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In this work, we report a density functional theory study of nitric oxide (NO) adsorption on

close-packed transition metal (TM) Rh(111), Ir(111), Pd(111) and Pt(111) surfaces in terms of

adsorption sites, binding mechanism and charge transfer at a coverage of YNO = 0.25, 0.50,

0.75 monolayer (ML). Based on our study, an unified picture for the interaction between NO and

TM(111) and site preference is established, and valuable insights are obtained. At low coverage

(0.25 ML), we find that the interaction of NO/TM(111) is determined by an electron donation

and back-donation process via the interplay between NO 5s/2p* and TM d-bands. The extent of

the donation and back-donation depends critically on the coordination number (adsorption sites)

and TM d-band filling, and plays an essential role for NO adsorption on TM surfaces. DFT

calculations shows that for TMs with high d-band filling such as Pd and Pt, hollow-site NO is

energetically the most favorable, and top-site NO prefers to tilt away from the normal direction.

While for TMs with low d-band filling (Rh and Ir), top-site NO perpendicular to the surfaces is

energetically most favorable. Electronic structure analysis show that irrespective of the TM and

adsorption site, there is a net charge transfer from the substrate to the adsorbate due to

overwhelming back-donation from the TM substrate to the adsorbed NO molecules. The

adsorption-induced change of the work function with respect to bare surfaces and dipole moment

is however site dependent, and the work function increases for hollow-site NO, but decreases

for top-site NO, because of differences in the charge redistribution. The interplay between the

energetics, lateral interaction and charge transfer, which is element dependent, rationalizes

the structural evolution of NO adsorption on TM(111) surfaces in the submonolayer regime.

1. Introduction

The catalytic reduction of NOx species is one of the most

important reactions that takes place in the three-way-catalysts

(TWCs), which are used to convert pollutants from combustion

exhausts to environmentally friendly substances.1 Among

others, transition metal (TM) particles of rhodium, palladium

and platinum supported on oxides are the main components of

automotive TWC devices.2 In addition, iridium is also being

considered for the improvement of TWCs devices due to its

ability to decompose NO and reduce NOx with hydro-

carbons.3,4 The study of the interaction of NOx species with

those particles is of technological importance to improve the

catalytic activities of current catalytic devices and rationalize

the design of new catalysts with better stability and economic

efficiency. As a matter of fact, identification of the adsorption

structures, site preference as well as bonding strength of NO

on Rh, Pd, Ir, and Pt surfaces at the microscopic scale are

essential. As a model system, NO adsorption on Rh(111),

Pd(111), Ir(111), and Pt(111) surfaces has been studied

extensively by experimental5–24 and theoretical12,14,24–36

techniques, and valuable insights have been obtained. Never-

theless, as described below, even for these well studied model

systems, a generic understanding of NO adsorption on TMs is

lacking, and in some cases even controversial, and we address

this using density functional theory (DFT) calculations in

this work.

For NO adsorption on Rh(111), experimental studies6–9

have proposed that NO adsorbs preferentially in fcc (noted

as F) sites at coverage (YNO) of less than 0.25 monolayer

(ML), populates top sites for 0.25 o YNO o 0.50, and NO

forms a p(2 � 2)-3NO(fcc + hcp + top) (noted as FHT) at

0.75 ML. A temperature-programmed desorption (TPD)

study8 reported that with increasing temperature, NO in the

top sites desorbs first, at 395 K, and fcc and hcp hollow-sites

NO desorb at 490 K. This indicated that NO adsorbed in the

top-site has the weakest bonding with respect to the substrates,

as expected since as the top sites are populated by NO only at

high coverages. In addition, DFT calculations found that NO

adsorbs preferentially in the hcp sites at low coverage instead

of the fcc sites suggested by experiments,6–9 and the c(4 � 2)-

2NO(FH) and p(2� 2)-3NO(FHT) structures are energetically

the most favorable at 0.50 and 0.75 ML, respectively.12,25–28

For NO adsorption on Pd(111), both experimental and

theoretical investigations10–14,27,28 reported a consistent
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picture for the adsorbate structures, namely, p(2 � 2)-NO(fcc)

at 0.25 ML, c(4 � 2)-2NO(FH) at 0.50 ML, and p(2 � 2)-

3NO(FHT) at 0.75 ML. A recent low-energy electron

diffraction (LEED) study at 245 K10 found that the hollow-

site NO, which was perpendicular to the surfaces at 0.25 ML,

became tilted at higher coverage. Whether the driving force for

the tilting comes from the lateral repulsion or thermal effects is

however unclear.

For NO/Ir(111), Fujitani et al. reported that NO adsorbs on

the top sites at low coverage, and populates the fcc hollow sites

with increase of coverage.15 This is in contrast to the available

theoretical results,29 in which the hcp hollow-site NO molecules

were predicted to be favorable sites after NO adsorption at the

top sites.

For NO/Pt(111), a consistent picture of the adsorption

structures has been reported by both experimental and

theoretical investigations,16–23,28,30–36 and is summarised as

follows: p(2 � 2)-NO(F) forms at 0.25 ML, p(2 � 2)-2NO(FT)

at 0.5 ML, and p(2 � 2)-3NO(FHT) at 0.75 ML. In this

context, we note that the measured zero N 1s level shift of

adsorbed NO at different sites (fcc and top) remained a puzzle,

as discussed in detail in a recent theoretical study.36

The brief survey above shows clearly that the interaction

between NO and TMs depends sensitively on the sites, coverage

and TMs involved. To reveal the physics underlying the

adsorption of NO on TM(111) surfaces, we report in this

work a first-principles study based on DFT calculation of NO

adsorption on Rh(111), Pd(111), Ir(111), and Pt(111) surfaces

in the submonolayer regime of 0.25, 0.50, and 0.75 ML,

respectively. Among the four TMs considered, two elements

(Rh and Pd) are 4d elements, and the remaining two (Ir and

Pt) are 5d elements. In addition, these four TMs have different

d-fillings. The comparative study for NO adsorption on

these surfaces provides therefore an excellent insight into the

mechanism between NO and the corresponding TMs.

2. Computational methods

Self-consistent total energy calculations were performed based

on the all-electron projected augmented wave (PAW)method37,38

and DFT39,40 within the generalized gradient approximation

(GGA) formulated by Perdew, Burke, and Ernzehof (PBE)41

as implemented in the Vienna Ab initio Simulation Package

(VASP).42,43 The PAW projectors provided in VASP were

employed, and a cutoff energy of 400 eV was used for

the plane-wave expansion for all calculations. For bulk

calculations, Brillouin zone integration of (12 � 12 � 12)

Monkhorst–Pack k-point grids44 were used, while for the

surface calculations, G-point centered grids of (6 � 6 � 1)

and (7 � 6 � 1) were used for the p(2 � 2) and c(4 � 2)

structures. For free NO molecules, we employed an ortho-

rhombic box (15 � 15.5 � 16 Å3) and a single k-point

(0.25,0.25,0.25) for the Brillouin zone sampling. We employ

a Fermi function with a temperature broadening parameter of

kBT = 0.15 eV (kB is the Boltzmann constant) to improve the

convergence, and the resulted total energies are extrapolated

to zero temperature to calculate the energetics.

All surface calculations were performed using the theoretical

bulk equilibrium lattice constant of Rh, Pd, Ir, and Pt in the

face-centered cubic structure, i.e., a0 = 3.84, 3.95, 3.88, and

3.98 Å for Rh, Pd, Ir and Pt, which are 1.1, 1.6, 1.0 and 1.5%

larger than the experimental values, respectively.45 The

surfaces were modeled employing the repeated slab geometry

composed of 4 layers in the slab and a vacuum region of about

11 Å, in which NO was adsorbed on one side of the slab. The

NO molecules and the topmost two layers were relaxed during

structure optimization until the residual forces on the atoms

were less than 0.02 eV Å�1. Previous calculations using a

thicker (seven layers) and symmetric slab with NO adsorbed

on both sides showed that both slabs give the same adsorption

energy and work function sequence for NO adsorption

at different sites with absolute energy difference less than

50 meV.36

Experimental studies have observed the formation of

p(2 � 2) or c(4 � 2) ordered structures for NO adsorption

on Rh(111), Pd(111) and Pt(111), as defined in Figs. 1 and 2,

and considered in present work. Calculations were performed

for YNO = 0.25, 0.50 and 0.75 ML, in which NO molecules

Fig. 1 (a) The possible adsorption sites fcc(F), hcp(H), top(T),

bridge(B) in the p(2 � 2) unit cell. (b) Side view of NO/TM(111) for

NO in the top sites, for which the geometric parameters are defined

and listed in Table 3.

Fig. 2 Schematic top view of the various structures formed for NO

on TM(111) surfaces: (a) c(4 � 2)-2NO(FH), (b) p(2 � 2)-2NO(FH),

(c) p(2 � 2)-2NO(FT) at 0.50 ML, and (d) p(2 � 2)-2NO(FHT) at

0.75 ML, respectively.
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are initially placed at the high-symmetry sites, namely, fcc (F),

hcp (H), top (T), and bridge (B) at a coverage of 0.25 ML, as

well as the combinations of different adsorption sites, fcc +

hcp (FH), fcc + top (FT), hcp + top (HT) and fcc + hcp +

top (FHT) at higher coverages. No symmetry constraints were

applied during the geometric optimizations to escape from

possible local minima.

3. Results

3.1 Clean surfaces

The calculated interlayer relaxations of the topmost layers,

Dd12 and Dd23, and surface work functions, F, are given in

Table 1. Test calculations showed that the results were essentially

the same by using different shape unit cells (hexagonal p(2� 2)

and rectangular c(4 � 2)), which indicates a good convergence

of the present setup. Compared with the bulk truncated

interlayer spacing, we found a modest contraction of both

d12 and d23 for Rh(111) and Ir(111), while a slight expansion

of d12 and a contraction of d23 for Pd(111) and Pt(111).

Considering possible quantum size effects,64 they are in good

agreement with previous calculations, and the agreement with

available experiments is also reasonable good. Calculated F
values are 5.13, 5.27, 5.45 and 5.73 eV for Rh(111), Pd(111),

Ir(111) and Pt(111), respectively. Compared to previous

DFT-GGA calculations,47–50,57 the difference is less than

0.12 eV. The agreement with experiment are satisfactory,

taking into account the uncertainties in the measurements.58–63

3.2 Adsorption energies

The average adsorption energy of NO on the surfaces, Ead,

was calculated using,

Ead = (ENO/TM(111)
tot � ETM(111)

tot � N � ENO
tot )/N, (1)

where ENOTM(111)
tot , ETM(111)

tot , and ENO
tot are the total energies of

NO/TM(111), clean TM(111), and NO in the gas phase,

respectively and N is the number of adsorbed NO molecules

in the unit cell. The results are shown in Figs. 3 and 4, and

tabulated in Table 2.

For NO adsorption at 0.25 ML, we found that on 4d

Rh(111) and Pd(111) surfaces, three-fold hollow sites are

energetically favorable compared with singly coordinated top

sites, with magnitudes of 0.57 and 0.87 eV, respectively. While

for 5d Pt(111), NO adsorption in the hollow sites is still

energetically more favorable than the top sites, however the

difference decreases. For NO/Ir(111), the site preference is

reversed, and the top sites become energetically favorable by

0.10 eV more than the hollow sites. On the other hand, we note

that although fcc and hcp site adsorption are both three-fold

coordinated, the difference lies in the third metal layer under-

neath, and the corresponding energetics change is modest.

From Table 2, it can be found that on Pd(111) and Ir(111),

Table 1 The calculated variation of interlayer spacing with respect to
bulk truncated values (%) and surface work functions (in eV) of clean
transition metal surfaces. The available experimental and theoretical
results in literature are given for comparison

Rh(111) Pd(111) Ir(111) Pt(111)

Dd12 Calc.a �1.52 0.16 �1.94 0.33
Calc. �1.5b �0.01c — +1.14c

Calc. �1.8d �0.1e — +1.2f

Exp. �1.4 � 0.9g 1.3 � 1.3h �1.2i +0.9j

Exp. �0.9 � 0.9k 2.4 � 0.9l — +1.0 � 0.1m

Dd23 Calc.a �1.02 �0.56 �1.76 �1.03
Calc. �1.0b �0.41c — �0.29c
Calc. �0.9d +0.1e — �0.5f
Exp. �1.4 � 1.8g 1.3 � 1.3h �0.6i �0.29j
Exp. �0.0 � 0.9k 0.7 � 0.9l — —

F Calc.a 5.13 5.27 5.45 5.73
Calc. 5.10n 5.30n 5.55n 5.85n

Calc. 5.23d 5.25e — 5.7f

Calc. — 5.22d — 5.69c

Exp. 4.98o 5.6o 5.76o 5.7o

Exp. 5.3p 5.6q — 5.7 � 0.2r

Exp. — 5.55s — 6.1t

a This work, DFT-PBE using PAWmethod. b ref. 46, DFT-PBE using

pseudopotential method. c ref. 47, DFT-PBE using FP-LAPW method.
d ref. 48, DFT-PBE using FP-LAPW method. e ref. 49, DFT-PBE using

FP-LAPW method. f ref. 50, DFT-PBE using pseudopotential method.
g ref. 51, LEED. h ref. 52, LEED. i ref. 53, surface X-ray diffraction

(SXRD). j ref. 21, LEED. k ref. 54, LEED. l ref. 55, LEED. m ref. 56,

LEED. n ref. 57, DFT-PW91 using PAW method. o ref. 58, (111)

surface for Pd, Ir and Pt, polycrystalline for Rh. Photoelectron spectro-

scopy (PES) method. p ref. 59, PES method. q ref. 60, PES method.
r ref. 61, PES, method. s ref. 62, Kelvin method.t ref. 63, PES method.

Fig. 3 The calculated adsorption energies for NO in various sites at

0.25 ML.

Fig. 4 The average adsorption energy for NO adsorption in the

energetically most favorable sites at coverages of 0.25, 0.50 and

0.75 ML.
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calculated adsorption energies for the fcc hollow-site NO is

0.05 and 0.06 eV lower than the hcp site NO, while on Rh(111)

and Pt(111), the hcp site NO is more favorable than the fcc site

NO by 0.07 and 0.17 eV, respectively.

The dependence of the site preference and the energetic

difference between various sites on TMs reflects the local

minima of the potential energy surface for NO adsorption.

As shown in Fig. 3, the difference between various sites is

modest for Ir(111), which indicates a flat potential energy

surface for NO adsorption. While it becomes slightly corrugated

for NO/Pt(111). It becomes rough however for 4d TMs, and

the maximum differences between the different sites are 0.57

and 0.82 eV for Rh(111) and Pd(111), respectively. This is

understandable since 4d TMs are more active than 5d TMs in

the same column. The higher activity of 4d TMs than 5d TMs

also rationalizes the stronger bonding strength of 4d TMs.

For NO adsorption at the top sites, we note that adsorbed

NO is perpendicular to Rh(111) and Ir(111) surfaces.

Whereas on Pd(111) and Pt(111), NO prefers the tilted

configuration, and the energy gains via tilting are 0.34

and 0.58 eV, respectively. These results are essential to

understanding NO adsorption at high coverage, and the

underlying mechanism will be discussed in detail during the

following electronic analysis.

At higher coverage, 0.50 ML, the most favorable configura-

tions are c(4 � 2)-2NO(FH) for Rh(111) and Pd(111),

p(2 � 2)-2NO(HT) for Ir(111) with average adsorption

energies of �2.38, �2.03 and �1.82, respectively. While on

Pt(111), the most favorable structure is p(2 � 2)-2NO(FT)

with an energy of �1.55 eV. The formation of these structures

can be explained using the corresponding potential energy

surface at 0.25 ML as discussed above. For Rh(111) and

Pd(111), which have a highly corrugated potential energy

surface and strong site preference for NO in hollow sites,

additional NO prefers to populate empty hollow sites at

the cost of sharing surface metal atoms. This leads to the

formation of c(4 � 2)-2NO(FH) structure by minimizing bond

competition (surface TM atoms coordinated by more than one

NO), instead of the p(2 � 2)-2NO(FH) structure (see the

discussion in Section 4), as indicated in Figs. 2(a) and (b).

For a flat potential energy surface such as Ir(111) and even

Pt(111), the bond competition and electrostatic repulsion

become important. Correspondingly, p(2 � 2)-2NO(HT) for

Ir(111) and p(2 � 2)-2NO(FT) for Pt(111) are preferential

since there is no site competition. At a coverage of 0.75 ML,

we calculated several configurations, and found the fcc + hcp +

top (FHT) structure has the lowest energy for all TMs, as

plotted in Fig. 2(d). This configuration is energetically favorable,

and the calculated average adsorption energies are �2.04,
�1.71, �1.73, �1.35 eV for Rh, Pd, Ir and Pt, respectively.

In Fig. 4, the calculated adsorption energies in the

energetically most favorable sites at a given coverage are

plotted. For NO adsorption on Rh, Pd and Pt, the adsorption

energies increase with the coverage, which indicates a lateral

NO–NO repulsion between adsorbates. While for Ir, the

variation of adsorption energies at different coverages is small,

and this is in-line with the flat potential energy surface of

NO/Ir(111) discussed at 0.25 ML.

Calculated adsorption energies and site preferences are in

good agreement with previous calculations.12,14,25–28,30–36

Moreover, these results explain the experimental findings

well. For NO/Ir(111), the top-site preference was found

experimentally for coverage less than 0.25 ML, as found in

the present calculations. At higher coverage, NO adsorption at

fcc hollow sites was suggested,15 and in addition, no ordered

structure has been reported yet. According to our work, the

absence of the ordered NO structure on Ir(111) may come

from the weak lateral interaction between adsorbed NO

molecules and a flat potential energy surface. At coverages

higher than 0.25 ML, occupancy of both hcp and fcc sites is

possible due to the small adsorption energy difference, i.e.,

�1.82 eV (FT) and �1.80 eV (HT).

For NO/Rh(111), the structures formed remains elusive.

For example, experimental studies indicated a preference for

fcc sites at low coverage, and occupancy of the top sites with

increasing coverage, and finally the hcp hollow sites were

occupied at higher coverage.6–9,25 However, TPD experiments

for NO-saturated surfaces found that top-site NO desorbed

first, and both fcc and hcp NO desorbed at about same

temperatures, which indicates that the structures at moderate

NO coverage would be fcc + hcp,8 instead of the fcc + top

structure mentioned above. Our calculations, which are

consistent with previous calculations,12,14,27,28 supports the

model proposed from TPD measurements.

3.3 Geometric parameters

The geometric parameters defined in Fig. 1 are summarized in

Table 3 for the energetically most favorable structure at a

given coverage. For comparison, available experimental data

are also included. We found that NO adsorption induces a

slight expansion of the topmost interlayer spacing (positive

Dd12), which increases with coverage. The surface buckling, Dz,

is significant for Ir(111), with a magnitude of 0.25 Å, but

modest for Rh(111), Pd(111) and Pt(111). These results are in

good agreement with previous DFT calculations27,36 and

available experiments.6,10,16,17,21

Table 2 Calculated average adsorption energy (in eV) for NO adsorption in various sites and different coverages. T(p) and T(t) represents the
perpendicular and tilted top site NO, respectively. For NO adsorption at 0.50 ML, p(2 � 2) unit cells were employed except FHc using the c(4�2)
unit cell. The favorable configurations at a given coverage are indicated by bold font

0.25 ML 0.50 ML
0.75 ML

F H B T(p) T(t) FH FT HT FHc FHT

Rh �2.36 �2.43 �2.06 �1.86 — �2.26 �1.99 �2.05 �2.38 �2.04
Pd �2.34 �2.29 �1.99 �1.18 �1.52 �1.92 �1.86 �1.83 �2.03 �1.71
Ir �1.70 �1.76 �1.74 �1.80 — �1.80 �1.80 �1.82 �1.80 �1.73
Pt �1.77 �1.60 �1.55 �0.86 �1.44 �1.38 �1.55 �1.49 �1.43 �1.35
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We found that the change of the bond length of NO (dN–O)

upon adsorption in the top sites is negligible. However, dN–O

increases from 1.17 Å in the gas phase to about 1.20–1.23 Å

for NO in the hollow sites. This indicates a pronounced

weakening of the N–O bond at the hollow sites, as corro-

borated by significant red-shift of N–O stretching in the range

of 200 to 300 cm�1 for hollow-site NO.8,9,15,20,27 The red-shift

and larger N–O bond length for hollow-site NO comes from

the enhanced electron back-donation from metal d-bands to

NO 2p* orbitals, as discussed in Section 3.4 below. In this

context, we note that the large red-shift and elongation of

N–O bond length, which are site sensitive, do not necessarily

lead to the strong bonding between adsorbed NO and the

substrates underneath. This can be seen for NO/Ir(111) at

0.25 ML, in which top-site NO is energetically favorable, but

the corresponding N–O bond length is shorter than hollow-site

NO. Concerning the N–TM bond length (dN–TM), it is noticeably

larger for NO in the hollow site (varies from 2.01–2.10 Å) than

that of the top-site NO (varies from 1.78–1.96 Å) due to the

different coordination numbers.

For all calculated structures, NO molecules in the hollow

sites are perpendicular to the surface at low coverage, and

become tilted with angle of around 61 with respect to normal

direction at high coverage due to the lateral NO–NO repulsion.

The tilting found here was indeed found during recent experi-

ments for NO adsorption on Pd(111) at finite temperature.10

We note however that the measured tilting angle (81) was

slightly larger than the calculated one at absolute zero

temperature. To quantify the effect of temperature, we performed

ab initio molecular dynamics at the corresponding experimental

temperature, and found that the tilting angle indeed increase

by about 21, which agrees well with experimental results.65

Top-site NO prefers the upright configuration on Rh(111) and

Ir(111). In contrast, top-site NO on Pd(111) and Pt(111) are

tilted significantly from the normal direction (a, as defined in

Fig. 1) by about 401 to 501. Calculated a values are in good

Table 3 Structural parameters for NO adsorption on the TM surfaces considered, as defined in Fig. 1: bond length of NO, dN–O; bond length
between N and metal atoms underneath, dN–TM; height of N and O to the TM surfaces, hN–TM and hO–TM; angle between the normal to the surface
and the NO molecule, a; interlayer spacing relaxations, Ddij, and buckling parameter, Dz. The experimental results for Rh (ref. 6), Pd (ref. 10) and
Pt (ref. 21) are given in parentheses for comparison

YNO

Conf. Sites
dN–O dN–TM hN–TM hO–TM a Dd12 Dd23 Dz

(ML) (Å) (Å) (Å) (Å) (Degree) (%) (%) (Å)

Rh
0.25 H hcp 1.22 2.04 1.32 2.53 1.1 +1.25 �2.03 0.11
0.50 FH fcc 1.21 2.07 1.40 2.60 3.3 +3.08 �1.62 0.12

hcp 1.21 2.06 1.38 2.59 3.9
0.75 FHT fcc 1.22 2.07 1.30 2.52 0.3 +3.94 �1.62 0.18

(1.15) (2.03) (1.3) (2.45) (0.0) (+4.01) (�1.28) (0.00)
top 1.17 1.79 1.92 3.09 4.9 — — —

(1.13) (1.76) (1.76) (2.89) (0.0) — — —
hcp 1.22 2.01 1.30 2.52 0.4 — — —

(1.18) (2.03) (1.3) (2.47) (0.0) — —
Pd
0.25 F fcc 1.21 2.04 1.26 2.47 0.0 +1.74 +0.14 0.13
0.50 FH fcc 1.21 2.07 1.31 2.51 5.9 +2.57 +0.44 0.14

(1.22) (2.01) (1.24) (2.45) (8) (+2.41) (+1.07) (0.16)
hcp 1.20 2.08 1.34 2.54 5.3 — — —

(1.23) (2.02) (1.27) (2.49) (8) — — —
0.75 FHT fcc 1.21 2.08 1.27 2.48 0.7 +2.91 +0.57 0.15

(1.27) (2.02) (1.20) (2.46) (7) (+2.85) (+0.63) (0.11)
top 1.18 1.93 2.02 2.85 42.6 — — —

(1.16) (1.86) (1.94) (2.73) (47) — — —
hcp 1.20 2.09 1.30 2.51 1.3 — — —

(1.21) (2.07) (1.29) (2.50) (4) — — —
Ir
0.25 T top 1.18 1.78 2.00 3.18 1.1 +0.36 �1.54 0.30
0.50 HT top 1.17 1.78 2.01 3.18 0.9 +2.21 �1.75 0.20

hcp 1.23 2.10 1.27 2.51 0.1 — — —
0.75 FHT fcc 1.23 2.10 1.31 2.54 0.1 +3.33 �1.52 0.25

top 1.17 1.79 1.98 3.14 1.1 — — —
hcp 1.22 2.11 1.33 2.56 0.1 — — —

Pt
0.25 F fcc 1.21 2.10 1.31 2.52 0.0 +2.11 �0.05 0.18

(1.19) (2.07) (1.31) (2.50) (0.00) (+1.77) (�0.44) (0.08)
0.50 FT fcc 1.22 2.08 1.21 2.43 0.8 +2.94 +0.24 0.18

(1.21) (2.01) (1.22) (2.43) (2.0) (+2.93) (�0.18) (0.08)
top 1.18 1.96 2.09 2.85 49.3 — — —

(1.14) (1.94) (1.99) (2.73) (49.3) — — —
0.75 FHT fcc 1.22 2.09 1.26 2.48 1.3 +3.64 +0.48 0.17

(1.17) (2.09) (1.28) (2.45) (0.40) (+2.85) (+0.65) (0.10)
top 1.18 1.96 2.06 2.89 45.3 — — —

(1.12) (1.99) (2.05) (2.76) (50.5) — — —
hcp 1.21 2.10 1.33 2.54 1.3 — — —

(1.15) (2.01) (1.34) (2.53) (0.10) — — —
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agreement with available experimental measurements,10,16,17,21

and previous calculations.12,14,26,31,33,36 We note that the tilted

top NO was also found for NO adsorption on Ag(111) and

Au(111) surfaces28 and the underlying mechanism has been

discussed in several papers.28,35,36 A general principle under-

lining this will be given below.

3.4 Projected density of states

Insights into the interaction between NO and TM surfaces can

be obtained from the projected density of states (PDOS).

To visualize the hybridization between TM bands and NO

molecular orbitals efficiently, generic NO s- and p-orbitals
were defined by sum of the corresponding N and O px,y and

pz’s PDOS,36

p = Npx
+ Npy

+ Opx
+ Opy

, (2)

s = Ns + Npz
+ Os + Opz

. (3)

The calculated p- and s-orbitals for NO and the PDOS

of surface metal atoms coordinated with NO are plotted

in Fig. 5 for fcc and top (perpendicular and tilted) site

adsorption at 0.25 ML. PDOS can be divided into two energy

Fig. 5 Projected density of states for NO adsorption (0.25 ML) on the TM surfaces considered. NO p- and s-orbitals are calculated according the

formula given in the main text. The zero references are the Fermi level.
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windows: [�6 eV, 0 eV] for the hybridization between NO 2p*
orbitals and the TM’s d-band, and [�10 eV, �7 eV] for the

hybridization between 1p, 5s and the TM’s d-band. For

the deep-lying orbitals, the 1p orbital is slightly higher than the

5s orbital, and the relative difference is site and configuration

dependent. In this context, we note that the order of 1p and

5s orbital here is different from NO in the gas phase.36

For NO adsorption at hollow sites, the geometry is

favorable for the hybridization between NO p-orbitals and

TM dxz,yz orbitals, and this in turn facilitates charge transfer

from TMs to NO p-orbitals. In contrast, for top-site

NO (perpendicular), though both 1p and 5s orbitals are

lowered, it is more pronounced for 5s orbitals because the

specific configuration is favorable for NO 5s and TM dz2

hybridization. Correspondingly, the donation from NO 5s to

TM dz2 is significant. For tilted top NO, the configuration

promotes the interaction of NO p-orbitals with TM dxz,yz
orbitals and related back-donation processes.

To quantify the amount of charge transfer induced by

adsorption, we integrated NO’s s and p PDOS ‘till the Fermi

level. In the gas phase, NO has eleven electrons (e) in the

occupied orbitals, namely, six in s-orbitals and five in

p-orbitals, and the highest occupied p-orbital is half occupied.
These were used to normalize the PDOS integration for

adsorbate–substrate systems, and the difference with respect

to NO in the gas phase is given in Table 4. We found that upon

adsorption, irrespective of the adsorption sites and TM

surfaces, the charge increases typically by more than half an

electron for NO p-orbitals, while decreasing by about 0.40

electrons for NO s-orbitals. The overall charge transfer

(Dp + Ds) therefore results in a net electronic accumulation

on adsorbed NO.

The above analyses show that the interaction between NO

and TM surfaces follows a donation and back-donation

process in general. This mechanism was discussed for NO

adsorption on Pt(111),35,36 and extended to more TMs in

present work. In the literature, the interaction between CO

and Pt(111) TMs was found to be similar.66–76

The electronegativity of both O and N atoms are significant

larger than that of the TMs considered, e.g., Pauling electro-

negativities are 3.44 and 3.04 for O and N, and about 2.2 for

Rh, Pd, Ir and Pt, respectively.77 Hence, a charge transfer

from substrates to adsorbed NO upon NO adsorption is

expected. This is in-line with the above findings. Despite

the net charge gain for adsorbed NO molecules, the spatial

charge redistribution and change of work function with

respect to the bare surface are site dependent, which will be

discussed below.

3.5 Work function changes

It is well know that the adsorption of adatoms on surfaces

induces a change of work function with respect to bare

surfaces (DF = FNO/TM(111) � FTM(111)), whose sign and

magnitude reflect the direction of charge transfer and electron

redistribution. Calculated DF values are summarized in

Table 5. In addition, adsorption-induced dipole moments, m,
defined by the Helmholtz equation,78,79 m = 1/12p � ADF/y,
where A is the area per (1 � 1) surface unit cell in Å2. Positive

m indicates an inward-pointing surface dipole moment (i.e.,

the negative end is outside of the surface), while negative

Table 4 The change of electron population in NO s- and p-orbitals
with respect to NO in the gas phase as well as the net charge gain
(Dp + Ds) due to adsorption on TM surfaces at 0.25 ML. T(p) and
T(t) represent the perpendicular and tilted top-site NO, respectively

Site Dp Ds Dp + Ds

Rh B 0.62 �0.23 0.39
F 0.67 �0.30 0.36
H 0.67 �0.31 0.35
T 0.50 �0.10 0.40

Pd B 0.53 �0.19 0.35
F 0.62 �0.26 0.37
H 0.59 �0.26 0.34
T(p) 0.36 �0.07 0.29
T(t) 0.56 �0.23 0.33

Ir B 0.65 �0.27 0.38
F 0.71 �0.37 0.34
H 0.71 �0.36 0.35
T 0.59 �0.13 0.46

Pt B 0.59 �0.23 0.36
F 0.68 �0.32 0.36
H 0.65 �0.30 0.35
T(p) 0.44 �0.10 0.34
T(t) 0.56 �0.23 0.33

Table 5 Adsorption-induced change of surface work function with respect to bare surfaces (DF in eV) and dipole moment (m in Debye). T(p) and
T(t) represent the perpendicular and tilted top-site NO, respectively. For NO adsorption at 0.50 ML, p(2� 2) unit cells were employed except FHc,
where c(4 � 2) was used instead. The calculated surface work functions for the clean surfaces are 5.13, 5.27, 5.45 and 5.73 eV for Rh(111), Pd(111),
Ir(111) and Pt(111), respectively. Bold fonts corresponds to the results for the energetically most favorable structure at a given coverage

0.25 ML 0.50 ML
0.75 ML

F H B T(p) T(t) FH FT HT FHc FHT

Rh
DF 0.74 0.78 0.57 �0.36 — 1.10 0.28 0.27 1.20 0.69

m 0.50 0.53 0.39 �0.24 — 0.37 0.09 0.09 0.41 0.16

Pd
DF 0.45 0.39 0.10 �0.68 �0.27 0.49 0.08 �0.04 0.50 0.26

m 0.32 0.28 0.07 �0.49 �0.19 0.18 0.03 �0.01 0.18 0.06

Ir
DF 0.70 0.65 0.36 �0.65 — 1.04 0.08 0.06 1.04 0.52

m 0.48 0.45 0.25 �0.45 — 0.36 0.03 0.02 0.36 0.12

Pt
DF 0.34 0.18 �0.14 �1.22 �0.41 0.30 �0.05 �0.13 0.31 0.14

m 0.25 0.13 �0.10 �0.90 �0.30 0.11 �0.02 �0.05 0.11 0.03
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m indicates an outward-pointing surface dipole moment (to the

vacuum).

The above PDOS analysis at 0.25 ML indicates a net charge

transfer from substrates to the adsorbed NO, irrespective of

the adsorption sites and the TM surfaces studied. Hence, an

increase in work function (positive DF) would be expected

upon NO adsorption. This is indeed found for hollow-site

NO, and a positive DF means an inward pointing surface

dipole moment induced by adsorption. For top-site NO,

however, the surface work function decreases upon

adsorption, and correspondingly, the direction of the

dipole moment points outward to the vacuum. The site

dependence of the surface dipole moment induced by

adsorption plays an important role in the lateral (electrostatic)

interaction between adsorbates. The balance between lateral

interaction and energetics at different sites, which are element

dependent, determines the structures formed at different

coverages.

For FT and HT structures at 0.50 ML, the calculated

absolute values of DF are small. This is because hollow-site

NO and top-site NO have the opposite surface dipole

moments. While for the FH structure, the calculated |DF|
remains significant because the direction of the surface dipole

moment induced by both fcc and hcp NO are same. As a

consequence, the electrostatic repulsion between fcc and hcp

NO is developed. This results in so-called depolarization, as

seen clearly from the decrease of the surface dipole moment m,
for instance 0.37 (Rh), 0.18 (Pd), 0.36 (Ir) and 0.11 (Pt) Debye,

compared to 0.50, 0.32, 0.48 and 0.25 Debye for fcc hollow

NO at 0.25 ML, respectively. For NO adsorption at 0.75 ML,

a common structure (FHT) forms on the four TMs considered.

This structure can be described as a superposition of the FH

(0.50 ML) and T (0.25 ML) structures. Since top-site NO has

the opposite dipole moment with respect to hollow-site NO,

the calculated DF is smaller than the FH structure at 0.50 ML,

correspondingly.

The change of the work function DF as function of the

coverage is plotted in Fig. 6 for the energetically most favor-

able structures at a given coverage. Rather different behavior

on the various TMs can be clearly seen. For NO/Ir(111), the

work function decreases at low coverage of 0.25 ML because

of the NO adsorption in the top sites. It becomes positive

however and increases monotonically with coverage due to the

gradual occupation of hollow-site NO. In contrast, for

NO adsorption on Rh and Pd, the work function increases

at 0.25 and 0.50 ML due to NO adsorption at hollow sites, and

it decreases at 0.75 ML due to the occupation of the top sites

by NO. For Pt(111), the work function increases at 0.25 ML,

as found for Rh and Pd. It decreases at 0.50 ML because of the

presence of top-site NO, and it increases again at 0.75 ML due

to the presence of the additional hollow-site NO. These

analyses show clearly that the work function changes induced

by NO at different coverages are dominated by the occupation

of NO at various sites, which are TM dependent. Calculated

results are in good agreement with available experimental

data. For instance, for NO/Pt(111), the measured surface

work function increases by about 0.14 eV at 0.17 ML,

but decreases to �0.16 eV at 0.52 ML.5 For NO on Rh,

Pd and Ir(111), to best of our knowledge, there is no

systematic measurement of the surface work function yet for

comparison.

3.6 Electron density differences

To shed light on the work function change, we analyzed the

charge transfer induced by NO adsorption, employing the

electron density differences rD(r). rD(r) obtained using

rD(r) = rNO/TM(111)(r) � rTM(111)(r) � rNO(r). (4)

We also analyzed the average planar electron density differ-

ences in the xy plane and along the normal direction (z-axis),

�rD(z). Our results for NO in the fcc, top (perpendicular), and

top (tilted) sites (0.25 ML) are shown in Fig. 7.

It can be seen that the charge density redistributions are

located mainly in the topmost metal layer and adsorbed NO,

while slight perturbations are observed in the second meta

layers. These charge redistributions originate from charge

transfer and polarizations, which are in turn site-dependent

due to the nature of the metal d-bands involved and

hybridization with adsorbed NO molecules. For NO adsorption

in the hollow sites, the variation of the TM’s dxz,yz bands is

notable, while variation of the TM’s dz2 bands is notable for

NO adsorption in the top sites. Nevertheless, both dxz,yz and

dz2 show a pronounced depletion, which is the source of the

back-donation from substrates to adsorbates. For NO, a

depletion of the O and N pz–(5s–) states with a polarization

around nitrogen was found, which can be attributed to the

source of electron donation from NO to TM substrates. The

electron accumulation is mainly distributed in the N and

O px,y–(2p*–) states and in the bonding region between

adsorbate and substrate.

The opposite signs of DF for NO in the hollow and top sites

can be understood from the planar averaged electron density

differences �rD(z), which are shown in Fig. 7. To illustrate this,

the mass center of the accumulated charge (�rD+(z), positive

part of �rD(z)) and depleted charge (�rD�(z), negative part of

�rD(z)), i.e., z+r and z�r , are defined:

zþr ¼
1

q

Z c=2

0

�rDþðzÞzdz; and z�r ¼ �
1

q

Z c=2

0

�rD�ðzÞzdz;
Fig. 6 The change of work function (with respect to bare surfaces)

induced by adsorbed NO. At a given coverage only the results for the

energetically most favorable structures are given.
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where the integral range is a complete dimension of the

supercell, and q is the amount of the overall charge redistributions,

and calculated by

q ¼ qþ ¼ �q� ¼
Z 2

0

�rDþðzÞdz ¼ �
Z 2

0

�rD�ðzÞdz:

From these equations, the dipole moment induced by adsorption

can be obtained by

m ¼ qðzþr � z�r Þ ¼
Z 2

0

�rDðzÞzdz; ð5Þ

The results for m, z+r and z�r are summarized in Table 6.

Fig. 7 Calculated average electron density differences �rD(z) (left column) and rD(r) (right column) for NO adsorbed in the fcc, perpendicular top

(top(p)) and tilted top (top(t)) sites (0.25 ML) along the (211) planes through N and O atoms. Cyan to blue (yellow to red) indicates the depletion

(accumulation) of the electron density. N, O and Pt atoms are indicated by blue, red and dark gray spheres respectively. The unit is e Å�3 for rD(r)
and e Å�1 for �rD(z).
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Compared with m calculated from the Helmholtz equation

(see Table 5), we found that both approaches yield the same

trends. The opposite dipole moment of hollow and top sites

adsorption can be clearly seen from the relative positions of z+r
and z+r . Namely, z+r is higher than z�r for hollow-site NO

adsorption, while it is opposite for top-site NO adsorption.

The inversion of z+r and z�r from hollow-site NO adsorption to

top-site NO adsorption mainly comes from the fact that for

the latter one, there is a pronounced enhancement of charge

accumulation between NO and surface metal atoms under-

neath about 1.5 Å.

The driving force for the outward dipole moment induced

by the top-site NO comes from specific configuration and

related hybridization between NO and TMs, despite overall

charge transfer from substrates to adsorbed NO. In this

context, we note that outward dipole moments and decrease

of the work function induced by electronegative species upon

adsorption was found in literature also for atomic nitrogen

adsorption on W(100) surfaces by Michaelides et al.80 In that

case, the nitrogen atom adsorbed at four-fold hollow sites, and

it is the reduction in the surface overspill electron density into

the vacuum that leads to the decrease of the work function.

4. Discussion

The interesting and yet complicated results for NO adsorption

on TM surfaces shown above come mainly from the

characteristic potential energy surface for NO adsorption on

different TM surfaces at low coverage. Understanding of

underlying mechanism was therefore fundamentally important,

and discussed in this section. First, we note that the large

adsorption energy and extensive hybridization between NO

and TM surfaces are characteristic of chemisorption. The

interaction follows a donation–back-donation process,

namely, charge donation from NO 5s orbitals to TM d-bands,

whilst back-donation from TM d-bands to the NO 2p*-
orbitals occurs. As shown in Table 4, irrespective of adsorption

site and TM, the back-donation is always larger than that of

the donation, which results in an overall net charge transfer

from substrates to adsorbed NO. On the other hand, we

note that the amount of donation and back-donation is site

dependent, and both of them increase with the coordination

number. This is understandable since multiple coordination

adsorption would facilitate the charge transferring and be

energetically preferred. As a consequence, the site preference

for NO adsorption in the high-coordinate sites as well as

the energetic difference between various sites with distinct

coordinations would be determined by the extent of donation

and back-donation between NO and substrates, which is

element dependent. Since TM d-bands are significantly

involved in both the donation and back-donation processes,

determining how many d-electrons are available (namely

filling of d-bands) for electron transfer is therefore essential.

In this context, we note that the TMs considered here do

have very different d-band fillings, and calculated values are

7.7, 8.2, 9.0 and 9.4 e for Ir, Rh, Pt and Pd(111) surfaces,

respectively. To illustrate the role of TM d-band filling, we

calculated the NO adsorption energy difference between top

(perpendicular) and hollow sites, and its dependence on the

d-band filling of different TMs, and plotted the results in

Fig. 8. A linear correlation between the adsorption energy

difference and the d-band filling can be clearly seen. For

Pd(111) with the largest d-band filling, the energy difference

is significantly large with a value of 1.16 eV, namely the three-

coordinate hollow sites are highly favorable. While for Pt(111)

with a smaller d-band filling, the difference decreases to the

value of 0.91 eV. With an decrease in d-band filling further to

Rh, the energy difference decreases continuously, and actually

the top site even becomes favorable for Ir with the least d-band

filling. This result shows unambiguously that the preference of

high coordination sites for NO adsorption on TM surfaces is

determined by d-band filling, as suggested above.

The effect of TM d-band filling further explains the fact that

the tilting of top-site NO occurs on Pd and Pt with an energy

gain of 0.34 eV and 0.58 eV, instead of Rh and Ir. A simple

geometric consequence of the tilting of top-site NO is an

increase of effective coordination, which would increase the

extent of the donation and back-donation (see Table 4). For

example, by tilting of perpendicular top-site NO, the amount

of donated (s) and back-donated (p) charge increases from

0.36 and�0.07 e to 0.56 and�0.23 e for Pd, and from 0.44 and

�0.10 e to 0.56 and �0.23 e for Pt, respectively. This happens

on Pd and Pt surfaces because of their higher d-band filling,

compared to Rh and Ir. The stabilization gained from tilting

of the top-site NO can be seen further from the upshift of

Table 6 Adsorption-induced surface dipole moment m calculated by
integration of the planar average electron density difference via eqn (5)
at 0.25 ML. z+r and z�r represent the mass center of accumulated and
depleted charge with respect to the mass center of surface metal atoms

Metal Structure m/Debye z+r /Å z�r /Å

Rh F 0.49 0.50 0.05
T �0.03 0.23 0.26

Pd F 0.53 0.22 0.09
T(p) �0.24 0.15 0.32
T(t) �0.10 0.17 0.27

Ir F 0.44 0.61 0.18
T �0.22 0.17 0.35

Pt F 0.35 0.55 0.27
T(p) �0.51 0.32 0.71
T(t) �0.10 0.53 0.65

Fig. 8 The adsorption energy difference between fcc and top

(perpendicular) site NO at 0.25 ML with respect to d-band filling.
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hybridized states between NO 2p* and Pt/Pd d-bands (Fig. 5),

which frees more energetically unfavorable antibonding states.

The effect of d-band filling on sites and geometries of

molecule adsorption on platinum group surfaces highlighted

here should apply in general to other similar systems, as indeed

found in the literature. For instance, the tendency of tilting for

NO in the top sites has been reported on Ag(111) and Au(111),

in which the corresponding d-band is fully occupied.28 In

addition, the correlation between site preference and filling

of the TM d-bands has been discussed for CO adsorption.76

5. Summary

In this work, we report a comprehensive first-principles study

of the NO adsorption on close-packed transition metal

Rh(111), Pd(111), Ir(111), and Pt(111) surfaces within a

DFT framework as implemented in VASP. Valuable insights

are obtained, and the fundamental principles for the inter-

action between NO and transition metal surfaces are

illustrated. We find that the interaction between NO and

TM(111) surfaces come from the donation and back-donation

processes via the interplay between 5s/2p*-orbitals and TM

d-bands. Irrespective of the adsorption sites and TM, the

amount of back-donated charge is larger than the donated

charge, which leads to overall a net charge transfer from TM

to adsorbed NO. Nevertheless, the change of work function

induced by NO adsorption is site dependent, and the direction

of surface dipole moments induced by hollow-site and top-site

NO are opposite due to the different charge redistribution. On

the other hand, the extent of donation and back-donation is

correlated with coordination number. For TMs with large

d-band filling such as Pd and Pt, three-coordinated hollow

sites are energetically most favorable, and less favorable

top-site NO prefers to tilt away from the normal direction.

While for TMs with small d-band fillings such as Ir, top-site

NO (perpendicular to the surfaces) is energetically most

favorable. The present work indicates that the distinct

potential energy surfaces and lateral interactions, which are

TM dependent, are essential for NO adsorption on TM

surfaces.
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