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Chemical process of hydrogen and formic acid on a Pd-deposited 
Cu(111) surface studied by high-resolution X-ray photoelectron 
spectroscopy and density functional theory calculations
Wataru Osada,†a Masahiro Hasegawa,†a Yuichiro Shiozawa,†a Kozo Mukai,a Shinya Yoshimoto,a 
Shunsuke Tanaka,a Mitsuaki Kawamura,b Taisuke Ozaki a and Jun Yoshinobu *a

Formic acid (HCOOH) is one of the essential molecules  for CO2 utilization including methanol synthesis and hydrogen 
carriers. In this study, we have investigated the chemical processes of hydrogen and HCOOH on a dilute-alloy Pd-Cu(111) 
surface using high-resolution X-ray photoelectron spectroscopy (HR-XPS) and density functional theory (DFT) calculations. 
The present Pd-Cu(111) surface was prepared at 500 K, and the observed core-level shifts of Pd 3d5/2 indicate that Pd atoms 
were located at the surface and subsurface sites: 335.3 eV at the surface and 335.6 eV at subsurface sites, respectively. The 
coverage of surface Pd atoms was estimated to be 0.05 ML, indicating that the present Pd-Cu(111) surface acted as a single 
atom alloy catalyst. The observed C 1s and O 1s XPS spectra indicate that the surface chemistry of HCOOH on the present 
Pd-Cu(111) surface is almost equivalent to a bare Cu(111) surface; HCOOH is dissociated into monodentate formate and 
atomic hydrogen at 150-160 K, followed by conversion to bidentate formate species at 300 K, and finally it is decomposed 
and desorbed as CO2 + ½ H2 at ~450 K. The conversion ratio of adsorbed HCOOH to bidentate formate species on Pd-Cu(111) 
was 12 %, almost the same as that on Cu(111). That monodentate formate species and atomic hydrogen aggregate around 
the Pd atom is supported by the observed core-level shift of Pd 3d5/2 and systematic DFT calculations . The present DFT 
calculations also show that formate species are preferably adsorbed on the Cu site; thus, the Pd site is unoccupied by formate 
species at this stage. This implies that the present single atom alloy catalyst Pd-Cu(111) has an advantage  during CO2 
hydrogenation, where the Pd site can act as the H2 dissociation site without poisoning by formate intermediate species.

I. Introduction
The hydrogenation of carbon dioxide  (CO2) is one of the most 
demanded approaches to reducing CO2, recycling carbon 
resources  and achieving a carbon-neutral society.1,2 Many 
chemical products/feedstocks can be produced by CO2 
hydrogenation: methanol, formic acid, formaldehyde, dimethyl 
ether, hydrocarbons, and so on.3 In these materials, methanol 
has attracted great attention because of its versatility as a 
chemical feedstock in the chemical industry.4,5 In the current 
chemical industry, Cu-ZnO catalysts have been used in 
methanol synthesis from syngas (mixture of CO and H2),3,4 and 
these Cu-based catalysts also show activity in CO2 
hydrogenation.4,5 Therefore, many works have been reported 
on methanol synthesis by CO2 hydrogenation on various Cu-

based catalysts.1–8 Various reaction mechanisms from CO2 to 
methanol have been proposed in these studies; the theory of a 
pathway through formate intermediate has been widely 
supported.1,3

Detailed knowledge of formate species adsorbed on Cu 
surfaces, including the adsorption structure and processes of 
decomposition and formation, has been accumulated by 
experimental9–29 and theoretical studies.18,20,30–35 One of the 
processes forming adsorbed formate species is the dissociative 
adsorption of formic acid (HCOOH). In methanol synthesis, 
HCOOH has also been proposed as an intermediate 
product.3,30,36 Furthermore, the hydrogen energy carrier system 
using HCOOH has been proposed, where HCOOH is reversely 
converted to CO2 and H2 (HCOOH ⇄ CO2 + H2).37 Thus, 
understanding the surface chemistry of HCOOH on Cu surfaces 
is an important issue in the context of CO2 utilization.

Recently, we have systematically studied the surface 
processes of HCOOH on flat and vicinal Cu surfaces using several 
surface science techniques and theoretical calculations.15,19,20,22 
These studies have elucidated the importance of the step sites 
on the Cu surface19,22 and hydrogen bonding15,20,22 on the 
surface chemistry of HCOOH on Cu surfaces. We have also 
investigated formic acid and formate species on Zn-decorated 
Cu surfaces and concluded that the formate species were 
stabilized on the steps decorated by Zn.19 This conclusion has 
been reported by other previous studies.17,30

a.The Institute for Solid State Physics, The University of Tokyo, 5-1-5 Kashiwanoha, 
Kashiwa, Chiba 277-8581, Japan. E-mail: junyoshi@issp.u-tokyo.ac.jp

b.Center for Emergent Matter Science, RIKEN, 2-1 Hirosawa, Wako, Saitama
351-0198, Japan

† Present address: National Metrology Institute of Japan, National Institute for 
Advanced Industrial Science and Technology, 1-1-1 Umezono, Tsukuba, Ibaraki 305-
8563 (W. O.); National Consumer Affairs Center of JAPAN, 3-1-1 Yaei, Chuo-ku, 
Sagamihara-shi, Kanagawa 400-0055, Japan (M. H.); Yamanashi prefectural 
Industrial Technology Center, 2094 Otsu-machi, Kofu, Yamanashi 400-0055, Japan 
(Y.S.).

Page 1 of 13 Physical Chemistry Chemical Physics



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

In this paper, we focused on the effect of dilute Pd atoms on 
a Cu surface on the surface process of HCOOH because a Pd-Cu 
alloy surface can be expected to be a superior catalyst for CO2 
hydrogenation into methanol.38–42 We prepared the dilute-alloy 
model catalyst Pd-Cu(111), where the present surface acted as 
a single atom alloy catalyst (SAAC),43 and investigated the 
chemical process of HCOOH on the surface using high-
resolution X-ray photoelectron spectroscopy (HR-XPS). In 
addition, the hydrogen-exposed Pd-Cu(111) surface was 
investigated, because the Pd atoms embedded in the Cu(111) 
show excellent activity for hydrogen dissociation.44–47 Further, 
we performed density functional theory (DFT) calculations to 
elucidate the adsorbed states and the chemical shift in the HR-
XPS spectra. The present experimental and theoretical results 
provide a quantitative understanding of the surface chemistry 
of HCOOH on a dilute-alloy Pd-Cu(111) surface, including the 
conversion ratio into formate species, the adsorption structure 
near the Pd site, and the Pd 3d5/2 core-level shifts. In particular, 
the present results show that the Pd site of Pd-Cu(111) is not 
occupied by formate species. This suggests that the present Pd-
Cu SAAC has an advantage in methanol synthesis via CO2 
hydrogenation, where the single atom Pd site can act as the H2 
dissociation site without poisoning by intermediate species 
such as formate species.

II. Experimental
A clean Cu(111) surface  was prepared by repeated cycles of Ne+ 
sputtering and annealing at 673 K. The temperature of the 
sample was measured by a K-type thermocouple attached to 
the side of a Cu crystal by a Ta foil. The clean, well-defined 
Cu(111) surface was checked by XPS and low energy electron 
diffraction.  A Pd-Cu dilute-alloy surface was prepared by vapor 
deposition of Pd on Cu(111) at 500 K using a homemade Pd wire 
source.45 According to the previous studies, the optimal 
temperature to prepare the Pd-Cu(111) SAA surface is 380 K or 
below, and the deposition at higher temperatures could lead 
migration of Pd atoms into the subsurface/bulk regions.45,46,48 
In this study, heating above 450 K is necessary to investigate the 
chemical process of HCOOH and formate species on the Cu-
based model catalysts.19,49 Therefore, in order to discuss the 
electronic states of surface Pd only caused by the interaction 
with HCOOH, formate and hydrogen ad-species, we chose the 
deposition temperature of 500 K. HR-XPS measurements were 
perform-ed using a UHV chamber (base pressure < 2 × 10−10 
Torr) at the soft X-ray undulator beamline (BL-13B) of the 
Photon Factory in Tsukuba, Japan.50 All of the HR-XPS spectra 
shown in this paper were measured using a hemispherical 
electron analyser (SPECS, Phoibos 100) at a normal emission 
angle with a pass energy of 6 eV. The incidence angle of the X-
ray was 45° with respect to the surface normal. C 1s and O 1s 
core level regions were measured at a photon energy (hν) of 680 
eV, and Pd 3d5/2 and Cu 3p core levels were measured at hν = 
490 eV. The C 1s and Pd 3d5/2 spectra were deconvoluted using 
a Voigt function and a Shirley background.

Gaseous hydrogen was introduced to the prepared Pd-
Cu(111) surface through a variable leak valve. Formic acid 

(HCOOH, Wako Chemicals, >98.0 % purity) vapor was 
introduced into the UHV chamber using a pulse valve. Water 
and other impurities in the HCOOH were removed by copper 
sulphate anhydride and several cycles of freeze-pump-thaw. 
The coverage of HCOOH was estimated from the C 1s peak. The 
C 1s spectrum for the first layer of cyclohexane on Cu(111) was 
used as a reference.19,51 In the case of the deposited Pd, the 
coverage was estimated from the peak area ratio of Pd 3d5/2/Cu 
3p, where we calibrated the observed peak areas with several 
factors including the differential photoionized cross 
sections,52,53 the depth distribution function,54 and the 
transmission function at the present analyser. The transmission 
function of the electron analyser was evaluated by the method 
in the literature.55,56

For DFT calculations, OpenMX code was used.57,58 The 
exchange-correlation effect was represented by generalized 
gradient approximation with the Perdew-Burke-Ernzerhof 
(GGA-PBE) method.59 To take into account van der Waals 
interaction, the dispersion-corrected DFT (DFT-D3) approach 
was applied.60,61 A slab model for the representation of 
Pd/Cu(111) consisted of a (4×4) unit cell with a four-atomic 
layer and ~15 Å vacuum layer. In geometry optimization, the Cu 
atoms in the bottom two layers were fixed in their bulk position. 
The adsorption energy, ΔHad, is defined as:

ΔHad = Eadsorbate/substrate – Egas − Esubstrate

where Eadsorbate/substrate, Egas, and Esubstrate are the total energies of 
the adsorbate bound surface, the gaseous molecules, and the 
clean surface, respectively. For core level excitation, fully 
relativistic pseudopotentials and pseudoatomic orbitals were 
used.62,63 All of the pseudopotentials and basis functionals used 
in this paper are provided on the OpenMX website.62,64

III. Results and discussion
A: HR-XPS measurements on a clean and H2-exposed Pd-Cu(111) 
surface

First, in order to characterize the present prepared Pd-Cu(111) 
surface, we investigated clean and hydrogen-exposed Pd-
Cu(111) surfaces using HR-XPS. A Pd-Cu(111) surface was 
prepared following the procedure described in section II. Figure 
1(a) shows the Pd 3d5/2 spectra of the Pd-Cu(111) surface as a 
function of the experimental processes from (A) to (E). 
Spectrum (A) in Fig. 1(a) was measured on the as-deposited Pd-
Cu(111) surface at room temperature and consists of two 
components at 335.3 eV and 335.6 eV. Previously, we reported 
the HR-XPS spectra for a Pd-Cu(111) surface prepared at 380 K, 
where only one component was observed at 335.3 eV.47 It has 
been reported that some of the deposited Pd atoms migrate 
into the subsurface and/or bulk of the Cu crystal by preparation 
at higher temperatures (>435 K).46,48,65 Since the present sample 
surface was prepared at 500 K, some Pd atoms could migrate to 
the subsurface and/or bulk sites. Therefore, the component at 
335.6 eV can be tentatively assigned to the Pd atoms at the 
subsurface. This assignment is further supported by 
experimental and theoretical investigations, which will be 
discussed later.
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Fig. 1 (a) Pd 3d5/2 XPS spectra (A) on a clean Pd-Cu(111) surface at room temperature, 
(B) at 80 K, and after (C) 200 L H2 exposure, (D) after heating to 200 K, and (E) after 
heating to 300 K. Spectra (C) to (E) were measured at 80 K. The coverage of the surface 
Pd was estimated to be ~0.1 ML. The spectra were measured with a photon energy of 
490 eV. Peak fitting was conducted using Voigt peaks with a Shirley background. (b) 
Changes in the peak areas for total spectra and each component. (c) Model structures of 
the clean (upper) and hydrogen-adsorbed Pd-Cu(111) (lower). Pd atoms are placed not 
only at the surface but also at the subsurface. The orange, grey, and white spheres 
represent Cu, Pd, and H atoms, respectively.

Spectra (B)-(E) in Fig. 1(a) are a series of the hydrogen 
adsorption and desorption experiments from 80 K to 300 K. 
Spectrum (B) was measured after cooling to 80 K, which is 
almost the same as spectrum (A). When the surface was 
exposed to 200 L H2, the component at 335.3 eV disappeared, 
and only one peak was observed at 335.6 eV (spectrum (C)). 
Spectrum (D) measured after 200 K heating shows an 
asymmetric shape, originating from a small re-appearance of 
the component at 335.3 eV. Spectrum (E) was taken after 
heating to 300 K, and its shape was similar to spectra (A) and 
(B). The intensity changes of each component in these Pd 3d5/2 
spectra described above are summarized in Fig. 1(b). The 
disappearance of the peak at 335.3 eV correlates to the increase 
in the component at 335.6 eV. Therefore, we conclude that H2 
exposure caused the chemical shift of the Pd 3d5/2 core level 
from 335.3 eV to 335.6 eV. The shift of 0.3 eV is close to the 
chemical shift induced by adsorbed hydrogen atoms (0.35 eV 
for the Pd-Cu random alloy surface,66 and 0.4 eV for the Pd-
Cu(111) surface47). The re-appearance of the component at 
335.3 eV upon heating to 300 K should correspond to the 
desorption of hydrogen because the adsorbed hydrogen atoms 
were completely desorbed from the Pd-Cu(111) surface below 
300 K.45,47,67,68 While the component at 335.3 eV was affected 
by hydrogen, the peak at 335.6 eV observed in spectra (A) and 
(B) seems not to be changed by hydrogen, judging from the 
single component  in spectrum (C). This result indicates a 
negligible interaction between the adsorbed hydrogen atoms 
and the Pd atom at 335.6 eV. The tentative assignment of this 
component is the Pd atoms located at the subsurface and/or 
bulk site, which can explain the present experimental results; 
these Pd atoms do not significantly interact with the adsorbed 
hydrogen atoms on the Pd-Cu(111) surface.

The single component of spectrum (C) in Fig. 1(a) suggests 
that the binding energies of the hydrogen-adsorbed Pd and the 
subsurface Pd are very close. To understand this, we performed 
a DFT calculation for core level excitation to evaluate the 
binding energy of the Pd atom at the subsurface site. In our 
previous DFT study, the binding energy of Pd 3d5/2 was 
calculated to be 335.7 and 336.1 eV on a clean and hydrogen-
adsorbed Pd-Cu(111) surface, respectively.47 Here, we 
performed DFT calculation of the Pd 3d5/2 core level for a Pd 
atom placed at the second layer of the Cu(111) slab (a 
subsurface site). The calculated binding energy was 336.0 eV, 
which is very close to that of the hydrogen-adsorbed Pd-Cu(111) 
surface.

Based on the above experimental and theoretical results, 
we have assigned the component at 335.3 eV and 335.6 eV in 
Fig. 1(a) to Pd atoms on the surface and the subsurface site, 
respectively. The model structures of the present Pd-Cu(111) 
surface are shown in Fig. 1(c). Here, we assumed the coverage 
of the surface-Pd atoms to be ~0.1 ML, which was equivalent to 
the prepared Pd-Cu(111) surface.

B: HR-XPS study for the chemical process of HCOOH on Pd-Cu(111)

Next, we investigated the surface chemistry of formic acid 
because of its significance in CO2 hydrogenation on Cu surfaces, 
where formic acid and formate species have been proposed as 
an important intermediate species in methanol synthesis 
reaction on Cu-based catalysts.3,30 Previously, we have 
systematically investigated the adsorption, desorption, and 
decomposition processes of formic acid on Cu(111), Cu(997), 
Cu(977), Zn-Cu(111), and Zn-Cu(997) surfaces using various 
surface science methods.15,19,20,22

Figures 2(a) and (b) show a series of C 1s and O 1s XPS 
spectra measured on a Pd-Cu(111) surface (θPd, surface = ~0.05 
ML) after formic acid adsorption at 80 K and subsequent heating 
processes. The coverages of adsorbed species based on the 
peak area were plotted as a function of heating temperature in 
Fig. 2(c).

In Fig. 2(a), a single peak for the adsorbed HCOOH molecules 
was observed at 289.5 eV after HCOOH exposure.13,19,22 The 
coverage was estimated to be 0.52 ML, which is higher than the 
saturation coverage of HCOOH in the first layer on Cu(111) (0.35 
ML).15 Therefore, a multilayer was partly formed on the present 
surface. After heating to 150 K, the peak area is decreased due 
to the desorption of the multilayer.14,15,19,22 In addition, a peak 
at 288.5 eV is newly observed, attributed to monodentate 
formate species.19,22 Heating to 160 K resulted in a further 
decrease in the HCOOH component and an increase in the 
monodentate formate component. The coverage of 
monodentate species after 160 K heating was 0.15 ML. After 
heating at 300 K, the component at 289.5 eV disappeared and a 
peak for bidentate formate species was observed at 287.5 
eV.13,19,22 Here, the coverage of bidentate species was 
estimated to be 0.06 ML, corresponding to 12 % of the initially 
adsorbed HCOOH. After heating at 450 K, the peak completely 
disappeared, indicating that bidentate formate species were 
decomposed and desorbed as H2 and CO2.49,69
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Fig. 2 A series of (a) C 1s and (b) O 1s XPS spectra of HCOOH (0.52 ML) on Pd-Cu(111) 
at 80 K and after subsequent heating to the indicated temperatures. All spectra were 
measured at 80 K using a photon energy of 680 eV. The C 1s spectra are fitted by Voigt 
functions and a Shirley background. (c) Coverages of adsorbed species on Pd-Cu(111) 
estimated from C 1s peak areas as a function of temperature. The blue, green, and 
magenta colors indicate molecular HCOOH, monodentate formate, and bidentate 
formate, respectively.

On the bare Cu(111) surface, monodentate formate species 
appeared above 160 K, and the coverage at 160 K was less than 
0.04 ML.19 Therefore, the above results indicate that single 
atom Pd sites catalyse the dissociation of HCOOH to 
monodentate formate species. However, the conversion ratio 
of the adsorbed HCOOH to bidentate formate species on Pd-
Cu(111) was almost equivalent to that on the Cu(111) surface 
(13 %).19 On the present Pd-Cu(111) surface, the coverage of 
formate species decreased from 0.15 ML to 0.06 ML between 
160 K and 300 K. Therefore, some formate species should be 
decomposed and/or recombinatively desorbed below 300 K. 
Thus, the Pd atoms embedded in a Cu(111) surface could act as 
an active site not only for the dissociation of HCOOH but also 
for the decomposition/recombination of formate.

In the O 1s region, no significant peak was observed on the 
clean Pd-Cu(111) surface, although the region of the Pd 3p3/2 
core level overlaps with the O 1s region.70 The absence of a Pd 
3p3/2 peak supports the conjecture that a very small amount of 
Pd atoms is deposited (0.05 ML), which will be discussed later. 

Fig. 3 A series of Pd 3d5/2 XPS spectra of HCOOH (0.52 ML) on Pd-Cu(111) at 80 K and 
after subsequent heating to the indicated temperatures. All spectra were measured 
using a photon energy of 490 eV at 80 K. The spectra are fitted by a Voigt function and a 
Shirley background. (b) Peak areas of the deconvoluted curves are plotted as a function 
of the experimental processes indicated in (a).

Upon the adsorption of HCOOH and subsequent heating 
process, the behaviour of the O 1s spectra was highly consistent  
with that of C 1s: a single peak for molecular HCOOH at 533.4 
eV,13,19,22 a decrease in the peak of molecular HCOOH and the 
development of a peak at lower binding energy (monodentate 
formate) after 150-160 K heating, a single peak for bidentate 
formate species at 531.1 eV after 300 K heating, 13,19,22 and 
disappearance of the peak after heating to 450 K. It should be 
noted that no atomic oxygen signal was observed in O 1s XPS 
spectra during the present experimental process, indicating 
that formate (HCOO) species was predominantly decomposed 
to CO2 + ½ H2, which were immediately desorbed. In a previous 
study, atomic oxygen was observed during the decomposition 
of formic acid on Pd(111) using high-resolution electron energy 
loss spectroscopy,71 interpreted as the involved dehydration 
process (HCOOH → CO + H2O). The O 1s spectra in Fig. 2(b) 
indicate that HCOOH adsorbed on the present Pd-Cu(111) 
surface was decomposed into only hydrogen and CO2 
(dehydrogenation), the same as that  on the Cu(111) surface. In 
other words, the decomposition process of bidentate formate 
species on the present Pd-Cu(111) surface was very similar  to 
that on the bare Cu(111) surface. Similar results have been 
reported on a Pt-Cu(111) single atom alloy surface.49

Figure 3(a) shows a series of Pd 3d5/2 XPS spectra 
corresponding to the C 1s and O 1s spectra in Fig. 2. In these 
spectra, three components were observed at 335.3, 335.6, and 
336.5 eV. The behaviour of each component was plotted as a 
function of the experimental process in Fig. 3(b). Spectrum (A) 
in Fig. 3(a) measured on a clean Pd-Cu(111) surface at 80 K was 
composed of two components at 335.3 eV and 335.6 eV. These 
were assigned to the Pd atoms placed on the surface and 
subsurface, respectively, as discussed in section III-A. Based on 
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the peak area of the surface component, we estimated the 
coverage of the surface Pd atoms to be ~0.05 ML in this 
experiment, ensuring that SAAC was formed on the present Pd-
Cu(111) surface.72–74 Upon the adsorption of HCOOH, the 
intensity of the surface component significantly decreased 
(spectrum (B)), indicating that the surface Pd atoms interacted 
with HCOOH. The additional component at 336.5 eV is probably 
due to impurity. The most plausible candidate is CO based on 
the 1.3 eV chemical shift reported for the CO-adsorbed 
Pd(111)75 surface and our DFT calculations (shown in Table 3). 
We did not detect the signal of CO in the C 1s and O 1s regions 
due to its very low coverage (estimated to be ~0.003 ML based 
on the Pd 3d5/2 component). Heating to 150 and 160 K resulted 
in an increase in the components at 335.6 and 336.5 eV and a 
decrease in the 335.3 eV component. The C 1s spectra in Fig. 2 
show that monodentate formate species were formed after 
150-160 K heating. Therefore, the increase in these components 
should be related to the formation of monodentate formate 
species and dissociated hydrogen atoms (HCOOH → HCOOad + 
Had), which will be discussed in the following section. Note that 
the total intensity recovered due to the desorption of molecular 
HCOOH species. After heating to 300 K, the component at 336.5 
eV disappeared probably due to the recombinative desorption 
of hydrogen and the transformation of monodentate formate 
to bidentate formate species (see Fig. 1 and Fig. 2), as well as 
the desorption of CO.67 These processes could lead to an 
increase in the total intensity. In addition, the peak at 335.6 eV 
decreased to a similar intensity in spectrum (A). The intensity of 
the surface Pd component (335.3 eV) increased but was lower 
than that in spectrum (A), indicating that some surface Pd 
atoms might be occupied by bidentate formate species. 
Spectrum (F) was measured on the surface after heating to 450 
K, which corresponds to the clean surface because bidentate 
formate species were completely decomposed at 450 K (see Fig. 
2). However, the shapes of spectra (F) and (A) were different, 
i.e., the peak area of the surface Pd atoms decreased while that 
of the component at 335.6 eV was almost equal. The decrease 
in the surface component indicates that some of the surface Pd 
atoms could migrate to the subsurface or bulk site upon heating 
to higher temperature above ~400 K.46,48,65 Although such 
migration could cause an increase in the subsurface component, 
the almost equal intensity for the peak at 335.6 eV may be 
rationalized by migration to the deeper layers than the present 
probing depth (~5.5 Å with a photon energy of 490 eV).

C: DFT calculations for the chemical process of HCOOH and 
formate species on Pd-Cu(111)

The observed core level shifts of Pd 3d5/2 in Fig. 3 indicate that 
the Pd single atom sites play a specific role in the chemical 
process of HCOOH on the present Pd-Cu(111) surface. To 
investigate the interaction between the Pd sites and adsorbed 
species, we have conducted DFT calculations including 
geometry optimization and core-level excitation for Pd 3d5/2. 
First, we explore the stable adsorption structure of HCOOH and 
formate species on a Pd-Cu(111) surface. Figures 4 and 5 show 
various model structures for the HCOOH and formate species 
on the Pd-Cu(111) surface, respectively. Note that the 

calculations of HCOOH are conducted for only a trans-form 
molecule because it is more stable than a cis-form molecule.31

The configurations in Figs. 4(c) and (d) are almost inverse to 
those in Figs. 4(a) and (b), i.e., the hydroxyl H atom contacts 
with the Pd atom, and the carbonyl oxygen atom is located at a 
Cu-Cu bridge site (Fig. 4(c)) or an on-top Cu site (Fig. 4(d)). The 
adsorption energies, ΔHad, for the structures in Fig. 4 are 
summarized in Table 1, where the total energy of gaseous 
HCOOH is defined as 0 eV. For comparison, ΔHad on Cu(111) with 
a configuration corresponding to Fig. 4(a) is also shown. 
Previous theoretical studies have reported that such a 
configuration is the most stable structure for a single HCOOH 
molecule adsorbed on Cu(111).31,33,35,76 The present calculation 
resulted in ΔHad of −0.46 eV for HCOOH on a bare Cu(111) 
surface, which was within the range of previously reported 
values including van der Waals interaction.33,35 ΔHad on Pd-
Cu(111) shows that an HCOOH molecule is more strongly 
adsorbed at a Pd single atom site than a bare Cu site, except for 
the configuration in Fig. 4(c). Although the structure in Fig. 4(d) 
is the most stable, its adsorption energy is very close to those 
for the other configurations in Figs. 4(a) and (b). It is noteworthy 
that the polymerization of HCOOH via a hydrogen-bonding 
network stabilizes the adsorbed HCOOH layer,15,34 but such an 
effect was not considered in the present calculations.

Figure 5 shows the structure models of monodentate and 
bidentate formate species adsorbed on the Pd-Cu(111) surface. 
The calculated adsorption energies with respect to gaseous CO2 
and ½ H2 molecules (decomposed products of formate species) 
are summarized in Table 2 together with the results on the bare 
Cu(111) surface. The adsorption sites for the formate species on 
the bare Cu(111) surface are described in brackets next to ΔHad 

Fig. 4 Optimized structures of HCOOH adsorbed on Pd-Cu(111). The configuration of 
the molecule is represented by functional groups with subscripts standing for their 
bonding site. The orange, grey, black, red, and white spheres represent Cu, Pd, C, O, and 
H atoms, respectively.

Table 1 Calculated adsorption energies of adsorbed HCOOH on Pd-Cu(111) with the 
configurations shown in Fig. 4. The adsorption energy on Cu(111) was calculated with 
the configuration corresponding to Fig. 4(a). The indicated values are with respect to a 
gaseous trans-HCOOH molecule.

ΔHad (eV)
Configuration

Pd-Cu(111) Cu(111)

COPd & OHbridge-Cu (Fig. 4(a)) −0.54

COPd & OHtop-Cu (Fig. 4(b)) −0.53

OHPd & CObridge-Cu (Fig. 4(c)) −0.44

OHPd & COtop-Cu (Fig 4(d)) −0.55

−0.46

Page 5 of 13 Physical Chemistry Chemical Physics



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Fig. 5 Optimized structures of (a)-(c) monodentate and (d) bidentate formate species 
adsorbed on Pd-Cu(111); the upper and lower models are the top view and side view, 
respectively.  The orange, gray, black, red, and white spheres represent Cu, Pd, C, O, and 
H atoms, respectively.

Table 2 Calculated adsorption energies (ΔHad) of monodentate and bidentate formate 
species adsorbed on Pd-Cu(111) with the configurations shown in Fig. 5.  The calculations 
on Cu(111) were performed with the configuration described in the brackets. The 
indicated values are with respect to CO2 (g) + ½ H2 (g), which are the desorbed gaseous 
products from an adsorbed formate species at high temperature.

ΔHad (eV)
Configuration

Pd-Cu(111) Cu(111)

m-formate on fcc-Cu (Fig. 5(a)) −0.53
m-formate on sub-Pd (Fig. 5(b)) −0.35
m-formate on top-Pd (Fig. 5(c)) +0.02

−0.55 (m-formate 
on fcc-Cu)

b-formate on bridge-Pd (Fig. 5(d)) −0.82
−0.91 (b-formate 

on bridge-Cu)

values in the table. In Fig. 5 and Table 2, monodentate and 
bidentate formate species are denoted as m-formate and b-
formate, respectively. The present ΔHad values on Cu(111) were 
close to those in two previous studies.33,35

For monodentate formate species, the most stable 
adsorption site is an fcc hollow site consisting of three Cu atoms, 
where the adsorption energy was close to that on the bare 
Cu(111) surface. Because monodentate formate species favour 
a three-fold hollow site rather than bridge and on-top sites,33,35 
we locate monodentate species at an hcp hollow site above a 
subsurface Pd atom (Fig. 5(b)). ΔHad for the structure in Fig. 5(b) 
was −0.35 eV, less stable than that for the structure in Fig. 5(a) 
(−0.53 eV). When monodentate formate was located on a 
hollow site involving a Pd atom and two Cu atoms, the molecule 
spontaneously transformed into a bidentate configuration 
during geometry optimization (not shown here). The structure 
in Fig. 5(c), where monodentate formate occupies an on-top 
site of Pd, was unstable (+0.02 eV). In the case of bidentate 
formate species, the configuration bridged between Pd and Cu 
atoms (Fig. 5(d)) was less stable than the bridged structure on 
the bare Cu(111) surface. It is noted that ΔHad for bidentate 
formate at the Cu-Cu bridge site around a Pd atom was 
calculated to be −0.90 eV (not shown here), which was almost 
equivalent to that on a bare Cu surface. Furthermore, if 
bidentate formate was initially placed on the on-top Pd (i.e., 
two oxygen atoms in formate are bonding to a Pd atom), 
geometry optimization resulted in the migration of formate to 
a bridged configuration. These results clearly indicate that 
bidentate formate species are preferentially adsorbed on Cu 

bridge sites rather than on Pd-inclusive sites. This tendency is 
consistent with the previous experimental results; the decomp- 
osition temperature of bidentate formate species on CuPd(110) 
is lower than those on pure Cu surfaces.69

We also calculated ΔHad for the co-adsorbed configuration 
of one monodentate formate species and a dissociated 
hydrogen atom. In Fig. 6, monodentate formate species occupy 
the fcc hollow site, i.e., the same as Fig. 5(a), and H atoms are 
placed on the fcc hollow sites consisting of two Cu atoms and 
one Pd atom. Figures 6(a) and (b) show the optimized structures 
of one monodentate formate and one hydrogen atom on a Pd-
Cu(111) surface. The configuration in Fig. 6(a), where the H 
atom and monodentate formate were far away from each other, 
was more favourable than that in Fig. 6(b) (−0.26 eV for Fig. 6(a) 
and −0.17 eV for Fig. 6(b) with respect to a gaseous trans-
HCOOH molecule). These calculated results show that the co-
adsorption of a monodentate formate species and a hydrogen 
atom is less stable than molecularly adsorbed HCOOH (see 
Table 1), indicating that an isolated monodentate formate is 
metastable. Note that previous experimental and theoretical 
studies have reported that monodentate species are stabilized 
by linking with adsorbed molecules via hydrogen bonding on 
Cu(111).13,15,20,35,77

Here, we assumed the dimer- and trimer-like configurations 
shown in Figs. 6(c) and (d) to investigate the origin of the Pd 
3d5/2 core level shift observed in the HR-XPS measurements (Fig. 
3), which will be discussed in the following section. In the 
structures of Figs. 6(c) and (d), all atoms were fixed in their 
initial positions  because formate species transformed into the 
bidentate form during geometry optimization in these 
configurations; we excluded the co-adsorbed configuration of 
bidentate formate and H, because in reality the dissociated H 
atoms were desorbed from the Pd-Cu(111) surface below the 
temperature at which bidentate species can be formed.45,47,67,68

We performed DFT calculations for Pd 3d5/2 core level 
excitation to interpret the observed XPS spectra based on the 
present theoretical models. Table 3 shows the calculated 
binding energies (CBEs) for a clean Pd-Cu(111) surface and the 
adsorption structures in Figs. 4-6. The CBEs are estimated by the 
ΔSCF method.63 The value for a clean Pd-Cu(111) surface was 
referenced from our previous study.47 The CBE for the CO-
adsorbed Pd-Cu(111), which was observed as impurity in Fig. 3, 
was also shown in Table 3.

Fig. 6 Structure models for the co-adsorption of monodentate formate species and 
dissociated hydrogen atoms. (a) and (b) are geometrically optimized, and their 
adsorption energies are −0.26 eV and −0.17 eV with respect to the gaseous HCOOH 
molecule, respectively. In (c) and (d), all atoms are fixed in their initial positions. The 
upper and lower models represent the top view and side view, respectively.
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Table 3 Calculated binding energies (CBEs) of Pd 3d5/2 for the adsorption structures 
shown in Figs. 4-6. ΔCBE in the last column is the difference of the CBE from the clean 
surface.

Adsorbate Configuration CBE (eV) ΔCBE (eV)

surface 335.7 -
clean

subsurface 336.0 0.3

COPd & OHbridge-Cu (Fig. 4(a)) 335.7 0.0

COPd & OHtop-Cu (Fig. 4(b)) 335.7 0.0

OHPd & CObridge-Cu (Fig. 4(c)) 335.8 0.1
HCOOH

OHPd & COtop-Cu (Fig. 4(d)) 335.8 0.1

m-formate, fcc-Cu (Fig. 5(a)) 335.7 0.0

m-formate, sub-Pd (Fig. 5(b)) 336.0 0.3formate

b-formate, bridge-Pd (Fig. 5(c)) 335.7 0.0

far (Fig. 6(a)) 335.9 0.2

near (Fig. 6(b)) 335.8 0.1

dimer (Fig. 6(c)) 336.2 0.5
formate + H

trimer (Fig. 6(d)) 336.5 0.8

CO on-top of Pd 336.5 0.8

In the case of HCOOH adsorption, the chemical shift of the
Pd 3d5/2 core level (ΔCBE) depends on functional group bonding 
to the Pd atom; adsorption via carbonyl oxygen (Figs. 4(a) and 
(b)) little alters the binding energy of Pd 3d5/2, while the 
hydroxyl hydrogen atom causes a small chemical shift (0.1 eV 
for Figs. 4(c) and (d)). These results indicate that HCOOH could 
chemically interact with the Pd atom embedded in the Cu(111) 
surface via its hydroxyl hydrogen. In the Pd 3d5/2 spectra, the 
surface component significantly decreased upon HCOOH 
adsorption (see Fig. 3), indicating that some of the surface Pd 
atoms chemically interact with the adsorbed HCOOH molecule, 
i.e., they are covered with the adsorbed species. This molecule 
may be adsorbed with the configuration in Fig. 4(d) because it 
is more stable than that in Fig. 4(c). Unfortunately, for spectra 
(B)-(D) in Fig. 3(a), deconvolution including the HCOOH-
adsorbed component is difficult due to the small chemical shift 
and broadness of these spectra.

In the case of possible monodentate formate structures, 
ΔCBEs are negligibly small. This is not surprising because 
monodentate formate is not directly bonded to the Pd atom in 
Figs. 5(a) and (b). Bidentate formate species also induce a 
negligible shift of the CBE in Pd 3d5/2, despite the bridged 
structure between Pd and Cu (Fig. 5(d)). This suggests that the 
observed Pd 3d5/2 spectra do not support the assumption of a 
stable adsorption site of bidentate formate species at the Pd-
inclusive site on a dilute alloy Pd-Cu(111) surface. Thus, we 
conclude that bidentate formate species prefer the Cu-Cu 
bridge site even on a Pd-Cu(111) surface because of the more 
stable adsorption energy at a Cu-Cu bridge site compared with 
a Pd-Cu bridge site (see Table 2). A previous experimental study 
has also reported the lower stability  of bidentate formate 
species on a CuPd(110) surface than on Cu(110).69 Note that a 
recent theoretical study reported that a Pd-Cu bridge site is a 

stable adsorption site at 298 K based on their calculated Gibbs 
free energies.78 This implies that the favourable adsorption site 
of bidentate formate species at reaction conditions (~500 K is a 
typical temperature for methanol synthesis) is different from 
that under the present experimental conditions  at lower 
temperature; the entropic effect may become significant at 
higher temperature.

On the co-adsorbed surfaces of monodentate formate and 
the dissociated H atom, which corresponds to the surface after 
heating to 150-160 K in section III-B, the CBE of Pd 3d5/2 
significantly shifts to a higher value. For the configuration in Fig. 
6(a), the ΔCBE is 0.2 eV. This shift is almost equivalent to that 
for the surface with one adsorbed hydrogen atom.47 Therefore, 
in the configuration in Fig. 6(a), the chemical shift of Pd 3d5/2 is 
essentially induced by the hydrogen atom. This is associated 
with a negligible shift on only the monodentate formate-
adsorbed surface (Fig. 5(a)). For the dimer and trimer structures 
(Figs. 6(c) and (d)), the ΔCBEs are 0.5 and 0.8 eV, respectively. 
We have previously reported that the chemical shift induced by 
two and three hydrogen atoms on the isolated Pd atom was 0.4 
eV and 0.5 eV, respectively. 47 The present calculations included 
not only hydrogen but also monodentate formate species, and 
the results show significantly higher chemical shifts than in the 
case of only hydrogen atoms. Interestingly, if the adsorbed H 
atoms are removed from the structure in Fig. 6(c), the ΔCBE 
becomes negligibly small. Therefore, we conclude that the 
synergy effect by the H atoms and monodentate formate 
species around the isolated Pd site induces significant shifts of 
Pd 3d5/2. In section III-B, we explained that the component at 
336.5 eV in the Pd 3d5/2 XPS spectra relates to monodentate 
formate species and dissociated H atoms. The peak areas of the 
XPS spectra in Fig. 2 and Fig. 3 show that the coverage of 
monodentate formate species was at least three times larger 
than that of Pd, suggesting that structures such as in Figs. 6(c) 
and (d) can be locally formed. Therefore, we conclude that the 
Pd 3d5/2 peak at 336.5 eV originates from the aggregate 
structure of monodentate formate species and the dissociated 
H atoms around the Pd atom. The previous STM observations 
reported that a cluster formation of formate species was 
observed on Cu(111).14,20 

To clarify the origin of the Pd 3d5/2 core-level shift, we 
performed Mulliken charge population analysis on the 
substrate and adsorbed species, and the results are summarized 
in Table 4. Here, we chose O atom bonding to the surface as a 
representation of monodentate formate species. The values in 
brackets are the results of the same analysis on a bare Cu(111) 
surface. On a clean Pd-Cu(111) surface, the charge on the Pd 
atom decreases from its neutral state, while that of surface Cu 
atoms increases. This is ascribed to the charge transfer from Pd 
to Cu, as we have previously reported.47 On a hydrogen- and 
formate-co-adsorbed surface, the valence electrons of the Pd 
and Cu atoms are less than those of a clean Pd-Cu(111) surface. 
This indicates the charge transfer from the substrate to the 
adsorbates. The increase in the number of H atoms and formate 
species resulted in a systematic decrease of the charge on Pd, 
particularly 4d electrons (0.08 decrease in total, and 0.19 
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Table 4 Mulliken charge populations in Pd, Cu, H, and O atoms. For Cu, the values are 
the average of the atoms surrounding the Pd atom. The column of Hdis shows the average 
value of the charge on the dissociated H atoms. Obond represents the oxygen atom 
directly bonding to the metal surface in formate species.

Pd
Configuration

Total 4d
Cusurf Hdis Obond

neutral 16 9 19 1 6

clean 15.86 9.24
19.11

(19.10)
- -

far H 15.84 9.20
19.09

(19.07)
1.19

(1.15)
6.41

(6.41)

dimer 15.79 9.13
19.07

(19.05)
1.15

(1.14)
6.41

(6.41)
m-formate

trimer 15.78 9.05
19.05

(19.02)
1.13

(1.11)
6.40

(6.40)

decrease in the 4d electrons). This charge depression should be 
related to the significant chemical shift of Pd 3d5/2. In the case 
of Cu, the averaged charge decreases from 19.11 to 19.05. Thus, 
Pd donates more electrons to the adsorbates (formate and 
hydrogen) than Cu atoms.

On a bare Cu(111) surface, H atoms have fewer electrons 
than those on a Pd-Cu(111) surface (1.11 for Cu(111) and 1.13 
for Pd-Cu(111), respectively). The charge on O atoms is almost 
independent of the presence of Pd. These results indicate that 
the electron transfer from a bare Cu(111) surface to the 
adsorbates is lower than that from a Pd-Cu(111) surface (or at 
least almost equivalent). However, on a bare Cu(111) surface, 
the valence electrons on the Cu atoms are fewer than those on 
a Pd-Cu(111) surface. This means that the Cu atoms on a bare 
Cu(111) surface, despite the lower electron transfer , lose more 
electrons upon hydrogen and formate adsorption than those on 
a Pd-Cu(111) surface. This discrepancy can be rationalized by 
considering the charge on the Pd atom. On a surface with a 
trimer-like structure of hydrogen and monodentate formate 
species (Fig. 6(d)), the total charge on the Pd atom decreases to 
15.78, which is slightly less than that on a three-hydrogen-
adsorbed Pd-Cu(111) surface (15.80).47 The lower charge  of the 
Pd atom on the co-adsorbed surface of hydrogen and formate 
indicates the charge transfer from Pd to monodentate formate 
species. Since formate species are far away from the Pd atom, 
such electron transfer occurs through the Cu substrate. This 
interpretation is associated with the results that the Cu atoms 
on a Pd-Cu(111) surface have more valence electrons than 
those on a bare Cu(111) surface. We conclude that this indirect 
charge transfer from the Pd atom to monodentate formate 
species via the Cu substrate is the origin of the significant 
chemical shift of Pd 3d5/2 observed in Fig. 3(a).

Based on the present experimental and theoretical results, 
the chemical process of formic acid on the present Pd-Cu(111) 
surface is summarized as follows. After the incident collision 
and transient migration of a formic acid molecule on the surface 
at 80 K, the molecule would be preferentially adsorbed on the 
single atom Pd site via its hydroxyl hydrogen atom. When the 
HCOOH-adsorbed surface was heated to 150 K, HCOOH 

molecules including the multilayer were desorbed, and some of 
the rest of the molecules were dissociated into monodentate 
formate species (0.15 ML) and hydrogen atoms. Monodentate 
formate species and dissociated H atoms would aggregate 
around the Pd site to form a cluster-like structure, as shown in 
Figs. 6(c) and (d). Heating to 160 K further proceeded the 
HCOOH desorption and formation of the cluster. After 300 K 
heating, the H atoms were completely desorbed as H2, and 
bidentate formate species (0.06 ML) were formed and 
preferentially occupied the bridging site consisting of two Cu 
atoms. Therefore, the Pd site should be unoccupied at 300 K. 
Heating to 450 K resulted in the complete decomposition of 
formate species into CO2 + H (=½ H2), which were immediately 
desorbed. The migration of some Pd atoms from the surface 
into the subsurface/bulk site also occurred above ~430 K.46,48

The present study found that the surface chemistry of 
bidentate formate species on a dilute alloy Pd-Cu(111) surface 
is almost identical that on a bare Cu(111) surface because of the 
weak interaction between formate species and the Pd atom. On 
the present Pd-Cu(111) surface, bidentate formate species are 
preferably adsorbed on the Cu sites and do not affect the 
reactivity of the Pd site. This suggests that single atom alloy Pd-
Cu(111) would have excellent activity for H2 dissociation even 
when formate species exist on the Pd-Cu(111) surface.2,3 A 
single atom alloy catalyst may overcome the low activity for H2 
dissociation of the current Cu-based catalyst,5 which leads to 
lowering the operation temperature of methanol synthesis.

IV. Summary
We systematically investigated the interaction of H2 and 
HCOOH with a dilute alloy Pd-Cu(111) surface using HR-XPS and 
DFT calculations. Important results and conclusions are 
summarized as follows.

(1) The Pd 3d5/2 spectrum on the clean surface consisted of 
two components, 335.3 eV and 335.6 eV, which are attributed 
to surface Pd and subsurface Pd, respectively. The prepared Pd-
Cu(111) surface had low coverage of surface Pd atoms (0.05 ML) 
and acted as a single atom alloy catalyst. 

(2) On the HCOOH-adsorbed Pd-Cu(111) surface, the Pd 
3d5/2 spectrum showed a significant chemical shift upon heating 
to 160 K. This shift correlated well to the C 1s peak assigned to 
monodentate formate species. After heating up to 300 K, only 
bidentate formate species remained on the surface. The 
amount of bidentate species was 12 % of the initial HCOOH 
coverage, almost equivalent to the case on Cu(111). Heating to 
450 K resulted in the decomposition of bidentate formate and 
desorption as CO2 + ½ H2. 

(3) Systematic DFT calculations were performed to explore 
the stable adsorption structures of HCOOH and formate 
species. The calculated results show that HCOOH prefers the Pd 
site, while formate species are favourably adsorbed on the Cu 
site. This means that the Pd site is unoccupied on a formate-
adsorbed Pd-Cu(111) surface. The DFT results for core-level 
excitation show that both monodentate and bidentate formate 
species little affect the binding energy of Pd 3d5/2. On the other 
hand, the aggregation of monodentate formate and dissociated 
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hydrogen atoms around the Pd site caused a significant 
chemical shift in Pd 3d5/2.  Thus, the observed shift of Pd 3d5/2 
originates from the aggregate structure of monodentate 
formate and hydrogen atoms.

(4) The present Pd-Cu(111) surface has an advantage during 
CO2 hydrogenation; the Pd site can act as the H2 dissociation site 
without poisoning by formate intermediate species. In addition, 
we expect that a Pd-Cu single atom alloy catalyst may lower the 
reaction temperature compared with the typical methanol 
synthesis condition using a Cu/ZnO catalyst, which requires an 
operation temperature of 500 K because of its low activity of 
hydrogen activation. This proposal will be demonstrated in our 
forthcoming paper, in which the CO2 hydrogenation process on 
a single atom alloy Pd-Cu(111) surface has been observed at 
relatively low temperature using ambient-pressure XPS.
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