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First-principle density functional calculations with cluster and slab models have been performed to investigate
adsorption and thermally activated atomic nitrogen on M(111HKu, Ag, Au) surfaces. Optimized results
indicate that the basis set of the N atom has a distinct effect on the adsorption energy but an indistinct one
on the equilibrium distance. For the N/M(111) adsorption systems studied here, the threefold face centered
cubic (fcc) hollow site is found to be the most stable adsorption site. The reason for the fcc site is that the
perfected adsorption site has been explained by the density of states (DOS) analysis, that is, that N(2p) has
the smallest DOS population near the Fermi level on the fcc site as compared with other adsorption sites. The
variations of the adsorption energy as a function of adsorption site are similar and in the following order of
N—M(111) binding strengths on a given site: Cu(131)Ag(111) > Au(111). It is found that the N atom

forms essentially an ionic bond for the most stable site. Large contributions betweenrpavid N(2p)

orbitals o = 4, 5, and 6 for Cu, Ag, and Au, respectively) are found for the cluster model at the B3LYP/
LANL2DZ-6-31G(d,p) level and also found in the slab DFT-GGA calculation results, which are the main
characteristics of MN bonds. At last, the dissociation okn Cu(111) and Au(111) has also been obtained

in this work, and the results showed that the dissociation 06MNCu(111) is more active than that on the
Au(111) surface.

1. Introduction So far, the adsorption and recombinative desorption of atomic
nitrogen on Cu(100§;11 Cu(111)!2-16 Ag(111)}” and Fekikl)1®

The adsorption of C, H, O, and N atoms on transition and ,ye heen investigated with a variety of experimental techniques
noble metal surfaces are of considerable interest in connectiony g theoretical methods, including LEED, STM, PhD, FP-

with the nature of surface reactions involving molecular species LMTO, DFT, etc. Although gold has been used little as a
containing these atoms, which include bulk oxidation, corrosion, heterogeneous catalyst, it actually plays an important role in
ammonia synthesis, and a variety of hydrocarbon production ¢4a1ysist® The surface reactivity of gold changes markedly with
and reforming reactions. The location of these atoms at a crystaline structure and the chemistry, which are strongly affected by
surface is a fundamental quantity in_ the desqripti_on of surface he supports, although pure gold surfaces are rather indétive.
processes. Furthermore, the adsorption and diffusion of adatomsy, contrast to experimental investigations, little is known about
on metal ;urfaces can also be very useful knowledge in he binding characteristics of N/M(111) (M Cu, Ag, Au)
understanding many electrochemically and heterogeneouslysystems. A number of interesting issues requires more detailed
catalyzed reactionsAtomic adsorption on the low index faces gt gies involving well-defined single-crystal surfaces. As far
of metal surfaces raises superficially the simplest type of surface 55 \ye know, only one observation of adsorption for atomic

structural problem. At low coverage, the adatoms typically pitrogen on the Cu(100) surface was reported, and large covalent

occupy the highest coordination sites on the surface with very qntriputions between the N(2p) and Cu(3d) orbitals were found
little modification of the positions of the atoms on the surface 4t the DFET leveP

relative to their positions on the clean surfdda.our previous
report? the interaction of C, H, O, and S atoms with the Cu(111)
surface has been systematically studied from first-principle

A property with general interest is the difference in adsorption
energy for an adsorbate on different metals. In addition, diffusion
density functional calculati dth it Il with barriers for motion of adatoms on metal surfaces are important
then5| y func |otna calculations and the results agree Well With +,, ngerstand the dynamics of many catalytic reactions. Density

€ eXF_’e”_m?” S: ) ) ] ~functional theory has been recently used to study the interaction

The intrinsic fundamental interest of the interaction of atomic ¢ hydrogen on the M(111) (M= Ni, Pd, Pt) surface® and
nitrogen with metal surfaces is also relevant to the catalytic he calculated results were consistent with experimental obser-
chemistry of nitric oxide, whether in the context of automotive yations of the structure, energetics, and diffusion properties. We
exhaust problems or the ammoxidation of olefins to nitrides. fee| that model calculations of atensurface interactions can
sometimes be as accurate as experiment or at least complement

* To whom correspondence should be addressed. E-mail: wangguichang@each othef! In this paper, the adsorption of the N atom on the
nankai.edu.cn. Tel=+86-22-235052444 (O). Fax:+86-22-23502458. M(111) (M = Cu, Ag, Au) surfaces has been investigated by

T Nankai University. ’ P . .

* Taiyuan University of Technology. means of quantum chemical calculfsmons using both cluster and

8 University of Tsukuba. slab models. We also try to probe into the correlation between

10.1021/jp0500034 CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/01/2005




17944 J. Phys. Chem. B, Vol. 109, No. 38, 2005 Wang et al.

hep site The interaction of the N atom with different adsorption sites
& of the M(111) (M= Cu, Ag, Au) surfaces has been studied by
first-principle density functional calculations that use the hybrid
B3LYP exchange-correction functioddf® as implemented in
the Gaussian94 program pack&gEor Cu atoms, the relativistic
effective core potentials (ECPs) reported by Hay 3p, 3d, 4s,
and 4p shells are treated explicitly. Similarly, these ECPs treat
| explicitly the 4s, 4p, 4d, 5s, and 5p electrons of Ag and the 5s,
top site - — 5p, 5d, 6s, and 6p electrons of Au. It is customary to refer to
Mio(7.3) these ECPs as LANL2. The standard doubleasis set, also
reported by Hay and Watitand denoted as usual as LANL2DZ,
is used to describe the electron density of the valence electrons
of Cu, Ag, and Au, whereas the electron density of the N atom
is, respectively, described with the standard 6-31G and 6-31G-
(d,p) basis sets for comparison.

The natural bond orbital (NBO) procedé?é® provides an
efficient method for obtaining bonds and lone pair electrons
which compose an optimized Lewis structure of a molecule from

Mag(19,6.3) M;4(18.12.6) modern ab initio wave functions. The set of orthonormal NBOs
Figure 1. M1o(7,3), MoA(15,6,1), Mi(19,6,3), and Me(18,12,6) cluster ~ [0rms a compact and stable representation of the electron density

models represent the M(111) surfaces with different adsorption sites in @ molecul&’ and provides a convenient basis for investigating
(i.e., the top, bridge, hcp, and fcc sites) considered for atomic nitrogen charge-transfer or hyperconjugative interactions in molecular

adsorption. systemg? Reed et af° report that the natural population analysis
is an alternative to conventional Mulliken population analysis
some properties of these metals and the adsorption characteristicand seems better to describe the charge distributions in
of atomic nitrogen. To the best of our knowledge, this is the compounds of high ionic character (i.e., those containing metal
first systematically electronic structure calculation dealing with atoms), where Mulliken populations often contradict seriously

the N/M(111) (M= Cu, Ag, Au) adsorption systems. the density integration and empirical measures of ionicity. In
view of these cases, the NBO metfbis employed in the
2. Method of Calculation analysis of electron configuration and the binding characteristics

) ) of the N/M(111) (M= Cu, Ag, Au) adsorption systems.
The development of modern surface science provided the o the slab model calculation, it was based on a generalized
opportunity to investigate the interaction between catalysts and gradient approximation in the density functional theory carried
molecules or atoms at the atomic scale. However, computationsgyt ysing a package “STATE” (simulation tool for atom

of molecul_es_ containing transition metal atoms have proven to technology) which has been successfully applied to adsorption
be more difficult than those for first- and second-row aténs. roblems in the case of semiconductor and metal suriéés.
Recent advan_ces in methodology base.d on the technplogies Olve used the Perdew, Burke, and Ernz-erhof exchange and
pseudopotential and plane-wave basis sets and high-speedo rejation functiondf as well as Vanderbilt's ultrasoft pseudo-
computers have now made it possible to obtain quantitative potentials®s The energy cutoffs of the plane-wave basis sets
information on the surface phenomena. In this work, cluster 56 25 and 400 Ry for wave functions and charge density,
models of the surface have been employed to simulate the Nrespectively. The unit cell of p(& 2) with three and six layers
atom adsorbed on the M(111) (M Cu, Ag, Au) surfaces. was used as a model of the N atdfML, and a vacuum region
The cluster models of h(7,3) (M= Cu, Ag, Au) (i.e., seven  was defined at 10 A thickness between two neighboring slabs.
atoms in the first and three atoms in the second layegl- M The surface Brillouin zone was sampled using & 4 special
(15,6,1), Mg(19,6,3), and Cs§(18,12,6) are shown in Figure 1 k-point for M(111). The adsorbed N atom and above three layers
and have been chosen to represent the M(111) surfaces. Thefor the six layers model) of substrate atoms are allowed to relax
M(111) surfaces are constructed using the bulk lattice con3tants for structure optimization.
of 3.615 A (Cu), 4.086 A (Ag), and 4.078 A (Au). Generally,
there are four different adsorption sites on the M(111) crystal 3. Adsorption on the M(111) (M = Cu, Ag, Au) Surfaces
surface: the top site which resides above a surface atom, two . . .
threefold hollow sites which correspond to the “fcc site” (face Table 1 lists the adsorption energies, natural charges, and

centered cubic) and the “hcp site” (hexagonal close packed) (thestruct_ural parameters of atomic nitrogen adsorbed onto each of
hcp site resides above a subsurface atom in the second substraﬁge sites on the M(ll.l) surfaces of Cu,. Ag, and Au. The
adsorption energyHaqd is calculated according to the formula

layer, the fcc site does not), and the “bridge” site which lies
halfway between the fcc and hcp sites. These sites are
schematically illustrated in Figure 1. In the present calculations, Eass= E(M) + E(N) — E(M + N) 1)

a single nitrogen atom is placed on each of the different sites,

namely, the top (1), bridge (42), hcp (+2-7-8), and fcc whereE(M), E(N), andE(M + N) denote the calculated energy
(1—2-3) hollow sites (the number in parentheses is the same of a cluster without the N atom, the free N atom, and a cluster
as the label for the metal atom in the §¢¥.3) model of Figure with the N atom, respectively. A positive value Bf4simplies

1). Geometry optimizations for the perpendicular distance of that the adsorption of the N atom from the gas phase is
the N atom to the first metal layer are carried out while the thermodynamically favorable.

cluster geometries are fixed at the bulk lattice parameters due 3.1. Preferred Site and Adsorption Energy.To find the

to the fact that there is very little modification of the metal preferred site for the N atom, we first examined its adsorption
surface by the adatom at low coverdge. behavior on the Cu(111) surface. The optimized results show



Adsorption of Atomic Nitrogen on M(111) Surfaces J. Phys. Chem. B, Vol. 109, No. 38, 20067945

TABLE 1: Adsorption Energies and Structural Parameters 5.6
for the Adsorption of Atomic Nitrogen onto the M(111) (M 54 — g —m— Cu(111) surface
= Cu, Ag, Au) Surfaces at the B3LYP/LANL2DZ Level for 521 —o— Ag(111) surface
the Mo Cluster 5'0_- —A— Au(111) surface
6-31G basis set 6-31G(d,p) basis set % 4.8] |
Eas(DFT) Eas(DFT) 3 461
Zeq(A) (eV) Zeg(A) (eV) Q(N) 5 44
Cu(111) surface o 42 °
top 2.05 3.63 1.94 3.61 —0.67 c 4.0 T
bridge 1.41 4.77 1.36 487 -1.14 S 3381 A, T
hcp hollow  1.24 5.27 1.18 537 -—1.28 o 36.] \ -
fcc hollow 1.25 5.28 1.12 5.40 —1.24 8 34
Ag(111) surface < 39] (]
top 2.47 3.38 2.17 3.31 —0.49 3'0 1
bridge 1.71 3.80 1.67 3.80 —-0.77 V] A
hcp hollow  1.47 3.99 1.40 398 —1.08 2.8 T T . T
fcchollow  1.50 4.08 1.43 410 -0.98 fec hcp bridge top
Au(111) surface Adsorption Site
top 2.10 2.88 2.31 290 —-0.17 Figure 2. Adsorption energies of atomic nitrogen on the M(111) (M
bridge 1.66 3.36 1.57 3.47 —0.63 = Cu, Ag, Au) surfaces based on the cluster model calculation.
hcp hollow 1.32 3.58 1.24 3.78 -—-0.91
fce hollow 1.39 3.68 1.29 3.83 —0.87 TABLE 2: Some Parameters in Correlation with the

Adsorption Energy of Atomic Nitrogen?

aZeqis the perpendicular distance of the N atom to the first metal

plane,Eaqs the adsorption energy of atomic nitrogen on the different cluster atomic parameters Eads
site of M_(lll_) (M= Cu, Ag, Au) surfaces, anQ(N), the natural charge work  (fcc

on atomic nitrogen. metal HOMO LUMO IP() EA electronegativity function site)
that the nitrogen atom prefers to stay outside the surface. Thecu —3.897 —3.329 7.726 1.235 1.90 494 5.40
perpendicular distances between the nitrogen atom and the firstAg ~ —3.903 —3.442 7.576 1.302 1.93 474  4.10
metal layer are similar, all ranging from 1.24 to 1.94 A. Early Au  —5.129 —4.610 9.225 2.309 2.40 531 383
low-energy electron diffraction (LEED) studiés® suggested aThe HOMO and LUMO of the M(111) (M= Cu, Ag, Au) cluster
that the nitrogen atoms are absorbed 1.45 A above the first layermodels are calculated at the B3LYP/LANL2DZ level; I (the first

of copper atoms. And the experimental investigaffmistained ionization potential), EA (electron affinity), the electronegativity (on

by LEED and STM also demonstrate that nitrogen remains the Pauling scale), and work function are extracted from ref 23, and
the electronegativity of N atom is 3.0E,4sis the adsorption energy

mostly on the sample surface and that the N concentration in of atomic nitrogen at the most stable site; all units are in eV with the
bulk Cu could not exceed 1%. In fact, on the fcc(111) surface, gyception of the electronegativity.

the threefold hollow sites are so tightly packed and the metal

interlayer spacing is so small that the adatoms usually do not 3.2. Relative Strength of Adsorption.Figure 2 shows the
penetrate deeply enough to form a direct bond with a metal adsorption energies of atomic nitrogen on the M(111) €M

atom in the second metal lay&r. Cu, Ag, Au) surfaces at the BSLYP/LANL2DZ-6-31G(d,p)
It can be easily seen from Table 1 that the adsorption energieslevel. Some parameters relevant to the difference in adsorption
of the N atom are in the order of fce hcp > bridge > top energy for the N atom adsorbed on those metal surfaces are

site, either at the B3LYP/LANL2DZ-6-31G or at the B3LYP/ tabulated in Table 2. It can be observed from Figure 2 that the
LANL2DZ-6-31G(d,p) level. The preferred site is the threefold adsorption energy of the N atom is larger on the Cu(111) surface
fcc hollow site with an adsorption energy of 5.40 eV (5.28 eV than on Ag(111) and Au(11l) for a given site, giving the
for 6-31G) closely followed by the threefold hcp hollow site following order for the N-M(111) binding strength, Cu(111)
with an adsorption energy of 5.37 eV (5.27 eV for 6-31G). The > Ag(111) > Au(111l). It agrees well with the experimental
adsorption energy of atomic nitrogen clearly decreases at theinvestigation¥’ that the adsorption of the N atom on the Ag(111)
bridge site relative to the threefold hollow site. The least stable surface proceeds in a similar manner as on Cu(111) but with a
site is the top site with an adsorption energy of 3.61 eV (3.63 weaker N-Ag bond. Similarly, the N@—M (M = Cu, Ag, Au)
eV for the 6-31G level). In a word, the fcc and hcp hollow bond strength order, GtNO, > Ag—NO, > Au—NO;, can
sites are remarkably preferential to both the bridge site and thealso be found in Lu et & studies. It is interesting to correlate
top site for the adsorption of the N atom on the Cu(111) surface. the HOMOs and LUMOs of the M(7,3) (M = Cu, Ag, Au)
It agrees well with the general features of atomic adsorption on cluster models, the first ionization potential (If)( the electron
the metal surfaces. affinity (EA), and the electronegativity of M atoms with the
In the case of the Ag(111) and Au(111) surfaces, the results N—M(111) binding strengths.
are similar to those observed from the Cu(111) surface but with Commonly, there is a large electron transfer from the metal
visibly lower adsorption energies. Thus, we will only discuss to the high electronegative atom in the case of atomic adsorption,
the behavior of adsorption for the N atom on the Ag(111) surface as could be demonstrated by our previous stddfeand by
at the B3LYP/LANL2DZ-6-31G(d,p) level. The top site is the the natural charges on the N atom summarized in Table 1. On
most unstable site with an adsorption energy of 3.31 eV. The the basis of the HOMO data listed in Table 2, one may reach
fce hollow site with an adsorption energy of 4.10 eV is slightly a conclusion that the probability of losing an electron from the
more stable than the hcp hollow site (3.98 eV). However, the M1¢(7,3) cluster is Cu(111y Ag(111) > Au(111), suggesting
bridge site has an intermediate value of 3.80 eV. Consequently,that the N atom will gain more electrons from Cu(111) than
it can be concluded that the fcc hollow site is the preferred site from Ag(111) and Au(111). The LUMO data of the;)7,3)
for the adsorption of atomic nitrogen on the M(111) &Cu, cluster models also support this conclusion. This fact would
Ag, Au) surfaces. account for the strongest binding of the N atom with the Cu(111)
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TABLE 3: Calculated Adsorption Energies of N on Cu, Ag, a4 F .
and Au for the Larger Cluster Size a2l —m—Cu(111)
6-31G 6-31G(d,p) aof s iﬂ:m;

Zeqg(A)  EasdDFT) (V)  Zeq(A) EasdDFT) (eV) N
Cu22-fcc  1.26 6.36 1.22 6.30 2 34 .
Cu28-fcc 1.40 4.37 1.32 4.47 2.,“ 32| ° \
Cu36-fcc  1.31 4.60 S 40f ~ A
Ag22-fcc 1.39 4.57 1.39 4.64 L osl e S
Ag28-fcc 1.73 3.60 1.66 3.60 S .6l i i\
Ag36-fcc  1.50 3.60 =
Au22-fcc  1.29 4.68 1.29 4.86 b N e )
Au28-fcc  1.45 3.01 1.23 3.24 < 22F il o
Au36-fcc  1.52 3.14 = Nl L

18 | B o’

surface, followed by the binding strength ofMg(111) and 16|
N—Au(111). The binding in N-Au(111) is the weakest for its T TV T T I TS TR (DN

highest IP [), EA, and electronegativity, while the-NCu(111)
binding is found to be stronger than the-Mg(111) binding
even if the first IP of Cu is somewhat higher than that of Ag. Figure 3. Size dependence of N atom adsorption energy based on the
Considering the difference between the isolated atom with bulk Plane-wave basis sets results.

metal, it should be a little difficult to find a quantitative TABLE 4: DFT-GGA Results of Adsorption Energies and

Cluster size(n)

correlation between solely the first IPs of M (M Cu, Ag, Structures of N on Cu, Ag, and Au Surfaces Based on the
Au) atoms and the NM(111) binding strengths but it still be  Slab Model

correlated by EA and electronegativity of M and/or B¢ no three layers model six layers model
of cluster M. Additionally, we also note that there is no Ee(DFT) E.(DFT)
quantitative correlation between the work function of the M(111) Ze(R) d(sev) Zeo(A) d(sev)

surface and the adsorption energy. We plan to make an attempt

to probe the efficient parameter for correlation with the Cu(i1l)-fcc 111 349 110 3.61

. : Ag(111)-fcc 1.17 2.41 111 2.56
adsorption energy. No matter how, the relative strengths of Au(111)-fec 1.20 205 118 234
adsorption for atomic nitrogen on the M(111) surfaces are in
the order of Cu(111)} Ag(111) > Au(111). In the following study, we will use the slab model to calculate

3.3. Cluster Size EffectTo test the size effect of the cluster the N adsorption on M(111) surfaces compared with the above
model, we also make some additional calculations using cluster model results.
relatively large models (W, Mag, and Msg), and the results are 3.4. Slab Model Calculation ResultsFor the adsorption of
listed in Table 3. It can be seen that the adsorption energy N atom on Cu(111), a series of adsorption sites including top
decreases with increasing cluster size, suggesting that thesite, bridge site, hcp site, and fcc site were tested based on the
interaction between the N atom and the substrate is not a localthree layers model in which the N atom and the first top layer
interaction, and thus it is very sensitive to the boundary are allowed to be relaxed. The calculated adsorption energies
condition. In addition, we noticed that the N adsorption energy ware found to be 1.36, 2.91, 3.31, and 3.39 eV, respectively,
on Cu(111) based on the imodel (4.47 eV) or s model suggesting that the fcc site is the most stable one. Since the fcc
(4.60 eV) is close to the previous cluster model calculation result adsorption site is the most stable adsorption form, a larger slab
(4.12-4.25 eV)! It was also found that the adsorption energy model with six layers was used, and the calculated adsorption
seems converged when the cluster size is larger than 36 atomsstructure and adsorption energies are listed in Table 4. In here,

Considering the cluster size effect, the previous calculations two slab models have been used: one is the three layers model
reported that the M model can give a good result for the €O where the first layer is allowed to be relaxed and another is a
adsorption on copper metdland the Mg model can also be  six layers model where the above three layers are allowed to
used to simulate the HCOO/Cu(111) system very Walthich be relaxed. In Table 4, one can notice that the adsorption
is different from the case of N atom adsorption on metals that energies calculated using three layers are slightly lower than
it is very sensitive to cluster size. The reason might be due to those of the corresponding data obtained using the six layers
the fact that the interaction of G@r HCOO with metal is not model, suggesting that the adsorption energies based on the slab
as strong as the N atom (i.e., may be more local interaction), model are not so dependent on the size of the slab model in the
and thus it is not too dependent on cluster size. present study. Furthermore, we noticed that the adsorption

To further consider the cluster size effect on the adsorption energies have the order of Cu(11%) Ag(111) > Au(111),
energy calculations, the DFT-GGA cluster model calculations which is consistent with the trend of the cluster model. In
based on the plane-wave basis sets were also performed in th@ddition, we notice that the present result of N adsorption energy
present work. It is usually accepted that the plane-wave basison Cu(111) (3.61 eV) is quite close to the result of Biemolt et
sets allow one to overcome the basis dependence as comparedl.*® by means of nonrelativistic local spin density approximation
with the Gaussian basis sets used in the Gaussian prd§ram. method (3.52 eV). Unfortunately, we cannot compare directly
The cluster used to model the adsorbed system was put in aour calculated adsorption energies with the experimental results
box with the size of 20 Ax 15 A x 15 A during the cluster ~ due to a lack of the latter.
model calculation, and the interaction between clusters seems It has long been found that the adsorbed N atom induces the
neglected in such a case. Figure 3 shows the DFT-GGA resultsmetal fcc(111) or fcc(110) to a pseudo-fcc(100) structuire.
for the different cluster size, and it can be observed that an effort to explore the effect of reconstruction on the adsorption
calculated adsorption energy almost converged for the clusterenergy of N on the Cu(111) surface, we also calculated the
size as large as 43 atoms, but the reason thghds so large adsorption of the N atom on the reconstructed Cu(111) surface,
an adsorption energy is not clear. that is, the two outermost layers adopt a geometry similar to
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TABLE 5: Natural Electron Configuration of the N/Cu(111) hollow sites, the 3p orbital of the N atom gains the same amount
System at the B3LYP/LANL2DZ-6-31G(d,p) Levet of electron (0.01 e). However, there is 0.05 e in the 5p orbital
adsorption site  atom no. natural electron configurdtion of the Cu (directly binding with N) atom found in the top site

top site Cu 1 [core] 4s(0.90) 3d(9.80) 4p(0.26) 5p(0.05) and notin other sites. The extended orbitals of Cu(6) and Cu-

Cu 6 [core] 4s(0.98) 3d(9.94) 4p(0.04) 5s(0.01) (8) which indirectly bind with N are the same among the four
Cu 8 [core] 4s5(0.92) 3d(9.92) 4p(0.07) 5p(0.01) kinds of adsorption sites but with a somewhat of a difference
bridge site NCU 112 [‘Eggf’]a] zjé%(')?%) Zgé?ggg) 4p(0.07) in the amount of electron distributions. Namely, the electrons
Cu 6 [core] 4s(0.96) 3d(9.94) 4p(0.04) 5s(0.01) In the 4s orbital of Cu(6) are all larger than those of the Cu(8)
Cu 8 [core] 4s(0.93) 3d(9.93) 4p(0.08) 5p(0.01) atoms corresponding to all the sites, while for the 4p orbital
- N 11 [core] 2s(1.93) 2p(4.20) 3p(0.01) the relationship is reversed. In addition, the sequence ef\Cu
hep hollow site Cu' 2. [core] 4s(0.72) 3d(9.81) 4p(0.06) binding strengths, namely, fee hcp > bridge > top site, can

C 6 [core] 4s(0.94) 3d(9.94) 4p(0.05) 5s(0.01 i ;
CE 8 {Core% 4550_913 3dgg,g4§ 4,%0.08; 5,)20.01; also be found from the natural electron configuration of the N

N 11 [core] 2s(1.91) 2p(4.35) 3p(0.01) atom, not from Cu atoms because of the different coordination
fcchollowsite  Cu 2 [core] 4s(0.73) 3d(9.82) 4p(0.06) number of the N atom among the different sites. For instance,

gﬂ g {ggg izgg:gg; 388:3‘3‘; Z‘ngigg 2;%8:83 the electron number of the N atom in the fcc hollow site is

N 11 [core] 2s(1.92) 2p(4.31) 3p(0.01) more than that in the top site by 0.57 e (see Table 5). A close

aThe no. of atom is the same as the label shown in Figure 1, and Scrutliny of Lhe ﬁata given i][l ;I'able 5 permits hus tlo dP:aW a
the tabulated number for N is 11 (not shown in Figure®Tjhe values conclusion that t ,e amount of electron in N(2p) sharply ¢ anges
given are for the optimized geometries of the Cu(H)complex. after the N atom is adsorbed onto the Cu(111) surface, which

is closely followed by the Cu(4s) which directly binds with the
that of the Cu(100) structure and compared to that of the N atom (i.e., Cu(1) or Cu(2) shown in Table 5).
Cu(111) and Cu(100) results. A five layers model in which the ~ The NBO analysis results of the N/M(111) (M Cu, Ag,
first two layers have reconstructed geometry was used in the Au) systems show that both spin Lewis structures are different
present calculation, and the calculated adsorption energy at thefrom each other in the exact details of-Nil binding behavior.
four-hollow site was found to be 4.20 eV, which is larger than The information in Table 6 indicates that the formation of the
that of Cu(111) (3.61 eV) and close to that of Cu(100) (4.65 M—N bond is only from donation of one spin system (iceor
eV) (the adsorption energies of atomic N on Cu(100) and g spin system). Correspondingly, the occupancies of antibonding
reconstructed Cu(111) are not shown in this work). are sharply smaller than those of the bonding of N1 (those
occupancies are not shown in Table 6). For example, the
contributions to the CaN bond are mainly from the Cu(2)

4.1. Cluster Model. In this section, we will take a closer  N(11) bond with an occupancy of 0.82294, rarely from the Cu-
look at the electron configuration and the binding characteristics (2)—N(11) antibond with an occupancy of 0.06884 according
of atomic nitrogen on the M(111) (M Cu, Ag, Au) surfaces. to the fcc hollow site. For this purpose, we focus on the VM
At the B3LYP/LANL2DZ-6-31G(d,p) level, the NBO analysis  bond analyzed by NBO method.
has been performed under the optimized geometries of the According to the N atom on the fcc hollow site of the Cu-
M(111)—N complexes. Representative results of the natural (111) surface, the 10Ga|2 (Ca is the polarization coefficient)
electron configuration are only given for the N/Cu(111) system of the Cu atom in the CuN bond is 41.19% with the
in Table 5, due to the similarity between the Cu(111), Ag(111), contributions of Cu(4s) (91.20%), Cu(4p) (1.00%), and Cu(3d)
and Au(111) surfaces. To address the binding character|st|cs,(7_80%) and contribution of the GtN bond from N(2s), N(2p),
we report the resultg from NBO analysis for the—M bond and N(3d) at 1.09%, 98.84%, and 0.07%, respectively, sug-
(M = Cu, Ag, Au) with the largest occupancy in Table 6. gagting that the formation of the €N bond is primary from

First, we want to establish the dominant bor_1d|ng mode (i.-€., the contributions between the Cu(4s) and N(2p) orbitals. Similar
covalen_t or 1onic bond) for the_ N atom at its most stable findings hold true for other sites of the Cu(111) surface. In the
adsorption site, the fcc hollow site, on .the M(lll) tMCu, case of the N atom on Cu(100), Triguero and Pettefsson
ﬁ‘q%’t'?ﬁg S,\L.Jr;?gﬁf%;?fsn:;iﬁtf;?r%ensigitiidﬁgnzagiéiﬁfgfgtreF’O”Ed that the formation of bonding and antibonding states

y 9 19 involved a direct Cu(3d) and N(2p) interaction. The discrepancy

the f.CC E'OOHOW S|te._L|keW|se, It can _be found in our PTEVIOUS o tween their results and present DFT calculations might
studies*that atomic H forms essentially a covalent bond with attribute to the difference in the type of single-crystal surface
the Cu(111) surface, while the S, O, and C atoms carry a . yp 9 y

relatively high negative charge and hence form an ionic bond. mvo!ved. . o o
Also, Bagus et at* reported that the Aghalogen (F, Cl, Br) Itis easy to find from Tgble 6 that the b|nd|ng.character|stlcs
bond is essentially ionic. The binding of chlorine to a copper ©f the N/Ag(111) adsorption system are very similar to that of
surface is completely ionic with hardly any trace of covalency N/Cu(111). Compared with the N/Cu(111) and N/Ag(111)
as demonstrated by Pettersson and B&g@onsidering the systems, slight differences occur for the adsorption of the N
relationship between the amount of negative charge and theatom on the Au(111) surface. Namely, there is no obvious bond
strength of ionic bond, it may be rational to conclude that the formation between Au and N atoms for the top site, indicating
strengths of the ionic bond for the N atom on the M(111) surface that the adsorptive strength of N on the top site of the Au(111)
are in the order of Cu(111y Ag(111) > Au(111). surface is too weak to form a bond between them. On the other

It is well-known that the electron configuration for the neutral  sites, we also note that the contributions to the-Aubond are
nitrogen and copper atom in the ground state is [core]2s(2.00)-dominant from Au(6s) and N(2p) orbitals. For the N/M(111)
2p(3.00) and [core]4s(1.00)3d(10.00), respectively. From Table systems, large contributions between thensj(and N(2p)
5, one may observe that the natural electron configurations of orbitals f = 4, 5, and 6 for Cu, Ag, and Au, respectively) are
N and Cu (directly binding with N) atoms in the top site are found at the B3LYP/LANL2DZ-6-31G(d,p) level, which are
different from the other three sites. For the bridge, hcp, and fcc the main characteristics of the-MN bond and consistent with

4. Electron Configuration and Binding Characteristics
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TABLE 6: NBO Analysis Results for the M—N Bond (M = Cu, Ag, Au) with the Largest Occupancy Calculated at the B3LYP/
LANL2DZ-6-31G(d,p) Level2

Cu (%) N (%)
Cu(111) surface spin 10042 4s 4p 3d 100Ca)2° 2s 2p 3d
top B 40.75 86.81 6.76 6.43 59.25 3.27 96.73
bridge s 41.29 96.07 2.46 1.47 58.71 0.07 99.87 0.06
hcp hollow B 15.50 91.33 4.05 4.62 84.50 11.47 88.46 0.07
fcc hollow p 41.19 91.20 1.00 7.80 58.81 1.09 98.84 0.07
Ag (%) N (%)
Ag(111) surface spin 10Q,|? 5s 5p 4d 10(Cal? 2s 2p 3d
top a 19.93 92.51 5.07 2.42 80.07 9.77 90.18 0.05
bridge B 63.71 95.40 0.84 3.76 36.29 7.37 91.86 0.77
hcp hollow p 51.67 94.08 0.95 4.97 48.33 0.76 99.21 0.04
fcc hollow B 44.82 94.46 0.77 4.77 55.18 0.48 99.47 0.04
Au (%) N (%)
Au(111) surface spin 10Q4 2 6s 6p 5d 100Cal? 2s 2p 3d
top
bridge p 58.10 87.14 0.53 12.34 41.90 1.32 98.58 0.09
hcp hollow a 37.22 84.48 0.75 14.77 62.78 3.71 96.18 0.10
fce hollow o 19.68 91.05 1.00 7.95 80.32 14.04 85.89 0.07

aThe values given are for the optimized geometries of the ME&NLyomplexes? Ca is the polarization coefficient.

the natural electron configuration of the representative N/Cu- V,f reflects the properties of the d-band, we expect that the
(111) system. intercept in the above equation is mainly coming from the
4.2. Slab Model.lt is well-known that the density of states contribution from the coupling of the N atom with the metal
(DOS) is a very useful tool for the electronic structure analysis s-band. Because the intercepts are so large (4.01 eV or so), we
in the slab model calculations. In here, we first use a DOS plot may predicate that the coupling with the metal s-band is the
to analyze the perfected adsorption site of the N atom on the dominant contribution to the N atom adsorption energy, which
Cu(111) surface and then to analyze the order of adsorptionis inconsistent with our above NBO analysis and our previous
energies of atomic N on Cu, Ag, and Au. conclusion based on the slab motfeind in agreement with
4.2.1. Perfected Adsorption SiteThe DOS projected onto  other previous results based on the cluster model calculdtions
the N(2p) orbital for the four adsorption sites top, bridge, hcp, and the slab mod#l that the metal s electron is the dominant
and fcc are given in Figure 4. It can be seen that the top site factor to the binding energy, while the d electron is the change
has the highest PDOS peak at the Fermi energy or near thetrend for the different metals.
Fermi energy level, which means that the N atom is the most At last, the activation energy for the dissociation of No-
unstable one among theses four sites. So, we expect that thgg) = 2N(s), was also obtained in this work, and Figure 6 shows
top site has the smallest adsorption energy. In contrast, thethe results based on the NEB as well as the ANEBA meth&H.
lowest N(2p) DOS population near the Fermi level was found (The model used for the reaction path calculation is p(2)
for the fcc site, which results in the largest adsorption energy. with the three layers model.) It is easily found from Figure 5
4.2.2. Order of Adsorption Energy of N on Cu, Ag, and  that the dissociation of Non Cu(111) is more active than that
Au. In this part, we would to answer the following two on the Au(111) surface, and also that the T.S structure is more
questions: First is why the N atom has the largest adsorption |ike a product than the reactant, that is, it may bata barrier
energy at the Cu(111) surface and the second is what is theon both Cu(111) and Au(111). This result is agreement with
main contribution to the N adsorption energy, either the metal the general rules of linear free energy theory that it is more
s-band or the metal d-band. For the first question, it may be exothermic and more active for reactions with a similar reaction
explained as follows: Since the Cu, Ag, and Au metals are the mechanism. It is also consistent with the trend of N atom
d-filed metals, the overlap integral (or the coupling matrix adsorption energy, that is, the larger of adsorption energy of
elementVas) with the N atom orbital is important in determin-  atomic nitrogen and easier for the brokea-N bond in N.
ing the binding energy. In general, the larger the overlap, the

stronger the repulsion, resulting in lower adsorption energy. 5 ~gnclusions

Since the size of the coupling matrix element always increases

down through the groups of the periodic table, making the 5d  In the present work, the interaction of atomic nitrogen with
metals the most noble, the bond with adsorbates becomes weakethe M(111) (M= Cu, Ag, Au) surfaces at various sites has
and weaker from copper to gold. In fact, the overlap integral been studied by quantum chemical DFT calculations. Optimized
(or the coupling matrix element) has the order of Cu(10)  results show that the N atom prefers the high symmetry hollow
Ag(2.26) < Au(3.35) which agrees well with the N adsorption  site, the fcc site, on the M(111) surfaces. Despite their similar

energy trend (see Figure 5). structure and proximity in the periodic table, the adsorption
For the second question, from Figure 5, we get the following energies of the N atom are found to be considerably different
fitted equation for Cu compared to Ag and Au. It can be observed that the
adsorption energies of the N atom on the M(111) surfaces are
Eags=4.01— O.62\/ad2 in the order of Cu(111) Ag(111)> Au(111) for a given site.

The results from NBO analysis show that the N atom forms
whereEygsstands for adsorption energy. Since the definition of essentially an ionic bond at the most stable site, the fcc site.
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Figure 6. DFT-GGA results of N decomposition on Cu(111) and
Au(111).

The perfected adsorption site has been analyzed by the N(2p)

Large contributions between the M{) and N(2p) orbitalsn( DOS plot, and the result suggested that the fcc site has the lowest
= 4, 5, and 6 for Cu, Ag, and Au, respectively) are found at population near the Fermi level, which means it is more stable
the B3LYP/LANL2DZ-6-31G(d,p) level and the slab model than other adsorption sites. Furthermore, we find that the more
DOS analysis, which are the main characteristics of theNvi electrons transfer to the N atom from the metal, the higher
bond. For the slab calculation results, the N adsorption energy adsorption energy. At last, the dissociation of ®h Cu(111)

is smaller than the cluster model, which is due to the size effect. and Au(111) has also been obtained in this work, and the results
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showed that the dissociation of,ldn Cu(111) is more active
than that on the Au(111) surface.
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