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 Calculated vibrational frequencies of adsorbates on Ni(111) 
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 Evaluated thermochemistry for the decomposition of NO, CO, NH3, N2, and CH4 on 
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Yunhai Bai, Demetrios Kirvassilis, Lang Xu, Manos Mavrikakis* 

Department of Chemical & Biological Engineering, University of Wisconsin-Madison, Madison, 

WI 53706  

*Corresponding author: emavrikakis@wisc.edu 

Abstract 

Periodic, self-consistent density functional theory (DFT-GGA) calculations are used to study the 

adsorption properties of atomic species (H, C, N, O, and S), molecular species (CO, HCN, NH3, 

N2, and NO), and molecular fragments (CH, CH2, CH3, CN, NH, NH2, HCO, COH, HNO, NOH, 

and OH) on Ni(111), at a 1/4 monolayer coverage. For each of these species, we calculate the 

binding energies at all possible sites and determine the optimal binding configuration, calculate 

the vibrational frequencies and deformation energy at the preferred adsorption site, and estimate 

the diffusion barrier on Ni(111). Good agreement is found when comparing our calculated results 

with available literature values determined using various experimental or theoretical methods. 

Based on the calculated binding energies, thermochemistry potential energy surfaces for 

adsorption and decomposition of NO, CO, NH3, N2, and CH4 are developed, showing that the 

decomposition of all these molecular species is energetically more favorable than their 

desorption from Ni(111). 

Keywords: density functional theory; nickel; adsorption; catalysis; diffusion.  
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1 Introduction 

Nickel is an important catalyst that has many industrial applications. In particular, nickel has 

been widely used in the reforming (including both steam reforming and CO2 reforming) 

processes to produce syngas [1-7]. It has also been used as a hydrogenation and hydrogenolysis 

catalyst in many chemical reactions [8-14]. Nickel-based catalysts have shown high activity in 

the cross-coupling reactions, the Heck reactions, and the reductive coupling reactions [15,16]. In 

addition, Ni is an important component in solid oxide fuel cell (SOFC) anodes, in biomass 

gasification catalysts, and in petroleum hydro-treating catalysts (e.g., hydro-denitrogenation to 

reduce NOx and hydro-desulphurization to reduce SOx) [17-25]. Due to the broad application of 

nickel in catalytic reactions, the interactions of atomic and molecular species with Ni(111), the 

most stable crystallographic structure of nickel, have been extensively studied with various 

techniques.  

Nickel is an excellent hydrogenation catalyst, and thus hydrogen adsorption on nickel has been 

the subject of many surface science studies, e.g., low energy electron diffraction (LEED) [26-29],  

Auger electron spectroscopy (AES) [26], electron energy loss spectroscopy (EELS) [26, 29], 

flash desorption [26], work function measurements [26-27], thermal desorption spectroscopy 

(TDS) [27], temperature programmed desorption (TPD) [30], high-resolution electron energy 

loss spectroscopy (HREELS) [31,32], scanning tunneling microscopy (STM) [33], and density 

functional theory (DFT) [34-36]. In addition to surface hydrogen, subsurface hydrogen 

embedded in Ni, which has been found to have unique reactivity, and its role in hydrogenation 

reactions, have also been examined both experimentally and theoretically [34-44]. 

In addition to H, other atomic species, including C, N, O, and S, have also been characterized 

extensively on Ni(111). Carbon intermediates are present on Ni-based catalysts in reforming 
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processes [5, 45] and in the methanation reaction [10, 46]. The interaction of carbon with Ni 

surfaces has been studied using a variety of experimental techniques, including LEED [47-50], 

AES [47, 48, 51], STM [48, 51], and theoretical calculations [6, 52-54]. The adsorption of 

atomic oxygen on Ni(111) has been studied with LEED [47, 55-59], AES [47, 55], near-edge X-

ray absorption fine structure (NEXAFS) [60],  electron energy loss fine structures spectroscopy 

(EELFSS) [61,62], high-energy He ion scattering (HEIS) [62,63], single-crystal adsorption 

calorimeter [64], surface extended X-ray absorption fine structure (SEXAFS) [65], EELS [66], 

HREELS [67], STM [68], X-ray photoelectron spectroscopy (XPS) [67], and DFT [53, 69, 70]. 

The adsorption of atomic sulfur on Ni(111) has been examined with STM [51, 71, 72], LEED 

[47, 57, 71, 73-78], AES [47, 51, 71, 76], XPS [78], soft X-ray photoelectron spectroscopy 

(SXPS) [79], HREELS [79], SEXAFS [80], normal-incidence X-ray standing wavefield 

absorption (NIXSW) [76], impact collision ion scattering spectroscopy (ICISS) [81], and DFT 

[82-84].   

Nickel is a widely used catalyst in the methanation reaction and the steam/CO2 reforming of CH4. 

Previous studies have indicated that CHx are important reaction intermediates and are formed on 

catalyst surfaces in these processes [85]. Interactions of these species with Ni(111) have been the 

subject of extensive studies. In particular, EELS [86], HREELS [87-89], thermogravimetric 

analysis (TGA) [4], extended X-ray absorption spectroscopy (EXAFS) [4], ultraviolet 

photoelectron spectroscopy (UPS) [90], TPD [90], LEED [90], secondary ion mass spectrometry 

(SIMS) [85], XPS [85], and theoretical calculations [4, 11, 91-94] have been employed in the 

study of CHx species adsorption and the reactions involving those intermediates on nickel 

surfaces.  
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CO is one of the products in the reforming process. Therefore, CO adsorption on Ni is of 

fundamental importance and is one of the most thoroughly studied adsorption systems. CO 

adsorption process, adsorption structure, and diffusion on Ni(111) have been studied by LEED 

[95-102], AES [95, 97-98], SEXAFS [103], energy-scan photoelectron diffraction (EPD) [103], 

UPS [97], TDS [98], HREELS [104, 105], infrared reflection absorption spectroscopy (IRAS) 

[99, 106, 107], TPD [99, 106, 107], Fourier transform reflection absorption infrared spectroscopy 

(FT-RAIRS) [108], XPS [109], and theoretical calculations [53, 110, 111]. 

Nickel has been identified as a very promising catalyst for the ammonia decomposition reaction, 

which starts with the dehydrogenation of NH3 to form NH2, NH and N species, followed by the 

recombination of N atoms to form N2 and of H atoms to form H2 [112-113]. The interactions 

between intermediates in NH3 decomposition and Ni(111) have been extensively studied. In 

particular, N2 adsorption on nickel has been studied with infrared spectroscopy (IR) [114], 

electron microscopy (EM) [114], LEED [115, 116], electron spectroscopy [117], reflection 

absorption infrared spectroscopy (RAIRS) [115], Fourier transform infrared reflection absorption 

spectroscopy (FT-IRAS) [116], XPS [118, 119], UPS [118, 119], metastable impact electron 

spectroscopy (MIES) [120], TPD [119], and DFT [4]. The interactions between NHx and Ni(111) 

have been characterized with LEED [121-124], AES [121], HREELS [121, 125], TDS [123, 124, 

126], angle-resolved photoemission [123], temperature-programmed reaction spectroscopy 

(TPRS) [121], UPS [122], TPD [122, 127], electron stimulated desorption ion angular 

distribution (ESDIAD) [122, 124, 127], photoelectron diffraction (PhD) [128], FT-IRAS [129], 

surface Penning ionization spectroscopy (SPIES) [126], and theoretical calculations [112, 130-

134]. 
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It is well established that NO adsorbs molecularly on Ni at low temperatures [135-143]. NO 

adsorption on Ni(111) is a widely studied research topic and a number of techniques have been 

employed in these studies, including LEED [135, 136, 138, 140, 142, 144-150], AES [138, 140-

142, 144], UPS [135, 138, 149], flash desorption spectroscopy [138], FT-RAIR [141, 142, 144], 

TDS [142], XPS [135, 148], SXPS [145], X-ray excited Auger spectroscopy (XAES) [135], 

metastable quenching electron spectroscopy (MQS) [139], FTIR [137, 140, 143], EELS [143], 

HREELS [140], ESDIAD [136], PhD [145], SEXAFS [151], NEXAFS [150], and DFT [152]. 

In this work, we present a systematic study of adsorption structures, binding energies, vibrational 

frequencies, deformation energies, and diffusion barriers for the adsorption of atomic species (H, 

C, N, O, and S),  molecular species (CO, HCN, NH3, N2, and NO), and molecular fragments (CH, 

CH2, CH3, CN, NH, NH2, HCO, COH, HNO, NOH, and OH) on Ni(111), using periodic, self-

consistent density functional theory (DFT-GGA) calculations. This study is similar to our 

previously published database papers, in which the adsorption properties of these adsorbates on 

Rh(111) [153], Ir(111) [154], Pt(111) [155], Pd(111) [156], Ru(0001) [157], Re(0001) [158], 

Au(111) [159], Fe(110) [160], Ag(111) [161] and Cu(111) [162] are analyzed. Same 

computational methods are used in our work all along, so that one can directly compare 

adsorption properties of surface species on various transition metal single crystal surfaces across 

the periodic table. Our calculated values are compared with available experimental values, and 

can be added to other electronically accessible databases [163]. 

2 Computational Methods 

All calculations are performed using the DACAPO total energy code [164, 165] based on spin-

polarized DFT. The Ni(111) surface is modeled by a four-layer slab with a 2 × 2 unit cell, 
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corresponding to a surface coverage of 1/4 monolayer (ML) for a single adsorbate per unit cell. 

The unit cell is periodically repeated in a super cell geometry, and successive slabs are separated 

by five equivalent layers of vacuum. The top two layers of the slab are allowed to relax. 

Adsorption is allowed on only one of the two exposed surfaces, and the electrostatic potential is 

adjusted accordingly [166, 167]. The surface Brillouin zone is sampled at 18 special Chadi-

Cohen k-points [168]. Ultrasoft Vanderbilt pseudopotentials [169] are utilized to describe ionic 

cores, and the Kohn-Sham one-electron valence states are expanded on the basis of plane waves 

with kinetic energy below 25 Ry. Self-consistent GGA-PW91 functional is used to describe the 

exchange-correlation potential and energy [170-171]. The electron density is determined by 

iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the Kohn-Sham 

states (kBT = 0.1 eV), and Pulay mixing of the resulting electronic density [172]. All total 

energies have been extrapolated to kBT = 0 eV. Additionally, values calculated non-self-

consistently using the RPBE functional are listed [164]. The calculated equilibrium lattice 

constant for bulk Ni is 3.52 Å, in agreement with the experimental value of 3.52 Å [173]. The 

calculated magnetic moment per Ni atom is 0.73 μB, in comparison with the experimental value 

of 0.62 μB [174]. The calculated gas-phase atomization energies (both self-consistent PW91 and 

non-self-consistent RPBE) for some of the adsorbate species are listed in Table 1, along with 

available experimental values at 0 K [175]. 

Table 1 Calculated and experimental gas-phase atomization energies at 0 K. 

Species Atomization energy (eV) 

 PW91 RPBE Exp. 

CH 3.65 3.64 3.45 

CH2 8.49 8.37 7.81 

CH3 13.39 13.16 12.54 

CH4 18.08 17.74 17.02 

CO 10.96 10.59 11.11 

NH 3.74 3.38 3.40 
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NH2 7.96 7.50 7.36 

NH3 12.74 12.50 12.00 

N2 9.63 9.47 9.76 

NO 6.73 6.50 6.51 

OH 4.60 4.53 4.41 

O2 5.64 5.20 5.12 
The species here are those for which experimental values are available. The experimental values are taken 

from Reference [175].  

Binding energy (B.E.) is defined as B.E. = Etotal  Eclean  Egas, where Etotal, Eclean and Egas are the 

total energies of the Ni(111) slab with adsorbate, the clean Ni(111) slab, and the adsorbate 

species in the gas phase, respectively. Binding energies calculated using both exchange-

correlation functionals are reported, with the RPBE values shown in square brackets. 

Convergence of binding energies with respect to various calculation parameters is verified. The 

average magnetic moment per surface Ni atom that binds directly to the adsorbate in each 

adsorption state is also calculated.  

The deformation energy (ΔE), i.e., the change in slab energy upon the adsorption of an adsorbate, 

is calculated by subtracting the energy of the relaxed, clean Ni(111) slab from the energy of the 

relaxed slab, frozen after the adsorption of the adsorbate but with the adsorbate removed. Based 

on this definition, deformation energy is always positive and a larger number indicates a more 

pronounced effect of the adsorbate’s adsorption on the Ni(111) slab.  

The vibrational frequencies are calculated using the harmonic oscillator assumption by 

diagonalization of the mass-weighted Hessian matrix. The second derivatives of energy are 

evaluated using a finite difference approximation [35]. The diffusion barrier of an adsorbate is 

estimated by identifying a plausible diffusion path that connects neighboring minima on the 

potential energy surface (PES) via a metastable site, and then calculating the energy difference 

between the metastable state and the most stable state on that particular path.  
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3 Results and Discussion 

In the following section, we will present our calculated results for all studied adsorbates on 

Ni(111) and compare those with experimental results, when available. Results include adsorption 

site preferences, binding energies and average magnetic moment per surface Ni atom that binds 

to the adsorbate (Tables 2 and 7), adsorption structures (Table 5 and Figure 2), surface 

deformation energies (Table 6), estimated diffusion barriers (Table 4), and vibrational 

frequencies (Tables 3, 8, and 9). At the end of this section, we construct potential energy surfaces 

(Figure 3) for the NO, CO, NH3, N2, and CH4 decomposition reactions.  

Table 2 Binding energies in PW91 [RPBE in brackets], site preferences and average magnetic moment 

per surface Ni atom (that directly binds to the adsorbate) for atomic species on Ni(111). Reference state is 

the adsorbate in the gas phase at infinite separation from the slab. For comparison, the magnetic moment 

per surface Ni atom in the clean relaxed slab is 0.68μB. 

Adsorbate Preferred Site  Binding energy (eV) Magnetic moment per 

surface Ni atom (μB) 

Calc. Exp. fcc hcp Exp. fcc hcp 

H fcc hollow
a
  -2.89 

[-2.72] 

-2.88 

[-2.71] 

-2.73
b
, -2.74

c 
0.57 0.56 

C hcp   -6.54 

[-6.03] 
-6.56 

[-6.04] 

 0.13 0.14 

N fcc   -5.01 

[-4.53] 

-4.98 

[-4.49] 

 0.11 0.13 

O fcc fcc
d
  -5.13 

[-4.52] 

-5.02 

[-4.42] 

-4.84
e 

0.49 0.50 

S fcc fcc
f
  -5.12 

[-4.62] 

-5.07 

[-4.57] 

 0.47 0.49 

Numbers in bold indicate the binding energies of atomic species at the most stable site.  
a
 LEED [27], EELS [29]  

b
 H2, flash desorption spectroscopy [176] (adjusted using experimental atomization energy from Ref [175]) 

c
 H2, flash desorption spectroscopy [26] (adjusted using experimental atomization energy from Ref [175]) 

d
 NEXAFS [60], LEED [58] 

e
 O2, single-crystal adsorption calorimetry [176] (adjusted using experimental atomization energy from 

Ref [175]) 
f
 LEED [75, 77], NIXSW [76], ICISS [81] 
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Table 3 Vibrational frequencies of adsorbed atomic species at their most stable site on Ni(111). 

Adsorbate Calculated (cm
-1

) Experimental (cm
-1

) 

H (fcc) 1142 1100
a
, 1170

b
 

C (hcp) 586  

N (fcc) 589 403
c
, 490

d
 

O (fcc) 523 580
e
, 560 – 570

f
 

S (fcc) 356 410
g
 

a
 HREELS [31] 

b
 HREELS [32]  

c
 HREELS [177]  

d
 HREELS [121] 

e
 HREELS [66] 

f
 HREELS [67]  

g
 HREELS [79] 

Table 4 Estimated diffusion barriers of adsorbed species on Ni(111). 

Adsorbate Diffusion barrier (eV) Diffusion path 

PW91 RPBE 

H
a
 0.14 0.14 fcc-bridge-hcp 

C
b
 0.66 0.63 hcp-bridge-fcc 

N
b
 0.76 0.73 fcc-bridge-hcp 

O
a
 0.57 0.53 fcc-bridge-hcp 

S
a
 0.29 0.27 fcc-bridge-hcp 

CH
b
 0.50 0.50 hcp-bridge-fcc 

CH2
a
 0.23 0.16 fcc-bridge-hcp 

CH3
a
 0.16 0.11 fcc-bridge-hcp 

CN
 a
 0.16 0.14 fcc-bridge-hcp 

HCN 0.18 0.12 hcp-bridge 

CO 0.12 0.10 hcp-bridge-fcc 

NH
b
 0.70 0.67 fcc-bridge-hcp 

NH2 0.71 0.63 bridge-top 

NH3
a
 0.45 0.37 top-bridge-top 

N2 0.30 0.38 top-bridge-top 

NO
a
 0.29 0.25 fcc-bridge-hcp 

HCO 0.16 0.12 bridge-top 

COH
a 

0.30 0.29 hcp-bridge-fcc 

HNO 0.43 0.34 bridge-top 

NOH
b
 0.77 0.73 fcc-bridge-hcp 

OH 0.09 0.04 fcc-bridge-hcp 
a
 Energy was calculated by fixing x and y coordinates of the atom through which the adsorbate binds (e.g. 

for NO, only the x and y coordinates of N were fixed). 
b
 Energy was calculated by fixing x and y coordinates of the atom through which the adsorbate binds (e.g. 

for NH, only the x and y coordinates of N were fixed), and all coordinates of slab atoms. 
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Table 5 Geometric parameters of adsorbed species on Ni(111). 

Adsorbate ZA-Ni (Å) ΔZNi (Å) dNi-Ni (Å) dA-B (Å) 

H (fcc) 0.911 0.016 2.504   

C (hcp) 0.969 0.059 2.555  

N (fcc) 0.991 0.079 2.531  

O (fcc) 1.110 0.056 2.550  

S (fcc) 1.564 0.030 2.551  

CH (hcp) 1.125 0.061 2.528 1.101 

CH2 (fcc) 1.286 0.049 2.507 1.132 

CH3 (fcc) 1.561 0.037 2.486 1.117 

CN (fcc) 1.367 0.027 2.512 1.202 

HCN (hcp-fcc) 1.395 (ZC-Ni) 

1.286 (ZN-Ni) 

0.029 2.479 1.101 (H–C), 1.324 (C–N) 

CO (hcp) 1.311 0.051 2.496 1.197 

NH (fcc) 1.103 0.068 2.553 1.026 

NH2 (br
a
) 1.485 0.130 2.477 1.025 

NH3 (top) 2.039 0.145 2.494 1.026 

N2 (top) 1.807 0.191 2.499 1.135 

NO (fcc) 1.194 0.073 2.508 1.223 

HCO (br-tilted) 1.493 0.051 2.434 1.110 (H–C), 1.293 (C–O) 

COH (hcp) 1.158 0.061 2.516 1.341 (C–O), 0.988 (O–H) 

HNO (br-tilted) 1.434 0.068 2.443 1.034 (H–N), 1.372 (N–O) 

NOH (fcc) 1.093 0.078 2.543 1.408 (N–O), 0.989 (O–H) 

OH (fcc) 1.328 0.043 2.548 0.979 

See Figure 1 for definition of listed geometric parameters. The equilibrium dNi-Ni for clean Ni(111) 

exposed to vacuum is 2.488 Å. 

a
 br is the abbreviation for bridge.  
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Figure 1 Side and top views of species adsorbed on Ni(111). Definitions of geometric parameters 

reported in Table 5 are illustrated in the scheme. ΔZNi (Å) indicates the change in vertical distance 

between the plane of Ni atoms in contact with the adsorbate and the plane of a clean Ni slab. dA-B (Å) is 

the bond length between atoms A and B within an adsorbate.  ZA-Ni (Å) indicates the vertical distance 

between the adsorbate and the plane of the Ni atoms in contact with it. dNi-Ni (Å) corresponds to the 

distance between two adjacent Ni atoms in contact with the adsorbate.  
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Table 6 Calculated deformation energy (ΔE) upon adsorption of each species at its most stable site on 

Ni(111). 

Adsorbate Site  ΔE (eV) 

    PW91 RPBE 

H fcc 0.01 0.00 

C hcp 0.08 0.06 

N fcc 0.09 0.05 

O fcc 0.08 0.06 

S fcc 0.04 0.02 

CH hcp 0.06 0.03 

CH2  fcc 0.04 0.02 

CH3 fcc 0.04 0.03 

CN  fcc 0.02 0.01 

HCN hcp-fcc 0.09 0.07 

CO hcp 0.03 0.01 

NH fcc 0.08 0.05 

NH2  br 0.15 0.13 

NH3  top 0.07 0.06 

N2  top 0.11 0.10 

NO fcc 0.07 0.04 

HCO br-tilted 0.08 0.06 

COH hcp 0.06 0.03 

HNO br-tilted 0.12 0.10 

NOH fcc 0.10 0.07 

OH fcc 0.09 0.09 
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Figure 2 Side view and top view of most stable adsorption structures for adsorbates on Ni(111). 

Geometric details of these structures are summarized in Table 5.  

3.1 Adsorption of atomic species 

Hydrogen 

Hydrogen binds at fcc (see Figure 2) and hcp sites practically isoenergetically, with calculated 

PW91 [RPBE in brackets] binding energies of -2.89 [-2.72] eV and -2.88 [-2.71] eV, 

respectively. Our calculated energetics are in good agreement with previous theoretical results 
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[34, 35, 43, 178, 179]. For direct comparison with available experimental data, we also calculate 

the heat of adsorption for a single H atom with respect to gas-phase hydrogen (1/2 H2): -0.61 [-

0.43] eV and -0.60 [-0.42] eV, for the fcc and hcp sites, respectively. Using flash desorption 

spectroscopy, Lapujoulade et al. determined the adsorption energy of 1/2 H2 to be -0.49 eV at 

room temperature [176], and a similar value of -0.50 eV was reported in a later study employing 

the same technique [26]. A number of LEED and STM analyses have shown that at the coverage 

of 0.5 monolayer (ML), H adsorbs in a p(2 × 2)-2H graphitic overlayer structure [27, 29, 33], 

whereas at higher coverages, a p(1 × 1)-1H phase has been reported [29, 32]. In particular, it has 

been concluded that in the p(2 × 2)-2H overlayer structure, H atoms prefer both types of three-

fold hollow sites, i.e., the fcc and hcp sites [27, 29], which agrees with our calculated H binding 

site preferences. Previous studies also reported that when Ni(111) is exposed to H2, two distinct 

features, i.e., β1 and β2 states, exist, yet the β1 state is only filled after the completion of β2 state 

[26, 30]. At very high hydrogen pressures (1.1 – 5.4 GPa), the formation of NiH hydride was 

observed and a two-phase separation was found in studies using X-rays from synchrotron 

radiation [180, 181]. Our calculation shows that at the most stable fcc site, H resides 0.91 Å 

above the first Ni layer, with a corresponding Ni–H bond length of 1.71 Å, in excellent 

agreement with available theoretical data of 1.71 Å [34, 35]. though slightly smaller than the 

experimental measurements of 1.73 – 1.86 Å [27, 28, 182]. Our calculated vibrational frequency 

for the fcc-bound H (Ni–H stretching mode) is 1142 cm
-1

. A HREELS study found an energy 

loss at 1100 cm
-1

 at the H coverage of 0.50 ML, and 1170 cm
-1

 at the H coverage of 1.0 ML, 

both corresponding to the H–Ni stretching mode [31-32]. Studies of hydrogen diffusion on 

Ni(111) determined that at above 110 K, hydrogen diffusion was activated by 18.9 kJ/mol (0.20 

eV), while at temperatures below 110 K, this process had a smaller activation energy of 10.1 
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kJ/mol (0.10 eV) [183]. We estimate a diffusion barrier from the fcc to hcp site of 0.14 [0.14] eV, 

which falls into the experimentally determined range. The adsorption of hydrogen only slightly 

deforms the Ni(111) surface, with a deformation energy of 0.01 [0.00] eV.    

Carbon 

Carbon binds to Ni(111) the most strongly among all the atomic species studied in this work. 

Carbon atoms adsorb at the fcc and hcp (see Figure 2) sites nearly isoenergetically, with binding 

energies of -6.54 [-6.03] eV and -6.56 [-6.04] eV, respectively. Our calculated binding energies 

and site preferences are in good agreement with previous theoretical studies [6, 52, 53]. 

Experimentally, two forms of carbon have been identified, and are distinguished by their Auger-

line shape. At temperatures below 600 K, the carbidic carbon forms and is considered as the 

active carbon that participates into catalytic reactions, while at temperatures above 700 K, the 

graphitic carbon forms, which is responsible for poisoning Ni catalysts [48]. It has also been 

widely accepted that at high C coverages (>0.45 ML), Ni(111) undergoes a reconstruction [48, 

49], which leads to complex adsorption phases of C. Using LEED and STM, Klink et al. found 

that in the carbidic phase, surface Ni atoms rearrange into a “clock” reconstruction with an 

almost square ~ 5 × 5 Å
2
 (2 × 2)-2C surface mesh [48]. Further, previous LEED studies 

determined C-induced reconstructions of Ni(111): the c(5√3 × 9)rect structure [49] and the (√39 

× √39) structure [50].  

We find that at the most stable hcp site, C atom is 0.97 Å above the first Ni layer, with a C–Ni 

bond length of 1.77 Å, in accordance with published calculated values of 1.77 – 1.78 Å [52, 53]. 

The C–Ni stretching mode is calculated at 586 cm
-1

, and the diffusion barrier from the hcp to fcc 

site is estimated to be 0.66 [0.63] eV.  
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Nitrogen 

Atomic nitrogen binds to fcc (see Figure 2) and hcp sites of Ni(111), with binding energies of -

5.01 [-4.53] eV and -4.98 [-4.49] eV, respectively. These values are in good agreement with a 

previous DFT study [130]. Past LEED and HREELS studies suggest that adsorption of N on 

Ni(111) would lead to a surface reconstruction and generate the Ni(111)-c(5√3 × 9)rect structure, 

similar to what has been found for C and S adsorption on Ni(111) [49, 177]. When N adsorbs at 

the fcc site, the surrounding Ni atoms are displaced by 0.08 Å above their pristine position and 

the Ni–Ni bond length is expanded by 0.04 Å. Those changes to the Ni(111) surface cost a 

deformation energy of  0.09 [0.05] eV. We calculate the N–Ni stretching mode vibrational 

frequency at 589 cm
-1

. Due to the surface reconstruction, it has remained a challenge to measure 

the N–Ni(111) stretching mode experimentally on the unreconstructed surface. A HREELS study 

indicated an energy loss at 50 meV (403 cm
-1

), which was assigned to the N–Ni vibrational mode 

for the reconstructed surface [177]. The diffusion barrier from the fcc to hcp site is estimated to 

be 0.76 [0.73] eV.  

Oxygen 

Atomic oxygen adsorbs at fcc (see Figure 2) and hcp sites with binding energies of -5.13 [-4.52] 

eV and -5.02 [-4.42] eV, respectively, with respect to atomic oxygen in the gas phase. If 

molecular oxygen is used as the reference state, these numbers correspond to 1/2 O2 dissociative 

heat of adsorption of -2.31 [-1.92] eV and -2.20 [-1.82] eV, respectively. Our calculated results 

are in reasonable agreement with previous theoretical studies [53, 69, 70]. Using single-crystal 

adsorption calorimetry, Stuckless et al. found the initial heat of adsorption of 1/2 O2 on Ni(111) 

to be 220 kJ/mol (2.28 eV) [64]. Two ordered phases, the p(2 × 2) at O coverage of 0.25 ML [47, 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

18 

 

55, 59, 60, 62, 63, 65, 66, 68, 184] and the (√3x√3)R30° at O coverage of 0.33 ML [47, 55, 58, 

60, 62, 63, 66, 184], have been identified experimentally. A LEED study of the p(2 × 2) structure 

found that O atoms reside on three-fold hollow sites, with a perpendicular distance of 1.17 Å 

above the first Ni layer, corresponding to a Ni–O bond length of 1.88 Å [57]. However, the 

preference between the two three-fold sites was not determined in this LEED study. A 

subsequent NEXAFS study indicated that only one type of site is occupied, and the fcc site is 

preferred over the hcp site [60]. A Ni–O bond length of 1.85 Å was reported in the same work, 

which is quite close to our calculated value of 1.84 Å, corresponding to a 1.11 Å vertical distance 

of the O atom from the first Ni layer. Another LEED study reported a similar Ni–O bond length 

of 1.83 Å and indicated that the three surface Ni atoms around the adsorbed O atom are lifted up 

vertically by about 0.12 Å [59]. Our calculations show that the surface Ni atoms to which O 

directly binds protrude by 0.06 Å, and the distance between them is increased by 0.06 Å, leading 

to a deformation energy of 0.08 [0.06] eV. An EELS study of the p(2 × 2) phase found that the 

O–Ni stretching mode is at 580 cm
-1

 [66], whereas HREELS identified this vibrational feature at 

560 – 570 cm
-1

 [67], in reasonable agreement with our calculated stretch at 523 cm
-1

. We 

estimate a diffusion barrier from the fcc to hcp site of 0.57 [0.53] eV. 

Sulfur 

Sulfur atoms adsorb at the fcc (see Figure 2) and hcp sites with binding energies of -5.12 [-4.62] 

eV and -5.07 [-4.57] eV, respectively. Our calculated values are in good agreement with 

available theoretical results [82-84]. A number of adsorption phases have been observed 

experimentally. In particular, a (√39 × √39) structure was reported at a S coverage of 0.22 ML 

[71, 74]; a p(2 × 2) structure was found at a S coverage of 0.25 ML [73, 75-78, 81]; a (√3 × 

√3)R30° structure was found at a S coverage of 0.33 ML [71, 74, 76]. At higher coverages, more 
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complex patterns, including a (5√3 × 2)rect structure at a coverage of 0.4 ML [47, 49, 71, 72, 74, 

76, 78-80], and a (8√3 × 2)rect structure at a coverage of 0.44 ML [71], were observed. An early 

LEED study of the p(2 × 2) structure concluded that at the coverage of 0.25 ML, S prefers to 

bind at the fcc hollow sites, with a S–Ni bond length of 2.02 Å [75]. The fcc site preference of S 

at the 0.25ML coverage was confirmed by later analysis using NIXSW [76], ICISS [81], and 

LEED [77], though slightly longer S–Ni bond lengths (2.10 – 2.16 Å) were reported in these 

studies. For the fcc site, our calculations indicate that S binds 1.56 Å above the first surface Ni 

layer, corresponding to a 2.15 Å S–Ni bond length, in reasonable agreement with these 

experimental measurements. Using HREELS, for the p(2 × 2) structure, Mullins et al. found a 

characteristic S–Ni mode at 410 cm
-1

 [79]. They also indicated that with increasing S coverage, 

the S–Ni stretching mode shifts to lower frequencies (325 cm
-1

 at coverage of 0.4 ML). The 

calculated S–Ni vibrational mode is 356 cm
-1

. The diffusion barrier for path fcc-bridge-hcp is 

estimated to be 0.29 [0.27] eV.  

Table 7 Binding energies in PW91 [RPBE in brackets] for stable sites and site preference of molecular 

species and molecular fragments on Ni(111), and average magnetic moment per surface Ni atom (that 

binds directly to the adsorbate). Reference state is the adsorbate in the gas phase at infinite separation 

from the slab. For comparison, the magnetic moment per surface Ni atom in the clean relaxed slab is 

0.68μB. 

 
Preferred Site Binding Energy (eV) 

Magnetic moment per surface Ni 

atom (μB) 

  Calc.  Exp.  top bridge fcc hcp Exp. top bridge fcc hcp 

CH hcp hollow
a
   -6.27  

[-5.68] 
-6.28  

[-5.68] 

 

  0.19 0.19 

CH2  fcc  -2.84  

[-2.40] 

 -3.89  

[-3.32] 

-3.86  

[-3.30] 

 

0.26  0.35 0.36 

CH3 fcc hollow
a
 -1.60  

[-1.26] 

 -1.84  

[-1.34] 

-1.83  

[-1.33] 

-2.26
b 

0.34  0.52 0.52 

CN  fcc    -3.95  

[-3.52] 

-3.93  

[-3.50] 

 

  0.50 0.50 

HCN hcp-

fcc 

 -0.93  

[-0.39] 

-1.24 

[-0.60] 

-1.38  

[-0.69] 
-1.42  

[-0.72] 

 

0.30 0.33 0.39 0.38 

CO hcp hollow
c
 -1.61  

[-1.28] 

-1.87 

[-1.48] 

-1.97  

[-1.57] 
-1.99  

[-1.58] 

-1.20
d
,  

-1.32
e
 0.25 0.29 0.35 0.34 
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NH fcc    -4.44  

[-3.82] 

-4.36  

[-3.74] 

 

  0.34 0.34 

NH2  br  -1.96  

[-1.52] 
-2.68 

[-2.14] 

   

0.47 0.48   

NH3  top top
f
 -0.59  

[-0.23] 

   -0.74
g
, 

-0.77
h
 0.55    

N2  top  -0.48  

[-0.13] 

-0.18 

[0.25] 

-0.13  

[0.34] 

-0.12 

[0.35] 

-0.52
i
, 

-0.36
j
 0.35 0.36 0.40 0.39 

NO fcc hollow
k
 -1.53  

[-1.07] 

 -2.49  

[-1.89] 

-2.47  

[-1.86] 

-1.08
l
 

0.21  0.22 0.21 

HCO br-

tilted 

 -2.21 

[-1.67] 
-2.37 

[-1.79] 

-1.99 

[-1.43] 

-1.98 

[-1.45] 

 

0.35 0.32 0.48 0.51 

COH hcp    -4.42 

[-3.84] 
-4.43 

[-3.85] 

 

  0.20 0.20 

HNO br-

tilted 

 -2.14  

[-1.54] 
-2.57 

[-1.88] 

   

0.54 0.30   

NOH fcc    -3.24  

[-2.56] 

-3.17  

[-2.48] 

 

  0.18 0.19 

OH fcc   -2.47  

[-2.01] 

-2.92 

[-2.37] 
-3.01  

[-2.40] 

-2.91  

[-2.31] 

-3.27
m 

0.48 0.59 0.62 0.66 

Numbers in bold indicate the binding energies of species at the most stable site.  
a
 HREELS [89] 

b
 Single-crystal adsorption calorimetry [185] 

c
 LEED [100] 

d
 TPD [107] 

e
 TPD [99] 

f
 PhD [128] 

g
 ESDIAD and TPD [127] 

h
 TPD [124] 

i
 Adsorption isotherms measurements [114] 

j
 Isothermal IRAS [116]  

k
 LEED, SXPS and PhD [145], LEED [146, 186], SEXAFS [151], NEXAFS [150] 

l
 Flash desorption spectroscopy [138], TDS [139] 

m
 Single-crystal adsorption calorimetry [205] 

3.2 Adsorption of molecules and molecular fragments 

CH, CH2, and CH3 

CH adsorbs at the fcc and hcp sites with binding energies of -6.27 [-5.68] eV and -6.28 [-5.68] 

eV, respectively. Stable adsorption configurations of CH2 at top, fcc, and hcp sites are found, 

with binding energies of -2.84 [-2.40] eV (top), -3.89 [-3.32] eV (fcc), and -3.86 [-3.30] eV (hcp), 

respectively. Similar to CH2, CH3 is also stable at top, fcc, and hcp sites, with binding energies of 

-1.60 [-1.26] eV, -1.84 eV [-1.34] eV, and -1.83 [-1.33] eV, respectively. Using single-crystal 
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adsorption calorimetry, Carey et al. measured the CH3-Ni(111) bond enthalpy at 0.04 ML 

coverage and reported a value of -2.26 eV [185]. Compared to the experimental value, our DFT 

results show weaker binding for CH3, likely due to the higher coverage (0.25 ML) employed in 

the calculations. 

Previous theoretical analyses concluded that three-fold sites are preferred for all CHx species, 

and that the interaction strength between CHx and Ni(111) decreases in the order of CH > CH2 > 

CH3 [6, 91-93]; both agree with our calculated results. CH is bound to the hcp site (see Figure 2), 

1.13 Å above the first Ni layer, with a C–H bond length of 1.10 Å. The interacting Ni atoms are 

lifted by 0.06 Å with an associated deformation energy of 0.06 [0.03] eV. CH2 binds to the fcc 

site (see Figure 2) with a vertical distance of 1.29 Å from the first Ni layer. One of the C–H 

bonds in the CH2 points to a top site, 69° away from the surface normal, while the other C–H 

bond points to a bridge site, 33° away from the surface normal. The two C–H bond lengths are 

1.16 and 1.10 Å, respectively. At the fcc site (see Figure 2), CH3 is bound 1.56 Å above the first 

Ni layer, corresponding to a Ni–C bond length of 2.12 Å, with C–H bond lengths of 1.12 Å. The 

three Ni atoms that CH3 binds to are slightly pulled up by 0.04 Å with an associated deformation 

energy of 0.04 [0.03] eV.   

For CH at the hcp site, the calculated C–H stretching mode is at 3039 cm
-1

 and the C–Ni mode is 

at 615 cm
-1

. In a HREELS study of CH3 vibrational modes, Yang et al. found that adsorbed CH3 

begins to decompose into CH when the surface temperature is increased to 150 K [89]. They 

assigned the energy loss at 2970 cm
-1

 to the C–H stretching mode and the vibrational loss feature 

at 650 cm
-1

 to the C–Ni stretching mode, both in reasonable agreement with our calculated 

values. Another HREELS study suggested the C–H stretching mode at 2980 cm
-1

 [88]. We 

estimate a 0.50 [0.50] eV diffusion barrier for CH to move from the hcp to the fcc site.   
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For CH2 at the fcc site, we obtain two C–H stretching modes at 2411 cm
-1

 and 3013 cm
-1

, a C–Ni 

mode at 489 cm
-1

, a wagging mode at 678 cm
-1

, a scissoring mode at 1396 cm
-1

, a twisting mode 

at 294 cm
-1

, and a rocking mode at 564 cm
-1

. A limited set of experimental data on CH2 

adsorption on Ni(111) is available for direct comparison. Using HREELS, Demuth et al. 

proposed a scissoring mode at 1300 cm
-1

 [88], which is close to our calculated value of 1396 cm
-

1
. The estimated diffusion barrier for CH2 to move from fcc to hcp is 0.23 [0.16] eV.  

For CH3 at the fcc site, we obtain a C–H symmetric stretching mode at 2798 cm
-1

, C–H 

asymmetric stretching modes at 2866 – 2870 cm
-1

, a C–Ni stretching mode at 354 cm
-1

, a 

symmetric deformation mode at 1155 cm
-1

, scissoring (asymmetric deformation) modes at 1296 

– 1300 cm
-1

, a twisting mode at 378 cm
-1

, and rocking modes at 468 – 481 cm
-1

. Using HREELS, 

Yang et al. analyzed the vibrational behavior of CH3 that is generated from CH4 dissociation at 

very low coverage (no greater than 0.1 ML) [89]. They identified a C–H symmetric stretching 

mode at 2655 cm
-1

, doubly degenerate asymmetric stretching modes at 2730 cm
-1

, a C–Ni 

stretching mode at 385 cm
-1

, a symmetric deformation mode at 1220 cm
-1

, a doubly degenerate 

asymmetric deformation at 1320 cm
-1

, a torsional rotation mode at 485 cm
-1

, and a rocking mode 

at 965 cm
-1

. Except the rocking mode, the rest of the calculated modes are in good agreement 

with experiment. We estimate a diffusion barrier of 0.16 [0.11] eV for CH3 to move from the fcc 

to the hcp site.  

  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

23 

 

Table 8 Vibrational frequencies (in cm
-1

) of adsorbed diatomic species on Ni(111) in their preferred 

adsorption configuration. 

Adsorbate Ni–X   A–B   

  Cal. Exp.   Calc. Exp. 

CH (hcp) 615 650
a
 

 

3039 2970
a
, 2980

b
 

CN (fcc) 360 

  

1971 

 CO (hcp) 349 400
c
 

 

1866 1810
c
, 1817

d
 

NH (fcc) 552 620
e
 

 

3472 3340
e
 

N2 (top) 347 

  

2247 2202
f
, 2186

g
, 2218

h
 

NO (fcc) 353 

  

1569 1460-1475
i
, 1486

j
, 1573

k
 

OH (fcc) 434  524
l
   3743  3630

l
 

Ni–X refers to nickel–adsorbate (X) stretching mode, while A–B refers to the stretch of the intramolecular 

mode.  
a
 HREELS [89] 

b
 HREELS [88] 

c
 HREELS [104]  

d
 IRAS [98] 

e
 HREELS [121] 

f
 IR [114] 

g
 RAIRS [115] 

h
 FT-IRAS [116] 

i
 RAIRS [137] 

j
 FT-RAIR [142] 

k
 HREELS [187] 

l
 HREELS [188] 

CO 

Carbon monoxide is stable adsorbed at top, bridge, fcc, and hcp (see Figure 2) sites of Ni(111) 

with binding energies of -1.61 [-1.28] eV, -1.87 [-1.48] eV, -1.97 [-1.57] eV, and -1.99 [-1.58] 

eV, respectively, which agree well with previous DFT results [53, 110, 111]. Using TPD, Beniya 

et al. estimated that at very low coverages (θCO < 0.10 ML), the CO desorption energy was 1.2 

eV [107], which is very close to values reported from a threshold TPD study [189]. A number of 

overlayer structures for CO adsorption on Ni(111) have been found with various experimental 

techniques, including (√3 × √3)R30° [96, 97, 109], c(4 × 2) [97, 100-103, 109], and (√7/2 × 

√7/2)R19.1° [97, 100], corresponding to CO coverages of 0.33 ML, 0.5 ML, and 0.57 ML, 
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respectively. Using IRAS, combined with AES and TDS, Campuzano et al. found that at low CO 

coverage (θCO = 0.05 ML), CO adsorbs at three-fold sites with a stretching frequency of 1817 

cm
-1

, which agrees with our calculated value of 1866 cm
-1

 for CO at the hcp site [98]. They also 

found that, with increasing coverage, CO starts to bind on the two-fold bridge site and even the 

top site at the coverage of 0.57 ML. For CO adsorption at the bridge and top sites, they reported 

the C–O stretching frequencies at 1910 cm
-1

 and 2045 cm
-1

, respectively. In a HREELS study by 

Erley et al., a shift of the C–O stretching frequencies from 1810 cm
-1

 to 1910 cm
-1

 and to 2050 

cm
-1

 was reported with increasing CO coverage [104]. This shift was attributed to the population 

of CO on bridge and top sites at high coverage. They also found a characteristic loss peak at 400 

cm
-1

 and assigned that to a C–Ni vibrational mode, in reasonable agreement with our calculated 

value of 349 cm
-1

. A SEXAFS study of Ni(111)-c(4 × 2)-CO showed that the three-fold hollow 

site is favorable, at which a C–O bond length of 1.19 Å was measured, and the C atom was about 

1.05 Å above the first Ni layer [103]. Our calculated C–O bond length in the most stable CO 

adsorption structure (hcp) is 1.20 Å, in excellent agreement with that reported value. A LEED 

study has identified that, in the c(4 × 2) structures, the average C–Ni bond length is 1.89 Å for 

CO at the hcp site [100], which agrees with our calculated value of 1.95 Å and results from other 

experimental studies [101, 102]. CO diffusion has been studied by field emission microscopy 

fluctuation, and a barrier of 6.8 kcal/mol (0.29 eV) was found [190]. We estimate a CO diffusion 

barrier from the fcc to the hcp site of 0.12 [0.10] eV.  

CN and HCN 

CN is stable at the fcc and hcp sites of Ni(111) with binding energies of -3.95 [-3.52] eV and -

3.93 [-3.50] eV, respectively. In both structures, CN is bound through the C atom, with the N 

above the C atom and a C–N bond length of 1.20 Å. For CN binding at the fcc site (see Figure 2), 
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the C atom stands 1.37 Å above the first layer of Ni atoms, corresponding to a C–Ni bond length 

of 1.99 Å. Our calculated energetic and geometric results agree with previous DFT studies [191-

193]. The three Ni atoms that CN binds to protrude out of the surface by 0.03 Å, and the Ni–Ni 

distance is expanded by 0.02 Å, for an energy cost of 0.02 [0.01] eV. We calculate the C–N 

stretching mode at 1971 cm
-1

, and the C–Ni stretching mode at 360 cm
-1

. A detailed 

characterization of CN on Ni(111) is not available in the literature, however, EELS 

measurements of CN adsorption on Pd(111) found a C–N stretching mode at 1910 cm
-1

 [194], 

which is close to our computed value. Diffusion of CN from the fcc to the hcp site has an 

estimated barrier of 0.16 [0.14] eV.  

HCN binds to Ni(111) with both the C and the N atoms. Several stable adsorption structures are 

found. In the most stable hcp-fcc structure, the C atom is above an hcp site, whereas the N atom 

is above an adjacent fcc site, with the C–N bond spanning the bridge site (see Figure 2). In this 

particular structure, the C–H has a bond length of 1.10 Å and the C–N has a bond length of 1.32 

Å. The second most stable structure features the C and N atoms binding to adjacent fcc and hcp 

sites, respectively. In next most stable configuration, the C and N atoms are bound to adjacent 

bridge sites. In the least stable structure, the C and N atoms bind to two nearby top sites. The 

binding energies of HCN in these stable structures are -1.42 [-0.72] eV, -1.38 [-0.69] eV, -1.24 [-

0.60] eV and -0.93 [-0.39] eV, respectively. The calculated binding energies are in good 

agreement with a previous DFT study [195]. In a study using combined scanning kinetic 

spectroscopy (SKS), TPD, and AES, Hagans et al. found two states of HCN, with desorption 

energies of 18 kcal/mol (0.78 eV) and 20 kcal/mol (0.87 eV) at 258 K and 271 K, respectively 

[196]. For HCN in its most stable state, we calculate a C–H stretching mode at 3018 cm
-1

, a C–N 

stretching mode at 1301 cm
-1

, a scissoring mode at 1016 cm
-1

, a molecule–surface stretching 
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mode at 450 cm
-1

, a wagging mode at 732 cm
-1

, a twisting mode at 228 cm
-1

, and a rocking mode 

at 365 cm
-1

. The diffusion barrier for HCN from the hcp to bridge site is estimated to be 0.18 

[0.12] eV.   

NH and NH2 

NH adsorbs at the fcc and hcp sites of Ni(111) with binding energies of -4.44 [-3.82] eV, 

and -4.36 [-3.74] eV, respectively. NH2 has only two stable structures, at the top and bridge site, 

with binding energies of -1.96 [-1.52] eV and -2.68 [-2.14] eV, respectively. Our calculated 

binding energies and site preferences are consistent with a previous DFT study [130]. At the fcc 

site, NH binds to Ni(111) via the N atom, with the N–H bond axis perpendicular to the surface 

plane (see Figure 2). The N atom in NH is 1.10 Å above the first Ni layer, corresponding to a 

Ni–N bond length of 1.84 Å, and the N–H bond length is 1.03 Å. Adsorption of NH induces a 

0.07 Å protrusion of the three contacting Ni atoms out of the surface plane, and a 0.07 Å 

expansion in the nearest Ni–Ni distance. The associated deformation energy is 0.08 [0.05] eV. 

Adsorbed NH with the N–H bond axis oriented perpendicular to the surface has been found as a 

stable intermediate during hydrazine decomposition on Ni(111) in the temperature range of 285 

to 365 K [121]. At the bridge site, the most stable state for NH2 (see Figure 2), NH2 is bound 

through the N atom, which is 1.49 Å above the first Ni layer. Both N–H bonds in NH2 are 1.03 Å 

in length, and the H–N–H angle is 109°. The two Ni atoms that NH2 binds to are pulled out of 

the surface plane by 0.13 Å, leading to the greatest deformation energy among all species studied 

here, 0.15 [0.13] eV. A HREELS study of NH identified an N–H stretching mode at 3340 cm
-1

 

and a Ni–NH stretching mode at 620 cm
-1

 [121]. For NH at the fcc site, we obtain an N–H 

stretching mode at 3472 cm
-1

 and a Ni–NH stretching mode at 552 cm
-1

. For NH2 at the bridge 

site, vibrational modes are found at 3429 cm
-1

 for N–H symmetric stretching, 3531 cm
-1

 for N–H 
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asymmetric stretching, 614 cm
-1

 for wagging, 1482 cm
-1

 for scissoring, 584 cm
-1

 for twisting, 

618 cm
-1

 for rocking, and 465 cm
-1

 for Ni–N stretching. The estimated diffusion barriers for NH 

(fcc-bridge-hcp) and NH2 (bridge-top) are 0.70 [0.67] eV and 0.71 [0.63] eV, respectively.   

Table 9 Vibrational frequencies (in cm
-1

) of adsorbed polyatomic species on Ni(111) in their preferred 

adsorption configuration. 

 CH2 CH3 HCN NH2 NH3 HCO COH HNO NOH 

fcc fcc Exp. hcp-fcc br-tilted top Exp. br-tilted hcp br-tilted fcc 

Symmetric 

IM stretch 

 2798 2655
a 

 3429 3367 3270
b
 

3251
c
 

    

Asymmetric 

IM stretch 

3013 

2411 

2870 

2866 

2730
a
 3018 

(C–H) 

1301 

(C–N) 

3531 3523 

3525 

3360
b
 2916 

(C–H) 

1317 

(C–O) 

3693 

(O–H) 

1273 

(C–O) 

3453 

(N–H) 

981 

(N–O) 

3690 

(O–H) 

878 

(N–O) 

AS stretch 489 354 385
a
 450 465 280  479 394 453 392 

Symmetric 

deformation 

 1155 1220
a
   1019 1140

b
 

1113
c
 

    

Wagging 678   732 614   625 403 522 471 

Scissoring 1396 1296 

1300 

1320
a
 1016 1482 1545 

1543 

1580
b
 1164 1116 1084 1260 

Twisting 294 378 485
a
 228 584 101  232 124 255  

Rocking 564 468 

481 

965
a
 365 618 507 

505 

 319 402 343 429 

IM stands for intramolecular, while AS stands for adsorbate-surface.  
a
 HREELS [89] 

b
 HREELS [125]  

c
 FTIR [129] 

NH3 

NH3 binds only at the top site of Ni(111) through its N atom in a tetrahedral structure (see Figure 

2) with a binding energy of -0.59 [-0.23] eV. In this particular binding geometry, the N atom is 

2.04 Å above the first surface layer, and the N–H bonds are oriented 71° away from the surface 

normal with equal lengths of 1.03 Å each. The Ni atom that NH3 binds to is pulled out of the 

surface plane by 0.15 Å, leading to a deformation energy of 0.07 [0.06] eV. Previous theoretical 

studies also identified the top site as the preferred site for NH3 on Ni(111) [112, 130, 132, 133]. 
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Earlier LEED [122-124], TDS [123, 124, 126], UPS [122], TPD [122], ESDIAD [122, 124], and 

SPIES [126] studies concluded that at low temperatures, NH3 adsorbs on Ni(111) via the N atom 

with three H atoms pointing away from the surface, and that NH3 can desorb molecularly from 

the surface. However, no site preference was assigned in these studies. Using scanned energy 

mode PhD, Schindler et al. found that NH3 preferentially binds to the top Ni(111) site with the 

Ni–N bond length of 1.97 Å [128]. Using ESDIAD and TPD, Dresser et al. estimated an -0.74 

eV binding energy of NH3 on Ni(111) at very low coverage [127]. and a very similar value (-

0.77 eV) was obtained in another TPD study by Netzer and Madey [124]. Several adsorption 

states have been found for NH3: monolayer adsorption (α-state), second layer adsorption (β-state), 

and multilayer regime (γ-state) [124, 125, 131]. A TDS study revealed that NH3 in the α-state 

features a desorption peak in the temperature range of 150 – 300 K, while in the β-state, NH3 

desorbs at ~120 K, and an even lower desorption temperature was observed for the γ-state NH3 

[124]. Using HREELS, Fisher and Mitchell studied the vibrational characteristics of NH3 on 

Ni(111) and identified  a symmetric N–H mode at 3270 cm
-1

, asymmetric N–H stretching modes 

at 3360 cm
-1

, a symmetric bending mode at 1140 cm
-1

, and asymmetric bending modes at 1580 

cm
-1

.
[125]

 An FTIR study by Xu et al. determined vibrational modes at 3251 cm
-1

 and 1113 cm
-1

, 

which were assigned to symmetric N–H stretching and symmetric deformation, respectively 

[129]. We obtain a number of vibrational modes for adsorbed NH3, including a symmetric N–H 

stretching mode at 3367 cm
-1

, asymmetric N–H stretching modes at 3523 – 3525 cm
-1

, a 

symmetric deformation mode at 1019 cm
-1

, scissoring modes at 1543 – 1545 cm
-1

, a twisting 

mode at 101 cm
-1

, rocking modes at 505 – 507 cm
-1

, and a Ni–N stretching mode at 280 cm
-1

. 

The diffusion barrier between adjacent top sites is estimated to be 0.45 [0.37] eV.  

N2 
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N2 binds the most strongly at the top site (see Figure 2), with a binding energy of -0.48 [-0.13] 

eV. Though stable N2 adsorption structures on bridge, fcc, and hcp sites are found, these binding 

states are less favorable with binding energies of -0.18 [0.25] eV, -0.13 [0.34] eV, and -0.12 

[0.35] eV, respectively. In all cases, N2 binds with the N–N bond axis perpendicular to the 

surface. Adsorption of N2 on Ni(111) at low temperatures has been observed experimentally [115, 

116, 118]. Hardeveld and Montfoort measured adsorption isotherms and determined that the 

initial heat of adsorption is about 12 kcal/mol (0.52 eV) at low coverages, which decreases with 

increasing coverage [114]. Through isothermal IRAS measurements, Yoshinobu et al. estimated 

the adsorption enthalpy of N2 on Ni(111) to be -8.4 kcal/mol (-0.36 eV) at zero coverage [116]. 

At the top site, the calculated N–Ni and N–N bond lengths are 1.81 Å and 1.14 Å, respectively. 

The Ni atom that N2 binds to protrudes 0.19 Å from its equilibrium position with an associated 

deformation energy of 0.11 [0.10] eV. Two overlayer structures have been observed in LEED 

studies, including p(2 × 2) [115] and (√3 × √3)R30° [116]. An IR study found a N–N stretching 

mode at 2202 cm
-1

 for N2 adsorption on nickel [114], whereas an RAIRS analysis identified an 

absorption band at 2186 cm
-1

 [115]. An FT-IRAS study found that at very low coverages, there is 

a single N–N absorption band at 2218 cm
-1

, while with increasing N2 pressure, two other 

absorption bands at 2212 – 2208 cm
-1 

and 2204 – 2203 cm
-1

 develop [116]. In our calculations, 

we observe an N–N stretching mode at 2247 cm
-1 

and a Ni–N stretching mode at 347 cm
-1

, in 

good agreement with available experimental data. Diffusion between adjacent top sites is 

estimated to have a barrier of 0.30 [0.38] eV.  

NO 

NO adsorbs strongly at the fcc (see Figure 2) and hcp sites of Ni(111) with binding energies of -

2.49 [-1.89] eV and -2.47 [-1.86] eV, respectively. A stable adsorbed structure at the top site is 
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also found, but with a much weaker interaction, characterized by a binding energy of -1.53 [-1.07] 

eV. On all sites, NO is bound to Ni(111) through the N atom with the N–O bond axis parallel to 

the surface normal. On all sites, the remaining magnetic moment of NO is very small (i.e., less 

than 0.1 μB). At the fcc site, the most stable binding site for NO, the N atom is 1.19 Å above the 

surface Ni layer, with an N–O bond length of 1.22 Å. The three Ni atoms surrounding the N 

atom are pulled upwards by 0.07 Å, and the distance between them is increased by 0.02 Å, with 

an associated deformation cost of 0.07 [0.04] eV. An ESDIAD study of NO adsorption at 80 K 

revealed that NO is bound perpendicular to Ni(111), which agrees with our results, though the 

site preference was not determined in that work [136]. A combined LEED, SXPS, and PhD study 

found that NO preferentially adsorbs at both the fcc and hcp three-fold hollow sites in a ratio of 

approximately 1:1 with Ni–N bond lengths of 1.83 Å (fcc) and 1.85 Å (hcp) [145]. The N–O 

bond length at the fcc site was found to be 1.18 Å [145]. The preference for hollow sites was 

confirmed by many other studies using LEED [146, 186], SEXAFS [151], and NEXAFS [148], 

and Ni–N bond lengths of 1.82 – 1.93 Å were reported for NO at these sites. Our calculated 

results agree well with these experimental findings. Using flash desorption spectroscopy, Conrad 

et al. found an NO desorption barrier of about 25 kcal/mol (1.08 eV) [138], which was confirmed 

by a later TDS study by Bozso et al. [139] The well-known c(4 × 2) structure has been 

extensively characterized with LEED [72, 138, 143, 145, 147-149, 186] and SEXAFS [103]. A 

RAIRS study observed a single absorption band at 1460 cm
-1 

at low NO coverages, while with 

increasing NO coverage, a well-separated band at 1475 cm
-1

 develops [137]. A blue-shift of the 

N–O stretching mode was observed in other FTIR studies [140, 141, 144], and was attributed to 

changes of NO binding geometry at high coverages [140, 141].  A FT-RAIR study of NO 

adsorption identified a single absorption band at 1486 cm
-1 

corresponding to the stretching of the 
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N–O bond [142], whereas HREELS documented this stretching mode at 195 meV (1573 cm
-1

) 

[187]. We obtain a calculated N–O stretching mode at 1569 cm
-1 

and a Ni–N stretching mode at 

353 cm
-1

. The estimated diffusion barrier for NO to move from the fcc to hcp site is 0.29 [0.25] 

eV.  

 

 

HCO and COH 

HCO and COH are possible surface intermediates for reaction systems such as the Fischer-

Tropsch synthesis [197], CO methanation [198], and methanol synthesis [199]. HCO prefers to 

adsorb at a bridge site on Ni(111) through a tilted configuration, in which the C atom binds at a 

bridge site, and the O atom is tilted towards an adjacent top site with the C–O bond above an hcp 

site (see Figure 2). The binding energy of this bridge-tilted structure is -2.37 [-1.79] eV. There 

also exists an isoenergetic bridge-tilted structure in which the C–O bond is located above an fcc 

site instead of an hcp site. We observe less stable binding structures of HCO at top, fcc, and hcp 

sites with binding energies of -2.21 [-1.67] eV, -1.99 [-1.43] eV, and -1.98 [-1.45] eV, 

respectively. Over its preferred binding site, HCO sits at a vertical distance of 1.49 Å above the 

surface with a Ni–C bond length of 1.95 Å and a Ni–O bond length of 1.96 Å; the calculated C–

H bond length, C–O bond length, and H–C–O bond angle are 1.11 Å, 1.29 Å, and 116º, 

respectively. The adsorption of HCO is associated with a surface deformation energy of 0.08 

[0.06] eV; upon adsorption, the adjacent surface Ni atoms are drawn upwards by 0.05 Å and 

closer to each other by 0.05 Å. Several vibrational frequencies are calculated for the most stable 

binding structure of HCO, namely, a C–H stretching mode at 2916 cm
-1

, a C–O stretching mode 
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at 1317 cm
-1

, a Ni–C stretching mode at 479 cm
-1

, a wagging mode at 625 cm
-1

, a scissoring 

mode at 1164 cm
-1

, a twisting mode at 232 cm
-1

, and a rocking mode at 319 cm
-1

. HCO can 

diffuse between two adjacent bridge sites through a top site with an estimated diffusion barrier of 

0.16 [0.12] eV. 

COH prefers to bind at an hcp site with a binding energy of -4.43 [-3.85] eV. Compared to its 

isomer HCO, COH is 0.30 [0.30] eV more stable when adsorbed on Ni(111). COH can also 

adsorb at an fcc site with a binding energy of -4.42 [-3.84], only 0.01 [0.01] eV less stable than 

the hcp binding structure. As shown in Figure 2, COH binds through the C atom with the C–O 

bond perpendicular to the surface and the O atom tilted towards the surface. At an hcp site, COH 

lies 1.16 Å vertically above the surface; the calculated C–O bond length, O–H bond length, and 

H–O–C bond angle are 1.341 Å, 0.988 Å, and 110º, respectively. The adsorption of COH draws 

the adjacent surface Ni atoms upwards by 0.06 Å and leads to a local lattice expansion by 0.03 Å. 

Such a surface deformation is associated with an energy of 0.06 [0.03] eV. The calculated 

vibrational features for the most stable adsorption structure of COH are: an O–H stretching mode 

at 3693 cm
-1

, a C–O stretching mode at 1273 cm
-1

, a Ni–C stretching mode at 394 cm
-1

, a 

wagging mode at 403 cm
-1

, a scissoring mode at 1116 cm
-1

, a twisting mode at 124 cm
-1

, and a 

rocking mode at 402 cm
-1

. The estimated diffusion barrier of COH is 0.30 [0.29] eV along the 

following diffusion path: hcp → bridge → fcc. 

HNO and NOH 

HNO and NOH have been identified as possible intermediates in NO reduction reactions on 

transition metal surfaces [200-204]. Our calculations indicate that the most stable HNO 

configuration on Ni(111) features a bridge-tilted structure, in which the N atom binds at a bridge 

site, and the O atom is oriented towards a top site with the N–O bond lying above an fcc site (see 
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Figure 2). The binding energy of HNO in this particular structure is -2.57 [-1.88] eV. We find a 

nearly isoenergetic (with a binding energy of -2.55 [-1.86] eV) configuration, in which the N–O 

bond lies above an hcp site instead of an fcc site. A much less stable structure with both N and O 

binding at two adjoining top sites is also found with a binding energy of -2.14 [-1.54] eV. In the 

most stable structure, we observe a Ni–N bond length of 1.90 Å, a Ni–O bond length of 1.93 Å, 

an N–H bond length of 1.03 Å, an N–O bond length of 1.37 Å, and a H–N–O angle of 110°. The 

adsorption of HNO leads to a surface deformation energy of 0.12 [0.10] eV. For the most stable 

state, a number of vibrational frequencies are calculated, including an N–H stretching mode at 

3453 cm
-1

, an N–O stretching mode at 981 cm
-1

, a wagging mode at 522 cm
-1

, a scissoring mode 

at 1084 cm
-1

, a twisting mode at 255 cm
-1

, a rocking mode at 343 cm
-1

, and a Ni–N stretching 

mode at 453 cm
-1

. The diffusion barrier for HNO, 0.43 [0.34] eV, is estimated from the energy 

difference between the most stable structure and the structure binding to the top site.  

NOH adsorbs at the fcc and hcp sites with binding energies of -3.24 [-2.56] eV and -3.17 [-2.48] 

eV, respectively. Therefore, on Ni(111), the most stable adsorbed NOH is 0.20 [0.22] eV lower 

in energy (more stable) than its most stable isomer (adsorbed HNO). At the fcc site, NOH binds 

to the surface through the N atom with the N–O bond axis perpendicular to the surface plane and 

the H pointing towards a top site (see Figure 2). The most stable configuration has a 1.41 Å N–O 

bond length, a 0.99 Å O–H bond length, and a 105° N–O–H angle. Ni atoms that are in contact 

with the N atom are pulled out of the surface layer by 0.04 Å and the Ni–Ni distances are 

expanded by 0.06 Å, costing a 0.10 [0.07] eV deformation energy. For the fcc bound NOH, we 

find an O–H stretching mode at 3690 cm
-1

, an N–O stretching mode at 878 cm
-1

, a wagging 

mode at 471 cm
-1

, a scissoring mode at 1260 cm
-1

, a rocking mode at 429 cm
-1

, and a Ni–N 
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stretching mode at 392 cm
-1

. We estimate the diffusion barrier for NOH moving from the fcc to 

hcp site to be 0.77 [0.73] eV. 

OH 

Stable adsorption structures of OH at top, bridge, fcc, and hcp sites are found, with binding 

energies of -2.47 [-2.01] eV, -2.92 [-2.37] eV, -3.01 [-2.40] eV, and -2.91 [-2.31] eV, 

respectively. The PW91 binding energy of OH at the most stable binding site (fcc, -3.01 eV) is in 

reasonable agreement with the calorimetrically measured value of -3.27 eV at ~0.5 ML by Zhao 

and co-workers [205]. In the most stable binding structure, OH binds to the surface through the 

O atom (see Figure 2), with an O–H bond length of 0.98 Å. The O atom is located 1.33 Å above 

the surface Ni layer, corresponding to a Ni-O bond length of 1.98 Å. Our calculated results are in 

good agreement with previous theoretical studies [206-209]. The Ni atoms defining the preferred 

OH adsorption site protrude from their equilibrium positions by 0.04 Å, leading to a deformation 

energy of 0.09 [0.09] eV. Shan et al. identified OH on Ni(111) using HREELS, AES, and TPD, 

and found two different methods that may generate OH from H2O [188]. The first is to anneal 

H2O on atomic-O pre-covered Ni(111) at 85 K to above 170 K, and the second is to expose pure 

H2O to 20 eV electrons at temperatures below 120 K. Based on their analysis, three-fold hollow 

sites are preferred by OH. They assigned the 450 meV (3630 cm
-1

) feature to the O–H stretching 

mode and the 65 meV (524 cm
-1

) feature to the Ni–OH stretching mode. We calculate an O–H 

stretching mode at 3743 cm
-1

, and a Ni–O stretching mode at 434 cm
-1

. The diffusion of OH 

from the fcc site to an adjacent hcp site (across a bridge site) has an estimated barrier of 0.09 

[0.04] eV. 

Adsorbate-Induced Demagnetization of Surface Ni 
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For each atom, molecule, or molecular fragment, we calculate the average magnetic moment of 

the Ni atoms that are directly in contact with the adsorbate. Most of these values, as listed in 

Tables 2 and 7, are much smaller compared to our calculated magnetic moment of a Ni atom in 

the bulk (0.73 μB) or on the clean, relaxed surface (0.68 μB). This adsorbate-induced 

demagnetization effect has been reported in several theoretical studies on Ni surfaces, e.g., CO 

on Ni(211) [210] and Ni(110) [211], NO on Ni(110) [212], and benzene on Ni(111) [213, 214]. 

On Ni(110), Jenkins et al. reported that NO causes more pronounced demagnetization than CO 

[212]. Our results suggest the same trend on Ni(111), as the calculated surface Ni magnetic 

moments upon NO adsorption (0.21-0.22 μB) are smaller than those upon CO adsorption (0.25-

0.34 μB).  

 

3.3 Thermochemistry for NO, CO, NH3, N2, and CH4 decomposition 

Using the calculated PW91 energies of the relevant surface intermediates and gas-phase species, 

we develop the thermochemical potential energy surfaces for NO, CO, NH3, N2, and CH4 

decomposition, as shown in Figure 3.  
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Figure 3 Thermochemistry of molecular decomposition on Ni(111): (a) decomposition of CO and NO; (b) 

decomposition of N2, CH4, and NH3. The reaction energy for each elementary step is indicated by the 

number next to the respective arrow.  
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NO binds to Ni(111) with a binding energy of -2.49 eV, and its decomposition to N* and O* is 

energetically favorable with a reaction energy of -0.91 eV (see Figure 3(a), red lines). In addition 

to the direct NO* dissociation, we consider two H-assisted decomposition pathways, in which 

NO* is hydrogenated to HNO* or NOH* prior to its decomposition into NH* + O* or N* + OH*, 

respectively. First, we note that both hydrogenation steps are endothermic, which means the 

formation of HNO* and NOH* are not thermodynamically favorable. Second, the formation of 

NOH* is 0.20 eV more favorable than HNO*, indicating that NOH* is a more stable species than 

HNO* on Ni(111). Third, the decomposition of HNO* and NOH* are both exothermic, with 

reaction energies of -2.08 eV and -1.19 eV, respectively. Finally, the HNO* decomposition 

products (NH* + O*) have the lowest energy, followed by the complete decomposition products 

(N* + O* + H*), and NOH* decomposition products (N* + OH*)(see Figure 3(a), red lines).   

Similar to NO, CO also adsorbs strongly (-1.99 eV) on Ni(111). However, the decomposition of 

CO* into C* and O* is endothermic, with a reaction energy of 1.32 eV (Figure 3(a), blue lines). 

Comparing the desorption and decomposition thermochemistry, we find that the decomposition 

is 0.67 eV more energetically favorable. We also consider two H-assisted decomposition 

pathways of CO, in which CO* is hydrogenated to HCO* or COH* prior to its decomposition 

into CH* + O* or C* + OH*, respectively (Figure 3(a), blue lines). Both the formation steps of 

HCO* and COH* from CO* + H* are energetically uphill, by 1.26 eV and 0.96 eV, respectively, 

albeit less endothermic than the direct decomposition of CO*. The formation of COH* is 0.30 

eV more favorable than that of HCO*. The subsequent decomposition of COH* into C* + OH*, 

however, is endothermic by 0.77 eV; on the other hand, the decomposition of HCO* into CH* + 

O* is exothermic with a reaction energy of -0.43 eV. Overall, the HCO* pathway leads to the 
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most stable decomposition products (CH* + O*), followed by the direct pathway (C* + O* + H*) 

and COH* pathway (C* + OH*).  

Compared to NO and CO, NH3 binds to Ni(111) more weakly with a binding energy of -0.59 eV. 

Three dehydrogenation steps are needed for the complete decomposition of NH3* into N* and 

3H* (see Figure 3(b), orange lines). The first two dehydrogenation steps are slightly exothermic 

with reaction energies of -0.20 eV and -0.44 eV, respectively, whereas the last N–H bond-

breaking step is mildly endothermic (0.28 eV). Considering the overall decomposition process 

(NH3(g) + 4 * → N* + 3H*), we find that it is still energetically favorable, with an overall 

reaction energy of -0.95 eV. Similar to NH3, N2 adsorbs on Ni(111) very weakly with a binding 

energy of -0.48 eV (see Figure 3(b), purple lines) . However, N2* decomposition (N2* + * → 

2N*) is slightly endothermic (0.10 eV), leading to an overall -0.38 eV decomposition energy 

with respect to gas phase N2.   

Complete decomposition of CH4(g) into carbon and hydrogen on Ni(111) is slightly exothermic, 

with an overall reaction energy of -0.06 eV (see Figure 3(b), green lines). Among the four 

dehydrogenation steps, the first three are exothermic by -0.06 eV, -0.03 eV and -0.45 eV, 

respectively, while the last one, CH* + * → C* + H*, is endothermic (ΔE = 0.48 eV). Therefore, 

based on our computed potential energy surface, CH* might be the most abundant surface 

intermediate in CH4 decomposition on Ni, which agrees with previous kinetic model predictions 

[6]. 

4 Conclusions 

The adsorption properties of atomic species (H, C, N, O, and S), molecular species (CO, HCN, 

NH3, N2, and NO), and molecular fragments (CH, CH2, CH3, CN, NH, NH2, HNO, NOH, and 
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OH) on Ni(111) are studied using periodic, self-consistent density functional theory (DFT-GGA). 

We have determined the preferred binding sites, stable adsorption geometries, and binding 

energies for these species. According to our calculations, the absolute magnitude of the binding 

energy of these species on Ni(111) decreases in the order of C > CH > O > S > N > NH > COH > 

CN > CH2 > NOH > OH > H > NH2 > HNO > NO > HCO > CO > CH3 > HCN > NH3 > N2. 

Atomic species prefer to bind at three-fold hollow sites. Surface deformation energies and 

vibrational frequencies are calculated for the most stable adsorbed state for each species. 

Comparisons between our calculated results and available literature values show good agreement. 

Diffusion barriers for each species are also estimated. Finally, the decomposition of NO, CO, 

NH3, N2, and CH4 is analyzed by constructing the thermodynamic potential energy surfaces, 

from which we conclude that all these decomposition reactions are preferred to the respective 

molecular desorption.  
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