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Abstract

Spin-polarized density functional theory computations have been carried out to study the stable adsorption configurations of
Cu, (n = 1-7, 13) on Fe and Fe;C surfaces for understanding the initial stages of copper promotion in catalysis. At low coverage,
two-dimensional aggregation is more preferred over dispersion and three-dimensional aggregation on the Fe(110) and Fe(100)
as well as the metallic Fe;C(010) surfaces, while dispersion is more favorable over aggregation on the Fe(111) surface. On the
Fe;C(001) and Fe;C(100) surfaces with exposed iron and carbon atoms, the adsorbed Cu atoms prefer dispersion at low coverage,
while aggregation along the iron regions at high coverage. On the iron surfaces, the adsorption energies for Cu, (n = 2-7) are
highest on Fe(111), medium on Fe(100) and lowest on Fe(110). On the Fe;C surfaces, the adsorption energies for Cu, (n = 1-3)
are highest on Fe3;C(100), medium on Fe;C(010) and lowest on Fe;C(001), while, for n = 4-7 and 13, Fe;C(010) has stronger ad-
sorption than Fe;C(100). On the basis of their differences in electronegativity, the adsorbed Cu atoms can oxidize the metallic
Fe(110), Fe(100) and Fe;C(010) surfaces and become negatively charged. On the Fe;C(001) and Fe;C(100) surfaces with exposed
iron and carbon atoms, the adsorbed Cu atoms interacting with surface carbon atoms are oxidized and positively charged. Unlike
the most stable Fe(110) and Fe3C(001) surfaces, where the Fe(110) surface has stronger Cu affinity than the Fe;C(001) surface,
which is in agreement with the experimental finding, the less and least stable Fe3C(010) and Fe3C(100) surfaces have stronger Cu
affinities than the Fe(110) and Fe(100) surfaces. Since less stable facts are not preferably formed thermodynamically, it is crucial

to prepare such surfaces to explore Cu adsorption and promotion, and this provides challenges to surface sciences.
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1. Introduction

Fischer-Tropsch synthesis (FTS, CO + H, > C,H, + H,0 + COz)l'3 is an enabling technology in converting synthesis gas from coal,
natural gas and biomass into transport fuels and value-added chemicals. Suitable FTS catalysts for industrial applications are iron-
and cobalt-based,”® but iron-based catalysts become dominant due to lower costs. Initial Fe-based FTS catalysts are generally
hematite (a-Fe,03) and have to be reduced before becoming active. During the reduction, a-Fe,0; is firstly reduced to magnetite
(Fes04) by using H,, synthesis gas or CO and further to phases consisting of metallic iron, iron oxides and iron carbides in varying
proportions depending on preparation conditions.”® Several iron carbide phases (e-Fe,C, x-FesC,, 8-Fe;C and Fe;C;) have been
detected experimentally.10 Apart from FesC,, the Fe;C phase is also active in TSt

Practically iron-based FTS catalysts consist of not only pure iron components (metallic iron, iron oxides and iron carbides) but
also promoters such as copper, potassium and silica or zinc oxide. The role of copper in Fe-based FTS has attracted considerable
attention and has been extensively studied experimentally.13 Copper has been found to facilitate Fe;0, conversion to metallic
iron™® and to lower the reduction temperature.15 Under H,, de Smit et al.,"® found that Cu-promoted catalysts can be easier re-
duced at low temperature than un-promoted catalysts at high temperature, while they did not observe such difference under

17,18

synthesis gas. Recently, copper has been reported to suppress the x-FesC, phase formation under CO.””™ Copper can promote

21 22-25

carburization rate,lg' increase the activities of FTS and water-gas shift (WGS, CO + H,0 - CO, + H,) reaction and synergistic

effect was observed on copper and potassium co-promoted catalyst.26 However, controversial observations about Cu-promotion
on hydrocarbon selectivity in FTS were reported.l‘r"w’zz’26

Experimentally, the structures of Cu species in promoted catalysts are difficult to image due to the rather low content and very
high dispersion. A previous study in characterizing the surface of Fe and Fe-Cu FTS catalysts by Wachs et a/.,27 showed that Cu
agglomerates on the reduced iron surface and exhibits even lower affinity on the carburized iron surface; and additional agglo-
meration occurs when the catalysts are exposed to H,/CO environment. A recent synchrotron-based in situ X-ray photoelectron
spectroscopy study on the surface of Cu-promoted Fe-based FTS catalyst28 showed that the reduced Cu species spreads to the
metallic Fe surface of either supported catalyst or un-supported catalyst when treated at 275°C. When treated at 350°C, however,
Cu phases agglomerate and move to the support surface. In addition, Cu quantity was found to affect FTS activities. For example,
Ma et al.,29 found that Cu content up to 2.0 wt% enhances iron reduction significantly but lowers the activities of FTS and WGS.
In investigating the Cu modified Al,O; as support in Fe-based FTS catalysts, Pansanga et al.,* found higher activity for catalysts
supported on 10 wt.% Cu modified Al,0; than those modified with only 1 wt.% Cu. Wielers et a/.,31 found that Cu content does
not affect the product selectivity within a broad range (< 60 at. % Cu), while catalyst with 10-20 at. % Cu has the highest FTS
activity. In studying the effect of Cu content on the bifunctional Fe-Cu-K/ZSMS5 catalyst Bae et a/.,32 found a Cu optimum (2 wt.%)
for the activity, while higher Cu content results in iron oxide segregation which eventually lowers the catalytic performances. It is
reported that Cu content less than 0.1 wt% is sufficient to produce an active FTS catalyst.33 In addition, the promotion effect of
Au on Fe(111), Ag and Cu on Fe(100) surfaces in ammonia synthesis has been investigated, the promoter species were deposited
by evaporation from a source consisting of a high purity Au/Ag/Cu wire wrapped around a resistively heated W wire.**

In contrast to these intensive and extensive experimental studies, there are only few theoretical reports about Cu promotion
on Fe-based FTS catalysts. For instance, CO adsorption and dissociation as well as C-C coupling based on Fe/Cu surface alloy
model® and monolayer Cu adsorbed model on Fe surface® were previously investigated. Zhao et al.,”’” studied CO dissociation
on bimetallic Cu/Fe catalyst and found that Cu doping can reduce CO dissociation activity. In order to explore Cu promotion in
CO activation, Tian et a/.,38 studied CO adsorption and dissociation on the clean as well as nCu-adsorbed and nCu-substituted
Fe(100) surfaces (n = 1-3) at different coverage. It is found that increasing Cu content not only weakens CO adsorption but also

increases CO dissociation barriers as well as make CO dissociation thermodynamically less favorable, and the clean Fe(100) sur-
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face is most active in CO adsorption and dissociation. The nCu-substituted Fe(100) surface can suppress CO adsorption and dis-
sociation more strongly than the nCu-adsorbed Fe(100) surface. Our previous work on Cu, adsorption on the most stable Fe(110)
and Fe;C(001) surfaces® found that Cu, favor aggregation on Fe(110) and dispersion on Fe3C(001) at low Cu content, while favor
monolayer structure on both surfaces at high Cu content. Furthermore, Fe(110) has stronger Cu affinity than Fe;C(001), in agree-
ment with the experimental observation. To our knowledge, no reports about Cu phases on other metallic iron or iron carbide
surfaces are available. Since each stable and active catalyst can have more than one exposed facets having different stabilities
and activities as well as jointly determining the whole catalytic performance, we examined the structures and energies of Cu, (n
= 1-7; 13) adsorption on the less and least stable Fe(100) and Fe(111) as well as Fe;C(100) and Fe3;C(010) surfaces to give more
detailed structural and energetic understanding into Cu adsorption on Fe-based FTS catalysts. Our results provide some referenc-
es for advanced experimental studies and a rational model for discussing Cu promotion, which is of pronounced importance for
understanding Fe-based FTS mechanisms.
2. Computational details

2.1. Methods: All calculations were performed at the level of density functional theory within the Vienna Ab initio Simulation

041 The projected augmented wave method (PAW)42 and the generalized gradient approximation (GGA)43 were

Package (VASP).
used. The exchange and correlation energies were calculated using the Perdew-Burke-Ernzerhof (PBE) functional.** The cutoff
energy of 400 eV was used throughout this study. Spin-polarization calculation was included for iron systems to correctly account
for the magnetic properties. Geometry optimization was done when atomic force tolerance becomes smaller than 0.02 eV/A and
the energy difference was lower than 10 eV. Bader charge analysis45 was carried out for discussing charge transfer between the
surface and the adsorbed Cu atoms. Transition states were estimated using the climbing-image nudged elastic band (CI-NEB)
method.*®*” Vibrational frequencies were also calculated.

Adsorption energies, stepwise adsorption energies and aggregation energies are used to describe the properties of Cu,, on the
surfaces. For Cu, adsorption on the surface, the total adsorption energy [E(Cuy.qs)] is defined according to equation 1 and the
average adsorption energy [E(Cuags/a] is given in equation 2, where E(Cu),/slab is the total energy of the slab with the adsorbed
Cu, species, E(slab) is the total energy of the clean slab and n is the number of the adsorbed Cu atoms, and E(Cug,) is the total
energy of an isolated Cu atom in gas phase.

E(CUp/ags) = [E(Cu),/slab — E(slab) — nE(Cug,)] Eq.1

E(CUads/av) = E(CUp/ags)/N Eq. 2

The stepwise adsorption energy [AE(Cu,qs)] is defined according to equation 3.

AE(Cuygs) = E(CUp/ads) — E(CUp-1/ads) Eq. 3

In addition, we defined the average aggregation energy [Eqq,(Cuaqs)] of surface Cu, in equation 4; and a larger (more negative)
aggregation energy means a stronger Cu, adsorption. It should be noted that surface Cu, in this study means n-numbered Cu
atoms, because when n-numbered Cu atoms adsorbed on the surfaces, both Cu, clusters and n-dispersed Cu atoms on surfaces
might be stable thermodynamically.

Eagg(CUads)= [E(CUn/ags) — NE(Cu1/aas)]/n Eq. 4

We also defined the stepwise growth energy according to equation 5; and the larger (more negative) the stepwise growth en-
ergy [Egrowth(Cuags)] of Cun/ags, the stronger the aggregation ability of Cu,.; to get one more Cu atom on the surface.

Egrowtn(CUags) = E(CUpn/ags) — E(CUn.1/ags) — E(Cungs)  EQ. 5.

It is noted that in our computation we used Cu atom to study the adsorption energies as well as aggregation energies in gas
phase and on surface; and our idea comes from the experimental observation of the adsorption of Au on Fe(111), Ag and Cu on

Fe(100) surfaces from evaporation in investigating promotion effect in ammonia synthesis.34 In addition, for studying the role of

~3~



Physical Chemistry Chemical Physics Page 4 of 20

iron loading and potassium and cupper promoters, the synthesis and characterization of nano-iron carbides using plasma spray
technique as catalyst for have been reported, where the reagents were firstly vaporized and then recombined to Fe;C during the
cooling phase.48 Thus the possibility of Cu adsorption on metal surfaces depends on the preparation methods and procedures in
the corresponding experiments. The adsorption energies with respect to the bulk fcc-Cu energy were given for comparison.

2.2. Models: All Cu, clusters in gas phase were calculated using a 15Ax15Ax15A cubic unit cell at the T point. By using a
10x10x10 k-point grid, the computed equilibrium lattice constant and magnetic moment of bulk body-centered cubic (bcc) Fe

49,50

are 2.83 A and 2.22 ug, respectively, which agree well with the experimental values of 2.86 A and 2.22 us. Apart from the

most stable Fe(110) surface in our previous work,*® the less stable Fe(100) and least stable Fe (111) surfaces as basic structures

are considered on the basis of early study about surface energies.51'53

In order to choose a reasonable periodic slab model, tests
were performed to reveal the effects of slab thickness, relaxation thickness on Cu adsorption energy. These results are listed in
the Supplementary Information (Table S1).

The Fe;C phase has an orthorhombic structure with sixteen atoms per unit cell, where eight iron atoms are in the general
positions (Feg), four iron atoms are in the special positions (Fe;) and four carbon atoms are in the interstices. Both Fe, and Fe
atoms are fourteen-coordinated but with three and two Fe-C bonds, respectively.54 The calculated cell parameters (a =5.02 A, b
=6.73 A, c = 4.47 A) and magnetic moment (Feg = 1.88 up, and Fe, = 1.97 g) agree reasonably with the available experimental

55,56

data (a =5.09 A, b =6.74 A, c = 4.52 A, and the average magnetic moment of Fe = 1.78 ). For the Fe;C phase, apart from

the most stable Fe;C(001) surface in our previous work,*® the less stable Fe;C(010) and the least stable Fe;C(100) surfaces are

. . " . 57-60
considered on the basis of previous studies.

Both Fe;C(100) and Fe;C(001) have exposed surface iron and carbon atoms,
while Fe;C(010) has only exposed surface iron atoms. Model tests were also performed to find a reasonable periodic slab model
on the basis Cu adsorption energy and these results are listed in the Supplementary Information (Table S2). To model Fe;C(100),
the slab consisting of eight Fe layers and four C layers (8Fe+4C) with a slab thickness of 4.66 A is used, where the top four Fe lay-
ers and two C layers (4Fe+2C) are allowed to relax, and the other bottom layers are fixed in their bulk positions. For Fe;C(010),
the slab consisting of six Fe layers and two C layers (6Fe+2C) with a slab thickness of 5.81 A is used, and the top three Fe layers
and one C layers (3Fe+1C) are allowed to relax, while the other bottom layers are fixed in their bulk positions.

To model Fe(100), the p(4x4) slab consisting of four-layer iron are used, where the top two layers are relaxed and the bottom
two layers are fixed in their bulk positions. For Fe(111), a p(3x3) super cell with six-atomic-layer is used, where the top four lay-
ers are relaxed and the bottom two layers are fixed. According to the lattice sizes, 3x3x1 k-point grid sampling within the
Brillouin zones was set for Fe(100), while 2x2x1 for Fe(111). For studying Cu, adsorption on the Fe;C(010) and Fe;C(100) surfaces,
a p(2x2) unit cell is used to ensure enough surface area for Cu, cluster adsorption. According to the lattice sizes, 3x3x1 k-point
grid sampling within the Brillouin zones was set. All slab models have a 15 A vacuum region to exclude significant interaction bet-
ween the slabs for Fe and Fe;C surfaces.

3. Results

3.1. Cu, on Fe(100): For Cu, adsorption on this surfaces, both aggregation and dispersion are computed. For aggregation mode,
the clusters of Cu, (n = 4-7) which are more stable in gas phase and have been adopted in the previous study39 also are consider-
ed. Despite different initial structures in gas phase of these clusters, they become the same adsorption configuration after
optimization in some cases, and only those stable configurations have been compared and discussed. The same clusters are also
considered on the Fe(111) surface. As shown in Fig. 1, the Fe(100) surface has top (T), bridge (B), and hollow (H) adsorption sites.
The results for Cu, (n = 1-7, 13) adsorption are listed in Table 1 and the adsorption configurations are shown in Fig. 2. The
detailed adsorption structures and energies after optimization are given in the Supplementary Information (Fig. S1-4).

(a) Cu, adsorption: The most stable adsorption site for one Cu atom is the H site having the coordination number of five to the
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Page 5 of 20 Physical Chemistry Chemical Physics

exposed surface iron atoms; and the adsorption energy is -3.16 eV. For Cu,, both two Cu atoms are located at the neighboring H
sites with the Cu-Cu distance of 2.48 A, which is longer than that in gas phase (2.22 A). The computed adsorption energy is -6.85

eV, which is larger than twice of single Cu atom adsorption (-6.32 eV), indicating additional Cu-Cu interaction.

(a) Fe(100) (b) Fe (111) (c) FesC (010) (d) FeaC (100)
Fig. 1 Possible adsorption sites on the Fe (100), Fe (111), Fe3C(010) and Fe;C(100) surfaces; top (T), bridge (B), hollow (H), one-fold (1F),

two-fold (2F), four-fold (4F, 4F1, 4F2, 4F3 and 4F4), five-fold (5F), six-fold (6F) and seven-fold (7F) sites (blue balls for Fe atoms, dark balls for

the first layer C atoms; grey balls for the second layer C atoms)

Table 1 Adsorption energies [E(Cu,/.qs); €V], average adsorption energies [E(Cuags/ay); €V], stepwise adsorption energies [AE(Cu,gs);
eV], average aggregation energies [Eyqe(Cuags); €V], stepwise growth energies [Egowen(Cu,gs); €V], coordination numbers (CN) with

surface Fe atoms, average Cu—Cu distances (dg,.c,, A), and average Bader charges (g, ) for Cu, (n = 1-7, 13) on Fe(100)

Cup E(CUnjass)”  E(CUagsso)  DE(CUags)  EogglClags)’  Egrown(Cuass)® CN  deye,” g
Fe(100)-Cu, -3.16 (0.35) -3.16 -3.16 0.00 0.00 5 -0.28
Fe(100)-Cu,-a/b  -6.85 (0.16) -3.42 -3.69 -0.27 (-1.13) -0.53(-2.26) 10 2.48(2.22)° -0.27
Linear-based growth mode
Fe(100)-Cus-a -10.38 (0.13) -3.46 -3.53 -0.30 -0.37 15 2.56 -0.25
Fe(100)-Cuy-a -13.99 (0.02) -3.50 -3.61 -0.34 -0.45 20 2.83 -0.22
Fe(100)-Cus-a -17.56 (-0.05) -3.51 -3.57 -0.35 -0.42 24 2.79 -0.21
Fe(100)-Cug-a -21.32 (-0.30) -3.55 -3.76 -0.40 -0.60 30 2.75 -0.20
Square-based growth mode
Fe(100)-Cus-b  -10.38 (0.13) -3.46 -3.53 -0.30(-1.23) -0.37(-1.43) 14 2.53(2.35) -0.24
Fe(100)-Cus-b  -14.07 (-0.06) -3.52 -3.69 -0.36(-1.59) -0.53(-2.67) 20 2.63(2.36) -0.21
Fe(100)-Cus-b  -17.61(-0.10) -3.52 -3.55 -0.36(-1.72) -0.39(-2.26) 24 2.63(2.36) -0.21
Fe(100)-Cug-b  -21.32 (-0.30) -3.55 -3.70 -0.39(-1.92) -0.55(-2.88) 28 2.67(2.36) -0.20
Fe(100)-Cus-a/b -25.05 (-0.53) -3.58 -3.73 -0.42 (-2.04) -0.57(-2.80) 33 2.73(2.42) -0.19
3D structures
Fe(100)-Cus-c -17.09 (0.43) -3.42 -3.02 -0.26 0.14 21 2.61 -0.18
Fe(100)-Cug-c -20.63 (0.39) -3.44 -3.01 -0.28 0.14 26 2.62 -0.19
Fe(100)-Cuy-c -24.48 (0.04) -3.50 -3.16 -0.34 0.00 31 2.59 -0.18
Cuys

Fe(100)-Cu;3-a  -47.31(-1.78)  -3.64 -0.48 55 2.79 -0.15
Fe(100)-Cuyz-c1  -46.60 (-1.06) -3.58 -0.43 48 2.74 -0.15
Fe(100)-Cuyz-c2  -45.30(0.23) -3.48 -0.33 37 2.61 -0.14

(a) The values in parenthesis are obtained with respect to the bulk Cu energy. (b-d) The values in parenthesis are that of Cu, clusters in gas

phase (from Ref 39)
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Adding one Cu atom to Cu, gives two most stable adsorption configurations of Cu; with the same adsorption energies (-10.38
eV), the linear Cus-a as well as the branched Cus-b. For Cu, adsorption, there are two adsorption configurations in close adsorp-
tion energies, i.e., the linear Cus-a (-13.99 eV) and the square Cu,-b (-14.07 eV). For Cus adsorption, the linear-based Cus-a as
well as the square-based Cus-b also have close adsorption energies (-17.56 and -17.61 eV, respectively). The same is also found
for Cug adsorption, and they have the same adsorption energies (-21.23 eV) despite their large structural differences. From both

growth modes, we finally obtained the most stable adsorption configuration for Cu; with adsorption energy of -25.05 eV.

0888:
08T
ol o L L]

Cus-a (-17.56)
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Cuz (-6.85) Cur (-25.05)

Cus-b (-10.38) Cua-b (-14.07) Cus-b (-17.61) Cue-b (-21.32)

Cus-c (-17.09)

Cu1sz-a (-47.31) Cu13-c1 (-46.60) Cu13-c2 (-45.30)

Fig. 2 Structures for Cu, (n = 1-7, 13) on the Fe(100) surface (blue ball for Fe atoms; and red ball for Cu atoms)

For n = 4-6, the Cu, chain of linear-based growth mode is not an isolated cluster, but rather interacts with the neighboring
units to form a row of Cu atoms due to periodicity. However, both growth modes have very close adsorption energies and this is
due to their equal numbers of Fe-Cu as well as Cu-Cu bonding. This is again confirmed by the adsorbed Cu; structure. For search-
ing the surface size effect, we computed Cu, and Cus adsorption modes using the larger p(5x4) slab size (Supplementary Informa-
tion Fig. S25). For Cuy, three are three adsorption modes, the isolated square one and the linear one interacting with the neigh-
boring units (along the short edge) as well as the isolated linear one (along the long edge). The former two modes which have
the same Cu-Cu bonding and close adsorption energies (-14.06 and -14.07 eV) are more stable than the third one (-13.96 eV)
which has one Cu-Cu bonding less. For Cus, four adsorption modes are computed; the square-based one, the linear one interact-
ing with the neighboring units (along the long edge) and the L-form one interacting with the neighboring units (along the short
edge) as well as the isolated L-form one (along the long edge). The former three modes having the same number of Cu-Cu bond-
ing are close in adsorption energies (-17.60, -17.55, -17.57 eV), and they are more stable than the last one (-17.48 eV) which has
one Cu-Cu bonding less. On large enough surface size, it is to expect that square based modes should be more favorable energe-

tically, and therefore monolayer adsorption configurations with more squares are favored with the increase of coverage.

~E~
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To confirm this proposal, the most stable 3D configurations for n = 5-7 in our study are also listed in Fig. 2. All these clusters
have one Cu atom over the square. The adsorption energy of the most stable 3D Cus (Cus-c, -17.09 eV), Cug (Cug-c, -20.63 eV) and
Cuy (Cuy-c, -24.48 eV) isomers is 0.52, 0.69 and 0.57 eV lower than that of the most stable 2D isomers, respectively. Compared to
their 2D isomers, these 3D isomers have more Cu-Cu bonding, but less Fe-Cu bonding, revealing stronger Fe-Cu bonding over
Cu-Cu bonding on surface.

To further confirm this result, we used the large Cu;3 models, where the 2D model has a monolayer structure (Cuy3-a) and one
3D model (Cuy5-c1) has a Cu;, monolayer covered by a Cu atom over a square surface. The second 3D model (Cu,3-c2) has a bilay-
er structure, where the first layer has a Cug monolayer and the second layer has one Cu, square unit. The monolayer 2D structure
(Cuys-a; -47.31 eV) is more stable than the two 3D structures (Cuyz-cl; -46.60 eV and Cuy3-c2; -45.30 eV), suggesting a lay-
er-by-layer mode for further Cu growth, as supported by the previous low-energy electron diffraction and reflection high-energy

6163 e Cu over-layers grow layer-by-layer on the Fe(100) surface, and maintain the bcc phase as

electron diffraction studies,
the iron substrate. In addition, the computed single-point energies for Cu,3-a and Cu,3-c2 on Fe(100) in gas phase show that the
3D cluster is 7.25 eV more stable than the planar 2D structure, indicating stronger Fe-Cu bonding on surface than Cu-Cu bonding
in gas phase. The same trend is also shown by the much lower average aggregation energies (negative of the binding energies) of
Cu, on surface than in gas phase (Table 1). Therefore, one can expect that Cu prefers monolayer structures on Fe(100), while 3D
clusters in gas phase. It is noted that none of our Cu;3 models represents the most stable gas phase structure,®® and the adsorp-
tion of this most stable gas phase cluster on Fe(100) would be very unstable due to the much lower number for Fe-Cu bonding.

(b) Cu, mobility: To understand the mobility of the adsorbed Cu atoms on Fe(100), the migration barrier of the adsorbed
single Cu atom on the surface from one H site to another H site has been computed. In the transition state (Fig. 3), the Cu atom is
located at the bridge (B) site; and the barrier is 0.52 eV, which agrees well with the previous result (0.50 eV).39 The diffusion of
the adsorbed single Cu atom from H site to T site is not considered due to the highly endothermic process (1.03 eV).

In addition, two isomerization pathways of Cu,-b are considered. One is the square-diamond-square transition to Cu,-c, the
computed barrier is 1.10 eV and the process could be used to estimate surface translation; the other one is the distortion to
Cu,-d, the computed barrier is 0.87 eV and the process could be used to estimate stepwise isomerization of surface Cu,, (Fig. 3).
Similar to that on Fe(110), the diffusion of an edge Cu atom is easier than the translation of multi-Cu atoms. Nevertheless,

compared with Cu, on Fe(110) (0.42/0.28 eV),39 the adsorbed Cu,, structures on Fe(100) have lower mobility.

1 ' : 94 P9 :
Cus-b (-14.07) TS4' (-12.97) Cua-c (-13.93)

Fig. 3 The transition states for the degenerated Cu; migration (TS1) and Cu, isomerization (TS4) on the Fe(100) surface (blue ball for Fe atoms;

and red ball for Cu atoms)

3.2 Cu, on Fe(111)

(a) Cu, adsorption: Because of its more open surface structure, Cu, adsorption on Fe(111) is very different from those on

~7~
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Fe(110) and Fe(100). As shown in Fig. 1b, for single Cu atom, only the adsorption at 7F, 4F and T sites is located. The 7F site has
three first layer Fe atoms, three second layer Fe atoms and one third layer Fe atom; the 4F site has one second layer Fe atom and
three first layer Fe atoms; and the T site is atop of the first layer Fe atoms. The most stable adsorption configuration on the
surface is located at the 7F site.

There are also two growth modes; the dispersion one (Cu,-a) without forming direct Cu-Cu bonding and the aggregation one
(Cu,-b) with direct Cu-Cu bonding. These results are listed in Table 2 and the adsorption configurations are shown in Fig. 4. For
the dispersion mode Cu,-a (n = 2-7), all Cu atoms are located vertically on the top of the third layer Fe atoms without direct
Cu-Cu bonding (7F site). All these adsorption configurations have nearly the same adsorption energies and stepwise adsorption
energies, revealing that all the adsorbed Cu atoms on the surface are independent, and they do not interact with each other.

For the aggregation mode Cu,-b, the surface Cu atoms adsorb at either the 7F site or the nearest 4F site (the second stable
adsorption site) to form Cu,, clusters. The Cu,-b structure has one Cu atom at the 7F site and another Cu atom at the nearest 4F
site. In the Cus-b structure, two Cu atoms adsorb at the 7F sites and one Cu atom adsorbs at the nearest 4F site. The Cu,-b struc-
ture is star-like, where three Cu atoms at the 7F sites and one Cu atom at the nearest 4F site. For the Cug-b structure in U-shape,
three Cu atoms adsorb at the 7F site while the other two Cu atoms adsorb at the nearest 4F site. Both Cug-b and Cu;-b are form-
ed on the basis of Cus-b by adding a 7F-Cu atom to the side of the original 4F-Cu atoms, namely forming successive star-like

structures.

Cus-a (-11.30)  Cus-a(-15.09)  Cus-a (-18.85)

Cuz2-b (-6.98) Cus-b (-10.96) Cus-b (-14.92) Cus-b (-18.20) Cue-b (-22.21) Cu7-b (-26.19)
Fig. 4 Structures for Cu, (n = 2-7) on the Fe(111) surface (blue balls for Fe atoms; and red balls for Cu atoms)
Table 2 Adsorption energies [E(Cupag); €V],” average adsorption energies [E(Cu,ga); €V], stepwise adsorption energies

[AE(Cu,gs); eV], average aggregation energies [Eqqy(Cu,gs); €V], stepwise growth energies [Egowen(Cuags); €V], coordination numbers

(CN) with surface Fe atoms, average Cu—Cu distances (d, A), and average Bader charges (q, e) for Cu, (n = 1-7, 13) on Fe(111)

Cu, E(CUn/ags)’  E(ClUpgesa) AE(CUngs)  Eagg(CUags)  Egrowen(Cuaas) CN - d q
Fe(111)-Cu;  -3.77(-0.27) -3.77 -3.77 0.00 0.00 7 - -0.27
Dispersed growth mode
Fe(111)-Cu,-a  -7.54 (-0.53) -3.77 -3.76 0.00 0.01 14 - -0.26
Fe(111)-Cuz-a -11.30(-0.79) -3.77 -3.77 0.00 0.00 21 - -0.25
Fe(111)-Cus-a -15.09 (-1.08) -3.77 -3.79 0.00 -0.02 28 - -0.24
Fe(111)-Cus-a -18.85(-1.33)  -3.77 -3.76 0.00 0.02 35 - 022
Fe(111)-Cug-a -22.64 (-1.63) -3.77 -3.80 0.00 -0.02 42 - -0.21
Fe(111)-Cu-a -26.42 (-1.90) -3.77 -3.77 0.00 0.00 49 - -0.19
Star-like growth mode
Fe(111)-Cu,-b  -6.98 (0.03) -3.49 -3.20 0.28 0.57 11 248 -0.22
Fe(111)-Cus-b -10.96 (-0.45) -3.65 -3.98 0.12 -0.21 18 249 -0.23
Fe(111)-Cus-b  -14.92(-0.91) -3.73 -3.96 0.04 -0.19 25 2.53 -0.22

~g~
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Fe(111)-Cus-b -18.20(-0.68) -3.64 -3.28 0.13 0.49 29 249 -0.21
Fe(111)-Cug-b  -22.21(-1.19) -3.70 -4.01 0.07 -0.24 36 2.51 -0.20
Fe(111)-Cu;-b -26.19 (-1.67) -3.74 -3.98 0.03 -0.21 43 251 -0.20

(a) The values in parenthesis are obtained with respect to the bulk Cu energy.

On the basis of the computed adsorption energies, it is clearly to see that the dispersion mode is more stable than aggrega-
tion mode with direct Cu-Cu binding by 0.56, 0.35, 0.17, 0.65, 0.43, 0.23 eV for n = 2-7, respectively. Furthermore the average
aggregation energies of Cu, on Fe(111) are zero for dispersion mode and positive for aggregation mode, indicating that the dis-
persion mode is energetically more preferred at low coverage. Since the energy differences between Cus-a and Cuy-b as well as
Cuy-a and Cuy-b are very small, and both Cus-b and Cu;-b configurations are star-like, it is to expect that further coverage in-
crease will result in the formation of adsorption configurations having star-like (Cu,) structural unit. Indeed, the dispersed
growth mode is a perfect epitaxial Cu growth on Fe(111), and the formation of star-like units at high coverage should follow the
layer-by-layer growth mode.

(b) Cu, mobility: For the migration of the single adsorbed Cu atom from one 7F site to another 7F site, the computed barrier is
0.79 eV. In the transition state (Fig. 5), the Cu atom is located at the qusi-4F site. The diffusion of the single adsorbed Cu atom
from the most stable 7F site to the least stable T site is unlikely because of their larger energy difference (1.96 eV).

In addition, we also computed the transition from the two dispersed Cu atoms in 2Cu to the two aggregated Cu atoms in Cuy-b.
The computed barrier is 0.63 eV (0.07 eV for the back reaction), and the reaction is endothermic by 0.56 eV. Therefore, the dis-

persion process is favored not only thermodynamically but also kinetically.

BT R BCTRCTR
TS2 (-6.90) Cuz-b (-6.98

Fig. 5 Transition states for the degenerated Cu; migration (TS1) and the aggregation from 2Cu to Cu2-b (TS2) (blue ball for Fe atoms; and red

ball for Cu atoms)

3.3. Cu, on Fe;C(010): The Fe;C(010) surface has only two Fe atom layers exposed, and the iron atoms of both layers are in a
zigzag arrangement. As shown in Fig. 1c, four adsorption sites are located, i.e., the five-fold (5F), four-fold (4F), two-fold (2F), and
one-fold (1F) sites. The 5F site has three Fel and two Fe2 atoms; the 4F site has three Fel atoms and one Fe2 atom; the 2F site
bridges two Fel atoms, and the 1F site is atop one Fel atom. The detailed adsorption energies and structure information of Cu,
(n=1-7, 13) on Fe3C(010) are listed in Table 3, the adsorption configurations are shown in Fig. 6.

Our results in the Supplementary Information (Tables S3-4) show that the adsorption energies of the adsorbed Cu atoms
depend highly on the coordination number (CN) with the exposed surface iron (CN-Fe) and surface carbon (CN-C) atoms, i.e.; the
higher the CN, the stronger the adsorption. In addition, the number of Cu-Cu bonding (NB-Cu) also affects the adsorption ener-
gies. For Cu, (n > 4), three adsorption modes are examined; i.e., the dispersed and aggregated modes, where all Cu atoms
interact with the exposed surface atoms, as well as the two-layer 3D cluster mode in which only the first layer Cu atoms interact
with the exposed surface atoms. Because of the large numbers of adsorption configurations, we discussed only the most stable
dispersed and aggregated as well as the two-layer 3D structures, and the other less stable adsorption structures along with their

energies are given in the Supplementary Information (Fig. S9-24).

~g~
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(a) Cu, adsorption: The most stable adsorption configuration for one Cu atom is the 5F site, and the adsorption energy is -3.39
eV. For n = 2, the dispersed mode with two Cu atoms separately located at the 5F sites (Cu,-a) is less stable, while the aggregated
mode (Cu,-b) having two 5F-sited Cu atoms bonded is more stable (-6.79 vs. -6.98 eV). For n = 3 and 4, both modes have all Cu
atoms adsorbed at the 5F sites, and the dispersed mode (Cus-a/Cug-a; -10.17/-13.55 eV) is less stable than the zigzag linear
aggregated mode (Cusz-b/Cu,-b; -10.57/-14.42 eV).

For further growth to Cus, the resulted dispersed mode (Cus-a, -16.61 eV) has the newly added Cu atom adsorbed at the 2F
site and bonded to one 5F-sited Cu atom to form a Cu, unit, while the aggregated mode (Cus-b, -17.77 eV) has the newly added
Cu atom adsorbed at the 5F site separated with the Cu, unit (Cus-b+5F) is more stable. In addition, the two-layered Cus cluster

Cus-c (tetragonal pyramid, -15.97 eV) is less stable than Cus-b by 1.80 eV.

Table 3 Adsorption energy [E(Cu,,.q); €V], average adsorption energy [E(Cu,qs.y); €V], stepwise adsorption energy [AE(Cu,ys); eV],
average aggregation energy [E,q4(Cu,gs); €V], stepwise growth energy [Egrowin(CUags); €V], coordination number (CN) with surface
Fe and C atoms, number of Cu—Cu bond (NB-Cu), average Cu—Cu distance (d, A), and average Bader charge (g, e) for Cu, (n = 1-7,
13) on Fe;C(010)

E(CUp/ags)’ E(CUsgs/av) AE(Cuyg,) Eage(CUsss)  Egrowtn(CUna) CN-Fe CN-C NB-Cu d Q
Cul -3.39(0.12) -3.39 5 -0.13
Dispersed mode
Cu2-a -6.79 (0.22) -3.4 -0.01 10 0 0 -0.11
Cu3-a -10.17(0.34) -3.39 0.01 15 0 0 -0.11
Cu4-a -13.55 (0.46) -3.39 0.00 20 0 0 -0.1
Cu5-a  -16.61(0.90) -3.32 0.33 22 0 0 -0.09
Cub-a -19.75(1.27) -3.29 0.25 24 0 0 -0.08
Aggregated mode
Cu2-b -6.98 (0.03) -3.49 -3.59 -0.10 -0.20 10 0 1 2.54 -0.12
Cu3-b  -10.57 (-0.07) -3.52 -3.60 -0.14 -0.21 15 0 2 2.54 -0.11
Cud-b  -14.42(-0.41) -3.61 -3.85 -0.22 -0.46 20 0 4 2.58 -0.11
Cu5-b  -17.77 (-0.26) -3.55 -3.35 -0.17 0.04 25 0 4 2.58 -0.09
Cub-b  -21.39(-0.38) -3.57 -3.62 -0.18 -0.23 27 0 7 2.56 -0.09
3D structures
Cu5-c -15.97 (1.54) -3.19 14 0 8 2.49 -0.07
Cub-c -19.81(1.21) -3.30 19 0 10 2.50 -0.07
Cuy and Cuqs
Cu7 -24.96 (-0.44) -3.57 -3.57 -0.18 -0.18 32 0 8 2.56 -0.08
Cul3-a -47.50(-1.97) -3.65 -0.27 50 0 27 2.57 -0.06
Cul3-b -46.72(-1.18) -3.59 48 0 28 2.56 -0.05
Cul3-c -44.54(1.00) -3.43 38 0 30 2.52 -0.05

(a) The values in parenthesis are obtained with respect to the bulk Cu energy.

On the basis of the three modes of Cus, the three corresponding adsorption modes of Cug are computed. In Cug-a (-19.75 eV),
the newly added 2F-sited Cu atom bridging two 5F-sited Cu atoms forms a Cu, unit while the last two Cu atoms are still dispersed
after optimization. In the aggregated Cug-b (-21.39 eV), the newly added 2F-sited Cu atom fuses the single 5F-sited Cu atom and
the Cu, unit to a branched Cug structure, and Cug-b is more stable than Cug-a by 1.64 eV. The two-layer 3D structure (Cug-c) has a
Cu atom substituted tetragonal pyramid, and the adsorption energy is -19.81 eV, lower than that of Cug-b by 1.58 eV.

Further growth to Cu; based on Cug-b is examined. The structures with all Cu atoms aggregated (-24.96 and -24.83 eV) have

very close adsorption energies with the configuration having separately adsorbed Cuz and Cu, units (-24.89 eV). Only the most
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stable (-24.96 eV) configuration is shown in the Fig. 6, while others are given in the Supplementary Information (Fig. S15).
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Cur (-24.96) Cu1s-a (-47.50) Cui1z-b (-46.72) Cu13-c (-44.54)
Fig. 6 Most stable adsorption configurations of Cu, (n = 1-7, 13) on the Fe;C(010) surface (blue balls for Fe atoms, black balls for C atoms, and

red balls for Cu atoms)

The large size Cu,; adsorption is examined. The aggregated mode (Cuy3-a) has a monolayer structure with eight 5F-sited Cu
atoms and five 2F-sited Cu atoms bonded as a patch, and the adsorption energy is -47.50 eV. The two-layer 3D configurations
Cuy3-b (one second-layered Cu atom, -46.72 eV) and Cuys-c (three second-layered Cu atoms, -44.54 eV) are, however, less stable.

The computed results of Cu, adsorption on the metallic Fe3C(010) surface show that the aggregated modes are more stable
than the dispersed and two-layer 3D modes (n = 2-6); monolayer structure is preferred at high coverage. It is noted that for n =
4-7, each most stable adsorption configuration has a Cu, chain interacting with the neighboring units. The most stable Cuz
structure has three cross-linked Cu, chains. The average adsorption energies of the most stable Cu, adsorption configurations are
larger than that of single Cu atom, indicating that both surface Fe-Cu and Cu-Cu bonding contribute to the adsorption energies.
For studying the surface size effect, we computed two Cus adsorption structures using the larger p(2x3) slab size (Supplementary
Information Fig. S26), the one with a Cus chain and the other one having a Cu, chain and an isolated Cu atom (Cus-b like). The

former is more stable than the later (-17.78 and -17.57 eV, respectively). On large enough surface size, it is to expect that chain

~11~
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modes should be more favorable energetically.

(b) Cu, mobility: The diffusion of single Cu atom on the Fe;C(010) surface is relatively simple. There are two pathways, P1
along the [100] direction and P2 along the [001] direction (Fig. 7). Since no transition states could be located, the diffusion pro-
cess can be considered as Cu atom hopping between different adsorption sites. Due to the different adsorption energies at 4F
and 2F sites, the energy level of P1 (5F > 4F = 5F) is lower than that of P2 (5F > 2F - 4F - 5F) (0.21 vs. 0.79 eV). Indeed, P1
leads to the formation of the zigzag line found in Cug-b. This further verifies the conclusion of Cu, growth mode obtained above.

3.4. Cu, on Fe;C(100): The schematic structure and adsorption sites of Cu atom on Fe;C(100) are shown in Fig. 1d. The
Fe3C(100) surface is highly ordered and can be divided into periodically repeated iron regions separated by surface carbon lines.
Within one region, there are three iron layers exposed on the surface, including one first-layer Fe atom line (Fel), two symmetri-
cal second-layer Fe atom lines (Fe2) and two symmetrical third-layer Fe atom lines (Fe3) in the order of Fe3-Fe2-Fel-Fe2-Fe3,
while the Fe3 lines neighbor the boundary C atom lines. The Fe;C(100) surface has different sites for Cu adsorption, i.e.; the
six-fold (6F) site is located on the carbon line and consists of five Fe atoms and one C atom; the two-fold (2F) site bridges the first

and second layer iron atoms; the one-fold (1F) site is atop the first layer iron atom. For the four-fold sites, the 4F1, 4F2 and 4F3

sites have one carbon atom and three iron atoms, and the 4F4 site has four Fe atoms.

r [001]

— —P2
T2F
0.54
__ 4
009 - 5
-0.5 >

Fig. 7 Diffusion pathways of single Cu atom on the Fe3C(010) surface (blue balls for Fe atoms, black balls for C atoms, and red balls for Cu

atoms)

(a) Cu, adsorption: These results are listed in Table 4 and the adsorption configurations are shown in Fig. 8. The most stable

adsorption site of one Cu atom on Fe3C(100) is the 6F site and the adsorption energy is -3.58 eV. For Cu, adsorption, the dispers-
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ed mode Cu,-a has both two Cu atoms at the 6F sites, and the adsorption energy is -7.17 eV; while the aggregated mode Cu,-b
having one Cu atom at the 6F site and the second Cu atom at the 4F1 site is less stable (-6.98 eV). On the basis of Cu,-a as well as
Cu,-b, one dispersed (Cus-a) and one aggregated (Cus-b) most stable adsorption configurations are obtained. Despite remarkable
structural differences, they have very close adsorption energies (-10.63 and -10.71 eV, respectively). On the basis of the total
coordination numbers (CN-Fe, CN-C and NB-Cu), one general trend can be found, i.e.; the larger the total coordination number,
the stronger the adsorption, and configurations having the same coordination numbers are close in adsorption energies.

For n = 4, we have located the dispersed (Cus-a) and aggregated (Cu,-b) as well as the two-layer 3D cluster (Cu,-c, a tetrahedral
structure) modes. Both Cugz-a as well as Cu,s-b having the same total coordination number (24) are very close in energy (-14.11
and -14.21 eV, respectively), while Cus-c having lower coordination number (18) is less stable (-12.94 eV).

Since all the most stable 6F sites have been occupied in Cu,s-a, further addition of Cu atoms for the dispersed mode will occupy
the 4F4 sites. The resulted adsorption configuration (Cus-a) has adsorption energy of -17.28 eV. For the aggregated mode (Cus-b),
one additional Cu atom has been added to Cu,-b to form a rhombic ring, and the adsorption energy is -17.71 eV. This energetic
difference can be ascribed to their different total coordination numbers (28 vs. 29). For the two-layer 3D cluster model (Cus-c, a

Cu atom substituted tetrahedral structure), the adsorption energy is -16.86 eV, less stable than Cus-b by 0.86 eV.

Table 4 Adsorption energy [E(Cu,.qs); €V], average adsorption energy [E(Cu,qs/ay); €V], stepwise adsorption energy [AE(Cu,g); eV],
average aggregation energy [E,q4(Cu,as); €V], stepwise growth energy [Egrowin(Cuads); €V], coordination number (CN) with surface
Fe and C atoms, number of Cu—Cu bond (NB-Cu), average Cu—Cu distance (d, A), and average Bader charge (q, e) for Cu, (n = 1-7,
13) on Fe;C(100)

E(CUpags)’ E(CUags/av) AE(Cuygs) Egg(CUags) Egrowtn(CUags)  CN-Fe CN-C NB-Cu d q

Cul -3.58 (-0.07) -3.58 5 1 0 0.16

Dispersed mode
Cu2-a -7.17 (-0.16) -3.58 -3.59 -0.01 -0.01 10 2 0 0.16
Cu3-a  -10.63(-0.12) -3.54 0.12 15 3 0 0.16
Cu4-a  -14.11(-0.10) -3.53 0.09 20 4 0 0.16
Cu5-a -17.28 (0.23) -3.46 0.40 24 4 0 0.09
Cub-a -20.40 (0.61) -3.40 0.46 28 4 0 0.05
Aggregated mode
Cu2-b -6.98 (0.03) -3.49 0.17 8 2 1 2.50 0.07
Cu3-b  -10.71(-0.20) -3.57 -3.55 0.01 -0.16 13 3 2 2.53 0.09
Cud-b  -14.21(-0.20) -3.55 -3.50 0.02 0.08 16 4 4 2.50 0.05
Cu5-b  -17.71(-0.20) -3.54 -3.50 0.03 0.07 18 4 7 2.52 0.03
Cub-b  -21.20(-0.18) -3.53 -3.49 0.04 0.09 20 4 10 2.54 0.02
3D structures
Cu4-c -12.94 (1.07) -3.23 10 2 2.50 0.03
Cu5-c -16.86 (0.66) -3.37 16 4 8 2.54 0.05
Cub-c -20.33(0.68) -3.39 18 4 10 2.53 0.03
Cuy and Cuy;

Cu?7 -24.62 (-0.10) -3.52 -3.42 0.06 0.15 25 5 10 2.54 0.04
Cul3-a -46.54(-1.01) -3.58 0.00 41 8 28 2.55 0.02
Cul3-b  -45.17(0.37) -3.47 36 6 29 2.57 0.00
Cul3-c  -45.13(0.41) -3.47 42 8 22 2,53 0.01
Cul3-d -43.30(2.24) -3.33 35 6 26 2.52 0.02

(a) The values in parenthesis are obtained with respect to the bulk Cu energy.
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For n = 6, as expected, the aggregated mode Cug-b (spiro-connected rhombic ring) is more stable than the dispersed mode
Cug-a (-21.20 vs. -20.40 eV), while Cug-c (a Cu, substituted tetrahedral structure) is least stable (-20.33 eV). Since the aggregated
mode becomes more stable than the dispersed mode for n > 3, we further considered only the aggregated model for n = 7. All
five adsorption configurations have very close adsorption energies (-24.38 to -24.62 eV, Supplementary Information), despite the
fact that the most stable one has one separated Cug unit and one isolated Cu atom. This indicates that the aggregation will take
place along the iron region at first and then spread over the surface in monolayer structure.

To confirm this proposal, the adsorption structures and energies of several Cu;; models are computed. As shown in Fig. 8, the
most stable adsorption configuration has a symmetrical Cuy; structure along the iron region, and this structure can be considered
as two Cug units linked by one 1F-sited Cu atom in the middle (Cuys-a, -46.54 eV). The second one (Cu,s-b, -45.17 eV), which has
the Cu,; unit across the carbon line is less stable by 1.37 eV. The third one (Cu,s-c, -45.13 eV), in which the two Cug units are
located in two iron regions and linked by one 2F-sited Cu atom, is less stable by 1.41 eV. The two-layer 3D cluster adsorption
mode (Cuy3-d, -43.30 eV), in which the first-layer has 11 adsorbed Cu atom on the iron region and two Cu atoms over the first
layer, is much less stable. All these confirm the proposed growth mode at high coverage, firstly growing to spiro-connected
rhombic Cug units on the edges of one iron region and then linked by 1F-sited Cu atoms in the middle of the iron region. Similar
to that on the Fe;C(010) surface, for n = 4-7 and 13, the most stable adsorption configurations have Cu, chains interacting with
the neighboring units. On the basis of the results, it can be seen that Cu atoms prefer to disperse at very low coverage (n =1, 2),

and aggregate as belts within the iron region at high coverage (n > 3).
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Fig. 8 Most stable adsorption configurations of Cu, (n = 1-7, 13) on the Fe;C(100) surface (blue balls for Fe atoms, black balls for C atoms, and

red balls for Cu atoms)

(b) Cu, mobility: To understand the stable state of Cu, on Fe;C(100), we computed the barriers for single Cu atom diffusion

among the most stable adsorption sites (6F). As shown in Fig. 9 (top), there are two directions for single Cu atom diffusion, i.e.;
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either the [001] or [010] direction. Similar to that Fe;C(010) surface, Cu diffusion can also be considered as Cu atom hopping bet-
ween different adsorption sites. As shown in Fig. 9 (bottom), the Cu atom diffusion following the first path (P1, 6F - 2F > 4F4 >
2F - 6F) along the [001] direction from one carbon line crossing the second-layer and first-layer iron atom lines has energy
difference of 1.03 eV. In the second path (P2, 6F - 4F3 - 4F1 > 4F2 - 6F), the Cu atom diffusion along the carbon line in the
[010] direction has energy difference of 0.49 eV, which is much smaller than that of P1. This is indeed understandable, since the
4F3 site has stronger adsorption energy for single Cu atom than the 2F site (-3.09 vs. -2.54 eV, Supplementary Information). On
Fe;C(100), the Cu atom can diffuse easily along the [010] direction. This also verifies our above proposed Cu aggregation mecha-

nism, i.e.; Cu aggregation will take place along the iron region at first and then spread over the surface in monolayer structure.
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Fig. 9 Diffusion pathways of single Cu atom on the Fe;C(100) surface

3.5. Discussion

Along with our previous study about the adsorption structures and energies of Cu, on the most stable Fe(110) and Fe;C(001)
surfaces,”® we are able to compare the adsorption properties of Cu, on the less and least stable iron as well as on iron carbide
surfaces for understanding the initial stages of copper promotion in Fe-based FTS.

On the most stable Fe(110) and the less stable Fe(100) surfaces, the most stable adsorption configurations favor two-dimen-
sional aggregation instead of surface dispersion and three-dimensional aggregation; and monolayer Cu covered Fe(110) and
Fe(100) surfaces can be expected at high coverage. This result is further verified by comparing the two-dimensional monolayer
structure and the three-dimensional two-layer structures of Cuys. This spread monolayer preference agrees well with the ex-
perimental observation that the reduced Cu species spreads to the metallic Fe surface when treated at 275°C.”® On the least
stable Fe(111) surface, however, the adsorbed Cu atoms favor dispersion instead of aggregation at low coverage, while both dis-
persion and aggregation modes are possible at high coverage. The driving force for these stable adsorption configurations is the
stronger Fe-Cu bonding on the surface than the Cu-Cu interaction in gas phase.

Generally the calculated results reveal that Cu tends to adopt the body-centered cubic lattice structure of the iron substrate in
the early stages of deposition (growth) and forms a two-dimensional monolayer at low coverage. Therefore, the formation of
metastable body-centered cubic Cu structures on the Fe substrate following the layer-by-layer growth mode can be expected at
high coverage, and this epitaxial growth mode of Cu on Fe(001) has been indeed verified by experimental studies.® Such

growth mode has been observed for Fe deposition on the body-centered cubic Mo(111) surface.®”
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The stepwise adsorption energies on the Fe(110) and Fe(100) surfaces indicate that not only the Fe-Cu bonding but also the
Cu-Cu bonding determine the adsorption strength and it is therefore possible to get stable Cu adsorption up to monolayer. On
the basis of the computed aggregation energies and stepwise growth energies, the adsorbed Cu atoms have higher aggregation
ability on the less stable Fe(100) surface than on the most stable Fe(110) surface. On Fe(111), the stepwise adsorption energies
are almost constant for Cu;; as well as the computed aggregation energies and stepwise growth energies are close to zero. All

these indicate Cu dispersion instead of aggregation.
On the basis of the average adsorption energies, the adsorption strength of Cu, (n = 2-7) on the surface, Fe(111) > Fe(100) >
Fe(110), correlates with the Cu, coordination number with the surface Fe atoms (CN-Fe) or the total coordination number (CN,

sum of CN-Fe and NB-Cu) as well as with the reverse order of surface stability of Fe(110) > Fe(100) > Fe(111).51’52 It is found that

the adsorbed single Cu atom is mobile and has the increasing diffusion barrier of Fe(110) < Fe(100) < Fe(111). With respect to Cu
bulk phase, the Cu, adsorption energy is positive for n=1-3 and negative for n > 4 on Fe(100) (Table 1) as well as positive for
n=1-6 and negative for n > 7 on Fe(110) (Table S5), while negative for n > 1 on Fe(111) (Table 2).

On the most stable Fe;C(001) and the least stable Fe;C(100) surfaces®’ the adsorbed Cu atoms prefer to disperse separately at
very low coverage and aggregate within the iron region at high coverage. One can expect that the surface Cu atoms will prefer
the iron regions of the Fe;C(001) and Fe;C(100) surfaces within an appropriate range of Cu coverage. In contrast, only aggregated
structures are favored on the less stable metallic Fe3C(010) surface from low to high coverage, as also found on the most stable
Fe(110) and the less stable Fe(100) surfaces. On these carbide surfaces, the more spread aggregation configurations are energe-
tically more favored than two-layer 3D configurations due to the stronger surface Fe-Cu bonding over the Cu-Cu bonding; there-
fore we can infer that the initial growth of Cu atom on Fe;C is the layer-by-layer mode. The rather negative stepwise adsorption
energies on these carbide surfaces indicate that it is possible to get stable Cu adsorption up to monolayer.

On the basis of the computed average aggregation and stepwise growth energies, the adsorbed Cu atoms have the highest
aggregation ability on the less stable metallic FesC(010) surface, revealing the thermodynamically preferred formation of aggre-
gated Cu, structures. Comparing the average adsorption energies of Cu, on these carbide surfaces shows that the strongest ad-
sorption is found on the least stable Fe;C(100) surface for n = 1-3 and on the less stable Fe;C(010) surface for > 4, while the most
stable Fe;C(001) surface has the weakest adsorption. Taking Cu bulk phase as reference, the Cu, adsorption energy is positive for
n=1-2 and negative for n > 3 on Fe;C(010) (Table 3) as well as positive for n > 1 on Fe;C (001) (Table S5); in contrast they are
negative for n > 1 on Fe;C(100) (Table 4).

It is very interesting to compare their adsorption properties between metallic iron and iron carbide surfaces. Both pure iron
and iron carbide surfaces have strong adsorption energies, and the strongest adsorption energies are found on Fe(111). Apart
from Fe(111), it is found that Cu aggregation properties agree well with the previous experiment studies that Cu agglomerates on

. . . 27,28
reduced catalyst surface (iron surface and carburized iron surface).

The possible explanation for the discrepancy of Fe(111) is
the surface stability and carburization process. More specifically, under typical FTS conditions, it is very difficult or impossible for
a direct comparison among different surfaces. Since Fe(111) is least stable and also least exposed. Carburization is a complex
process, involving C deposition on the surface, carbon diffusion into surfaces, carbon bulk diffusion and internal carbide
formation. During FTS and metallurgy processes, carburization of a-Fe to Fe;C is prevailing, and the carburization process differs
from surface to surface. For example, Fe(110) and Fe(100) have higher carbon diffusion barriers (1.47 and 1.18 (1.35) eVv)**®
than Fe(111) (0.77 eV),68 which is also lower than the bulk diffusion barrier from computation (0.86 eV)69 or experiment (0.87
eV).”® This result also indicates the easy carburization of Fe(111) suface. All these results revealed that Fe(111) may not stably
exist under typical FTS synthesis condition, and should not be detectable.

The adsorption energies on the most stable Fe(110) surface are stronger than on the most stable Fe;C(001) surface forn=1-7,

13; and this is in agreement with the experimental observation that iron carbide surface has lower Cu affinity than metallic Fe
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surface.” This indicates that the experimentally prepared catalysts should mainly consist of these most stable surfaces. Under H,
reduction atmosphere, for example, Fe(110) represents almost the whole exposed equilibrium shape and only trace of Fe(310) is

found; and the other less stable facets are not exposed and detectable.’>>

The lower Cu affinity of bulk Fe;C is also in line with
the previous theoretical study based on the formation energies of (Fe0,917Cu0,083)3C71 and the partitioning enthalpy72 of Fe,1Cu
to Fesq1CuC,. It is found that substituting Fe atom by Cu atom can destabilize the Fe;C phase, and during the competitive Cu dis-
solving in the body-centered cubic Fe and in Fe;C phases Cu prefers to partition to the Fe phase.

In contrast to these most stable surfaces, less or least stable surfaces behave quite differently. At low Cu coverage, the less
stable Fe;C(010) and the least stable Fe;C(100) surfaces have stronger Cu adsorption energies than the most stable Fe(110) and
less stable Fe(100) surfaces, indicating that Fe;C(010) and Fe;C(100) have higher Cu affinities than Fe(110) and Fe(100). At high
Cu coverage, Fe;C(010) and Fe;C(100) as well as Fe(110) and Fe(100) have close adsorption energies for Cuss, revealing coverage
and surface dependent Cu affinities on the less or least stable Fe;C surfaces. In order to explore the landscapes of Cu adsorption
and also the promotion in Fe-based FTS, it is necessary to prepare such less stable surfaces individually. All of these provide great
challenges to modern surface sciences and analytic techniques.

Bader charge analysis shows charge transfer from surface Fe atoms to the adsorbed Cu,, units on pure iron surfaces. This is due
to their difference in electronegativity between Fe and Cu (1.80 for Fe; and 1.85 for Cu).73 Furthermore, charge transfer on the
Fe(111) and Fe(100) surfaces are more pronounced than on the Fe(110) surface. Charge transfer from surface iron atoms to the
adsorbed Cu atoms is also found on the Fe;C(010) surface, where only surface iron atoms are exposed. Less pronounced net
charge transfer is found on the Fe;C(001) and Fe;C(100) surfaces having exposed iron and carbon atoms. Detailed analysis shows
that Cu atoms interacting with both surface iron and carbon atoms are positively charged. This difference is also in line with the
much stronger electronegativity of carbon atom (2.54), which can attract electrons from both iron and copper atoms. With the
size increase of the adsorbed Cu,, units, charge transfer decreases accordingly.

4. Conclusion

The adsorption configurations and energies of Cu, (n = 1-7, 13) on the Fe(110), Fe(100) and Fe(111) surfaces as well as on the
Fe3C(001), Fe3C(100) and Fe;C(010) surfaces have been systemically computed by using spin-polarized density functional theory
method. Our goal is the understanding into the structures of Cu promoters in Fe-based FTS.

On the Fe(110) and Fe(100) surfaces, the most stable adsorption configurations favor two-dimensional aggregated structures
instead of surface dispersion and three-dimensional aggregation at low coverage and the aggregation takes place easily due to
the low diffusion barrier as well as the negative average aggregation and stepwise growth energies. Monolayer Cu covered
Fe(110) and Fe(100) can be expected at high coverage. It is therefore to expect that the adsorbed Cu atoms almost epitaxially
grow on the Fe(110) and Fe(100) surfaces as a layer-by-layer mode at the initial stage, in agreement with the experimental ob-
servations. On the Fe(111) surface, the adsorbed Cu atoms favor dispersion rather than aggregation at low coverage, while both
dispersion and aggregation modes are possible at high coverage.

The driving force for these stable adsorption configurations is the stronger Fe-Cu binding over the Cu-Cu interaction. Due to
the stronger electronegativity of Cu atom over Fe atom, electron transfer from surface Fe atoms to the adsorbed Cu, has been
observed; and more pronounced electron transfer is found on Fe(100) and Fe(111) than on Fe(110).

Compared with the order of surface stability of Fe(110) > Fe(100) > Fe(111), the adsorption strength of single Cu atom has the
order of Fe(111) > Fe(110) > Fe(100), while the order of Fe(111) > Fe(100) > Fe(110) for Cu, (n = 2-7). It is also found that the ad-
sorbed single Cu atom is mobile and has the increasing diffusion barrier of Fe(110) > Fe(100) > Fe(111).

On Fe;C(100) and Fe;C(001) with exposed iron and carbon atoms, the adsorbed Cu atoms prefer dispersion at very low cover-

age and aggregation at high coverage, while aggregation is favored on the Fe;C(010) surface with only exposed iron atoms. For all

~ 17~



Physical Chemistry Chemical Physics Page 18 of 20

three surfaces, the two-dimensional aggregated configurations are energetically favored than the three-dimensional configura-
tions, therefore we can infer that the initial growth of Cu atom on the Fe;C surface is a layer-by-layer mode. Furthermore, Cu,
prefer to aggregate firstly as belts in the iron region on Fe;C(100) and Fe;C(001) due to the stronger surface Fe-Cu interaction. In
an appropriate range of Cu coverage, the surface Cu atoms would be confined to the iron region of the surface.

Compared to the pure iron surfaces, charge transfer between adsorbed Cu atoms and the exposed surface iron and carbon
atoms has been observed, while those interacting with the surface carbon atoms are, however, positively charged. On both iron
and iron carbide surfaces, the strength of charge transfer decreases with the increase of the Cu, size.

It should be emphasized that the surfaces considered in this study have different Cu affinities. On the most stable Fe(110) and
Fe;C(001) surfaces, the metallic Fe(110) surface has stronger Cu affinity than the Fe;C(001) containing exposed surface iron and
carbon atoms; and this finding is in agreement with the experimental observations. On the less stable surfaces, however,
Fe;C(010) and Fe;C(100) surfaces have stronger Cu affinities than the Fe(110) and Fe(100) surfaces at low coverage and close
affinities at high coverage, indicating surface and coverage dependent Cu affinities. It is therefore necessary to prepare all these
less stable surfaces individually in exploring Cu adsorption and promotion in Fe-based FTS, which provide challenges to surface

sciences and analytic techniques.
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