to a 1 ML adsorptiorecage. Three distinct
initial guess sites were considered as in the case dfthiee facets i.e. top,
bridge and hollow. All the initial sites con-vergeal the top site with an
endothermic binding energy per atom of 27.4 kJ_nlﬁoMth respect to the
bulk nickel atom and an exother-mic adsorption proceits adsorption

energy of-430.8 k;lmoT1 when Ni is adsorbed from its gaseous state,
indicating the top site as the preferred adsorptitm an the most close-
packed Fe (110) surface.

When the coverage is reduced to 0.5 ML, where oneadNatom is
adsorbed on the pf 1) cell at the top, bridge and hollow sites, the garefd
adsorption site is observed as the hollow site with a lessravleuadsorption
energy (52.1 kImal* from the bulk and-404.3 kJmdl ™ from vacuum). Both
the bridge and hollow initial Nad-atom sites converged to the hollow site.
The Fe-Ni interaction is increased at the hollow siimpared to the top site,
characterised by the reduced Fe-Ni interlayer digtddge-Ni) ), from 2.24
A at the top site to 1.08 A at the hollow site anttémsed adsorption energy
which quantitatively show stronger binding.

The change in the preferred adsorption site fronohotb top site on the
(110) surface at increased coverage of 1 ML couldithébuted to surface
crowding and reduced substrate-adsorbate interacdii@ihange in preferred
adsorption site is not observed on the other facetdWt &overage, because
of the high surface atomic density on the (110) serfavhich is the closest
packed face of iron surfaces explored. This behavinuhe Fe(110) has been
reported before by Jiang and Califtés], who reported the bridge site for CO
adsorption at 0.25 ML coverage, but upon increasi®gcGverage to 0.5 ML
they observed that due to surface crowding the adsorgite changed to the
top site.

We suspect that at 1 ML coverage on the (110) fHoete is an evolution
in the film structure which is mostly observed as monaldsensitions to
multilayers in film growth, whereby with increasingniilthickness the ad-
atoms assume their bulk structuf@]. The monolayer film is reported
experimentally to be pseudo-morpHit6] (i.e. the nickel takes the exact
position of iron in the top layer) at 1 ML depositioaverage, but at higher
cover-ages above 1 ML, the structure changes intoltise-packed fcc (111)
face of nickel with bulk inter-nuclear distandég]. We observed the pseudo-
morphic crystal structure at 1 ML coverage, but beloML, i.e. 0.5 ML, the
ad-atom is at a more stable and

higher-coordinated hollow site, thereby forming gpt surface only below
the 1 ML coverage.

Apart from the observation of a pseudo-morphic layéirstt monolayer
coverage of nickel on tungstéh0,16], Schmidthals et a[14], used STM to
observe three different structural evolutions befbeedompletion of the first
monolayer, i.e. a pseudo-mophic layer below 0.2 Mlyell as (8 1) and (7
x 1) distorted struc-tures before the formation of fcdfldbove 1 ML. These
studies, including ours, support the possible movemenieafickel ad-atoms,
nickel from the hollow site moves towards the top site ML coverage and
finally relocates to the top site to form a nickel yg-morphic film in the
first monolayer regime.

Using a p(1x 1) cell of the stepped (111) surface, adsorptioonef nickel
ad-atom corresponds to 1 ML coverage. Again, the prefeadsorption site is
identified after optimisation to be the hollow siteittw a seven-fold
coordination and an exothermic adsorption energy-3¥.4 kJmoI_1 when

nickel is adsorbed from its solid state artb3.9 kJmo_I1 from its gaseous
state. The top 3 layers of the stepped (111) surf&cex@osed on the surface,
and hence the surface coverage was increased from tb GIML (i.e. total
surface coverage). At 2 ML coverage, we adsorbedmoore nickel atom to
the optimised 1 ML covered (111) slab at two inig&ks, namely the two
possible available vacant sites, i.e. the top and ersitgs since all the hollow
sites are already occupied, in order to explore giglgy of these sites. After
optimisation, the bridge site is found to be the gmrefd site for the second Ni
ad-atom. At this site, adsorption is exothermic with an gatfmn energy per
atom of =24.2 k.]moT1 with respect to the bulk nickel atom ard80.7

kJmoI_1 with respect to the vapourised nickel atom. Th®IL coverage of
the (111) surface is as expected less favourable cochpgaré¢he 1 ML
coverage.

At 3 ML coverage, a third nickel atom is introducedtiie optimised 2
ML covered slab at the only available top site. Thisoaption energy per
atom is further reduced at 3 ML coverage, where agegthermic adsorption

energy of-15.2 kJmoT1 and-471.6 kJmo_I1 is calculated with reference to
bulk nickel andgaseous nickel, respectively. Therefore on the (14dgtf as

more nickel ad-atoms interact with the surface, thegeties of adsorp-tion
become less favourable.

Adsorption is favourable with reference to the buikkal atom on the
(100) and (111) at the preferred hollow sites, butamothe (110) facet which
suggests that nickel atoms are more stable in the bulkétil than when
deposited on the (110) facet. The lattice constaritasf is about 2.86 A,
while that of nickel is about 3.52 A, which couldntdbute to the high
affinity of nickel to bind to the more open surfacésron. The adsorption of
the vapourised nickel atom is, however, exothermic bsits of the three
surfaces,
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Fig. 5. Side (top) and top (bottom) views of the preferred 5-fold, top and bottom 10-fold surface sites on the Fe (100), (110) and (111) surfaces respectively at 1 ML coverage.

showing that, as expected, deposition is favoured fleenviapour phase. [-26.6 kJmoTl /-483.1 kJmoTl] > (110)
Comparing the lowest energy sites of the Fe-Ni systerhd\it (seeFig. 5), [27.4 kImoT > /-429.0 kImdT ]. This binding energy trend is consistent

we find that the strength of adsorption decreasesdrnoter (111) £37.4 with the extent gf Fe-N_i layer s_ep_aration:éd\” ), which decreases in the
kJmoI'l /-493.9 kJmoTl] > (100) same order (i.e. increasing Fe-Ni distances) of

Table7
Adsorption energies, interatomic distances and coordination numbers of Ni ad-atom on the (100), (110) and (111) surfaces of Fe at 0.25 ML coverage.
Surface Ads-site Eads(Ni-B)/kJmol Eads(Ni-A)/kJmol ™t Clren FeNi/A Ni-Ni/A
Fe (100) Top 144.7 -313.5 211 211 5.71 1
Hollow -18.8 -475.2 1.30 2.42 5.71 5
Fe (110) Top 108.6 -347.8 2.30 2.30 5.71,4.04 1
Hollow 66.7 -389.7 1.78 2.24 5.71,4.04 4
Fe (111) Top 236.2 -221.9 2.13 2.13 8.08 1
Hollow -38.7 -496.8 0.64 2.29 8.08 7
Table8
Surface relaxations of unreconstructed nickel-deposited surfaces.
Surface Coverage/ML Spacing Bare Surface/A Ni-deposited Surface/A Relaxatia/%
(100) 0.25 2 1.39 1.41 1.44
ds 1.47 1.47 0.00
daa 1.46 1.45 -0.68
1 th2 1.39 1.47 5.76
ds 1.47 1.47 0.00
daa 1.46 1.45 -0.68
s 1.47 1.46 -0.68
dse 1.40 1.37 -2.14
(110) 0.25 di2 2.01 2.04 1.49
das 2.04 2.04 0.00
daa 2.01 2.01 0.00
0.5 diz 2.01 2.01 0.00
das 2.04 2.04 0.00
daa 2.01 2.01 0.00
1 diz 2.01 2.05 1.99
das 2.04 2.03 -0.49
daa 2.01 2.01 0.00
(111) 0.25 diz 0.74 0.75 1.35
ds 0.68 0.73 7.35
daa 0.92 0.89 -3.26
1 diz 0.74 0.79 6.76
ds 0.68 0.89 30.88
daa 0.92 0.91 -1.09
das 0.68 0.65 -4.41
dse 0.74 0.82 10.81
2 diz 0.74 0.98 32.43
das 0.68 0.85 25.00
s 0.92 0.88 -4.35
das 0.68 0.68 0.00
dse 0.74 0.82 10.81
3 diz 0.74 0.83 12.16
da 0.68 0.80 17.65
das 0.92 0.93 1.09
das 0.68 0.68 0.00

dse 0.74 0.78 541
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Fig. 6a. Side (top) and top (bottom) views of the preferred 5-fold, top and bdt@fold
surface sis on the Fe (100), (110) and (111) surfaces respectively at 0.25 ML coverage.

(111) [0.65 A] < (100) [1.31 A] < (110) [2.24 A], hereas the Ni-Ni
interaction increases in the same order (decreasing MisNances) at (111)
4.0 A > (100) 2.86 A > (110) 2.47 A. The weaker HieNi interaction, the
stronger the Fe-Ni interaction and the more favotinedadsorption, as is for
example clearly observed on the (111) facet.

Using a p(2x 2) super-cell for the (100) and (111) facets ampf2ax 1)
super-cell for the (110) facet, where all atomic tayexcept the top three
layers were kept at their bulk positions, we furthedi&d nickel adsorption
at a lower surface coverage of 0.25 ML on all theedaces. One nickel atom
was adsorbed on three distinct sites i.e. the top, éradgl hollow surface
sites of each facet as showrFiny. 4.

The most preferred sites are the hollow sites for abettsurfaces as
shown inFig. 6aand Table 7. At the hollow site, nickel is in a five-fold
coordination on the (100) surface, four-fold cooation on the (110) surface
and seven-fold coordination on the (111) surface lraady seen previously
at 1 ML coverage of the (100) and (111) facets aBdML coverage on the
(110) facet.

Adsorption energies at 0.25 ML coverage show the samd #s the 1
ML covered surfaces i.e. (111) > (100) > (110), whitre most favoured
adsorption occurs on the (111) facet with an exothemdsorption energy

(-38.7 kJmoTl ) for nickel deposition from its bulk and a more exothic

Table9
Extent of lateral displacement on the (100) facet in both x and y axis.

Bare Space/A Deposited Space/A Relaxation/%

1.43 1.38 =3.50
2.86 2.81 =-3.50
1.43 1.39 -2.80
2.86 2.83 -1.05
1.43 1.41 -1.40

layers are found to displace laterally by shiftingoisth x and y direction by
the same amount (séeble 9 to increase the slab stability as showifin. 5.

At 0.25 ML coverage, the (110) surface relaxes thstleom-pared with
the other two surfaces, betweerl319% which increases at 1 ML coverage to
between-0.49 and 1.99%. The slab is, however, preserved atML5
coverage where the surface is most likely to be satuedtéae preferred 4-
fold site. DFT-GGA calcu-lations have shown that tlepakited nickel film
on W(110) was more strained at pseudo-morphic 1 ML egeethan in the
(1 x 7) configuration (equivalent to about 1.23 MLI)3]. The large strain
leads to more enhanced relaxations of the sub-atonmgc &yl ML surface
coverage[16]. In our DFT calculations, this phenomenon of enhanced
relaxation is also observed at 1 ML coverage, wherélynickel film is
forced to form a pseudo-morphic structure at the & ekperiencing strain,
from the preferred hollow site at the nucleation/isalastages. The strain on
the nickel film leads to enhanced sub-monolayer relaxati

Finally, the (111) surface relaxes the most compareth¢oother two
surfaces, as expected, due to its stronger nickel biratidgeast stability. A
relaxation of betweer3.26 to 7.35% is observed on the (111) surface &t 0.2
ML deposition, which increases to betweedA.41 to 30.88% at 1 ML
coverage. At 2 ML coverage, surface relax-ation hé {111) surface is
enhanced to within the range ©4.35 to 32.43%, while at 3 ML the extent of
relaxation is reduced below that of the 1 ML depas{tell) slab to between
0-17.65%.

As a result of surface saturation, there is crowdind aeaker Fe-Ni
interactions as more nickel layers are introduced, tieguin an increased

interlayer distance (ge-Ni) from 0.65 A at 1 ML to 0.90 A at 3 ML, while

energy ¢496.8 kJmal ™ ) for gaseous nickel deposmon On the (100) surfacethere is a decreased interlayer distange-\i) at 2 ML from 0.65 ML at 1

adsorption energies 6f18.8 kJmoI and-475.2 kJmoI are obtained when
nickel is deposited from the bulk material or vacuum respegtivethe least
favoured and endothermic adsorption is still observedhen(110) facet at
0.25 ML coverage, where an energy of 66.7 k-]_r%l(iﬂ; required to deposit

nickel from the solid phase, but 389.7 kJﬁloIs released upon deposition
from the gaseous nickel state. The Fe-Ni interactiondto# (111) [0.64 A] >

(100) [1.30 A] > (110) [1.78 A] from its Fe-Ni integer distance (ge-Ni) )
still remains the same as observed at 1 ML coverage.

3.4. Relaxations of unreconstructed Ni-doped Fe sesfa

Nickel deposition induces relaxation of all three acef orienta-tions but
no reconstruction. Positive interlayer spacing relakat indicate surface
expansions, while contractions are denoted by negatigddyer spacing (see
Table §. Expansion of the first interlayer spacingi£d) of the iron is
generally observed on depo-sition of Ni on all fackts to bond formation
between the deposited Ni and the iron surfaces. Thisvlmeinas also chac
terised by the increased relaxation with higher adgorgnergy i.e. (111) >
(100) > (110) as a result of stronger bond formationsciwtesults in bond
weakening within the slabs.

At 0.25 ML, the (100) surface relaxation ranges leetu-0.68 to 1.45%
which increases to betweefr2.14 to 5.78% at 1 ML. Apart from normal
displacement of the (100) surface atoms, the atomic

ML to 0.56 A (se€Table 9.

3.5. Electronic properties of nickel deposited surfaces

We now discuss the electronic properties of the badenarkel-deposited
Fe (100), (110) and (111) surfaces. Analyses of thegte density of states
(PDOS) help us to gain insight into the nature efttbnding of the nickel ad-
atom layers on the various iron surfaces. We have ctdduthe electronic
density of states (DOS) projected on the 3d orbitate@interacting iron and
nickel at 1 ML coverage for the (100), (110) andil(}lsurfaces. As shown in
Fig. 6k upon deposition of the nickel layer, the splittingl dsroadening of
peaks show electron transfer, strong interaction ahemial bonding
between the nickel and the surface iron atoms. Nidksbtion on the three
facets is shown to be a chemisorbed process.

Further insight into the nature of the interacteomd charge distribution
between the nickel layers and iron surfaces can Haingdl from the
isosurfaces of the induced charge density ( p) plotclwvias calculated using
the equation:

(P) = (pFe+Ni ) = (PFe + PNi ) (5)
where (pFe+Ni ) is the charge density of the deposited systera,ip the

charge density of the bare surface, andip the charge density
of the isolated nickel ad-atoriig. 7 shows that there is signifi-cant charge
transfer between the nickel layer and Fe layerbén t
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Fig. 6b. Projected density of state plots for bare and deposited (100), (110) and (111) surfaces.
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Fig. 7. The charge density difference contour plot which shows the interactitire dfli ad-

atoms with the Fe (100), Fe (110) and Fe (111) surfaces. The blue contours indicate elect

next computed the work functiof) (of the iron surfaces before and after the
deposition of the nickel layer. The work function éslculated as the
difference between the electrostatic potential ia ¥acuum region and the

Fermi energy as:

*=Vvac—EF

(6)

where Wac is the vacuum electrostatic potential, ard i€ the Fermi level
energy. We obtained a trend of (110) > (3@0})1) in the work function for
the bare surfaces with calculated values of 4.76 e80 8V and 3.84 eV
respectively (seeTable 10, which shows ade-quate agreement with
experimentally[29] determined values of 4.50 eV for the (100) surface]

321 eV for the (110) surface, par-ticularly in tieéative trend. Our predicted

density increase (gain) by 0.05 electroris#hd red contours indi-cate electron density deereas work fu_nCtion for the Fe (100)_ in particular showsellent agr?emem with
(depletion) by 0.05 electrons?A (For interpretation of the references to color in this figure &N earlier DFT-GGA calculation by C&@0] who also obtained a work
function of 3.80 eV for the (100) surface. Blonski’ and Kiejna, using DFT-

legend, the reader is referred to the web version of this article.)

slabs with electron accumulation on the nickel aradramgement within the

iron slabs, showing strong Fe-Ni interactions and cleahbonding which is

particularly evident on the (111) surface. We

GGA spin polarised methods, also reported the same workidarteend as
(110) > (111) > (100) for bare iron surfaces usindrdJsoft [45] and

suggest that DFT-GGA functionals clearly

Projector-augmented-wav@43] pseudopotentials. These results seem to



Table 10
Work function change at gferred sites at various nickel surface coverages.

Surface Condition lev
This work Diff Literature
(100) Bare 3.80 - 4.50[19], 3.80[30], 3.86[35], 3.91[33]
0.25 ML-Ni 4.04 0.24 -
1 ML-Ni 4.29 0.49 -
(110) Bare 4.76 - 5.21[19], 4.81[36], 4.76[33]
0.25 ML-Ni 4.59 -0.17 -
0.5 ML-Ni 4.60 -0.16 -
1 ML-Ni 4.72 -0.04 -
(111) Bare 3.84 - 3.95[36], 3.90[33]
0.25 ML-Ni 4.05 0.21 -
1 ML-Ni 4.17 0.33 -
2 ML-Ni 4.24 0.40 -
3 ML-Ni 4.28 0.44 -

(Aldén et al., 1994)19] Experimental.
(Cao, 2009)30] DFT-GGA.

(Btonski” and Kiejna, 2004) [36] DFT-GGA.
(Btonski” and Kiejna, 2007) [33] DFT-GGA.

underestimate the work function by between-0.3 eV when compared to
the experimental results.

Upon deposition, as shown ifable 1Q at 0.25 ML the work function
increases by 0.24 eV to 4.04 eV on Fe (100). Wherdkeerage is increased
to 1 ML the work function is further increased to3teV. On the (111) facet
at 0.25 ML the work function is increased by 0.21 te\4.05 eV upon Ni
deposition and it also increases as more nickel layerads@rbed onto the
surface, with the work function further increasing4td?7 eV, 4.24 eV and
4.28 eV at 1 ML, 2 ML and 3 ML coverages, respectively. by 0.33 eV,
0.40 eV and 0.44 eV in the same order. The work fancthowever,
decreases on the (110) facet on deposition of ni¢ked.5 ML deposition,
the work function has decreased from 4.76 to 4.60re)/a 0.25 ML it has
decreased to 4.59 eV. Finally, at 1ML coverage enRi (110), the reduction
in the work function is minimal, by only 0.04 eV fronv8 eV to 4.72 eV. Ni
deposition at < 1 ML on the (110) facet changes Hugtsurface composition
and the highly dense (stable) sur-face topology to & nopen stepped
surface (less stable), which generally have bettertivégcthan their flat
counterpart$47].

The drastic change in work function observed on 1€ facet at 1 ML
coverage from the 0.5 ML coverage also confirm thengbain surface
roughness, i.e. decreasing from 0.04 eV, to 0.16 e\0ditleV at 1 ML, 0.5
ML and 0.25 ML coverages, respectively, as seen expetathenpon nickel
deposition on the W(110) surfa¢e0]. Where the initial work function dips
below 1 ML coverage due to surface roughness, it ssesply at 1 ML
coverage.

Deposition reduces the work function on the most staftepredominant
(110) surface, but increases it on the (100) and (&ddxces, increasingly so
as more layers of nickel are deposited. Our results shawnthreolayer nickel
deposition on the (110) surface of iron increasedéttrechemical reactivity
which has impor-tant implications for its use as a mdfieient cathode

material for processes such as0@duction and Bl O splitting to produce
clean fuels. The more open (100) and (111) surfacéslaiter and similar
work functions are passivated at monolayer depositibmickel towards
electrochemical reactions. Passivation of these facets dsyever,
advantageous for the steel industry for exam-ple,esthe (100) and (111)
monolayer deposited surfaces would be less susceptiblertsicor.

4, Conclusions

Our spin-polarised DFT-GGA calculation results revbat deposition of
nickel monolayers on the Fe (100), (110) and (111psad is preferred at the
hollow sites at 0.25 ML and 1 ML

coverages, although deposition is most favourable atapesite at 1 ML
coverage on the most close-packed (110) facet. GélyerNi binds more
strongly at the more open surfaces and binds least odehsely packed
surface, where we observed the trend (111) < (100) 19)(for Fe-Ni

interface separations, from the mea-sured Fe-Ni in@rlggyacings (Ee-Ni ).
Deposition induces surface relaxation of the facetsbuteconstruction and
the extent of relaxation increases with increasing Fediractions, due to the
topology of the faces and increasing Ni coverage. (IB@) and (111) facets
are passivated by deposition, as the work functiongkemithan the pure Fe
surface and increases with increasing Ni coverage.rdiked work function
implies less electrochemical reactivity and suppressddcgioxidation (with
a lower corrosion tendency) as a consequence of Ni lay@rodeposition.
Although the (110) surface topology does not favduokel deposition com-
pared to the other surfaces, deposition leads to sudeieation with a
decreased surface work function. Since the (110} fadhe most stable and
predominant facet in iron crystal particles, the insegareactivity of the Ni-
deposited (110) surface, especially at 0.25 ML caeranay show enhanced
electro-catalytic appli-cability, compared to theeast (110) surface, for

example in CQ activation and reduction processes. The results sugggst th
nickel deposition on the (110) surface of Fe enhaitsepotential for electro-
catalysis, while deposition on the (100) and (111) owes their corrosion-
resistant properties.
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