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Chapter 1 

 

Introduction 

 

1.1 General Introduction 

In recent years, methanol (CH3OH) is of interest as a component of 

future hydrogen energy system, because methanol is the most useful chemicals 

to produce hydrogen molecules.1 On the other hand, the synthesis of methanol 

from CO2 and H2 (CO2 + 3H2 –> CH3OH + H2O) is an important process, and 

Cu/ZnO catalyst is generally used for this reaction. The methanol synthesis 

reaction is an essential topic in the efficient use of CO2 as a chemical feedstock.2 

The hydrogenation of CO and CO2 on metal catalysts have been studied 

by means of many experimental3–33 and theoretical34–36 methods. Copper based 

catalysts have been used for the research of CO2 hydrogenation.7,8,10,12,13,19–33 

Figure 1.1 shows the reaction network of simultaneous the methanol synthesis 

and water gas shift (CO + H2O –> CO2 + H2) reaction over Cu catalysts based on 

theoretical study.35 The conversion process from CO2 to methanol is explained 
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as follows. First, a gaseous CO2 molecule adsorbs on the surface as shown a 

process of R1.35 The adsorbed CO2 molecule reacts with a hydrogen atom to 

form a bidentate formate (HCOO) (R17).35 When an oxygen atom of the 

bidentate formate is detached from the surface and is bound with a hydrogen 

atom, adsorbed formic acid (HCOOH) molecule is formed on the surface 

(R19).35 There is a process that the adsorbed formic acid desorbs molecularly 

from the surface as a gaseous formic acid (R5).35 When a carbon atom of the 

adsorbed formic acid molecule is hydrogenated by a hydrogen atom, a 

(H2CO)OH is formed on the surface (R20).35 The adsorbed (H2CO)OH is 

dissociated into an adsorbed formaldehyde (CH2O) molecule and a hydroxyl 

group (OH) (R23).35 The adsorbed formaldehyde molecule desorbs molecularly 

or is hydrogenated by a hydrogen atom to form a methoxy (CH3O) on the 

surface (R24).35 An oxygen atom of the methoxy is hydrogenated by a hydrogen 

atom to form a methanol (R25, R45) on the surface.35 Finally, adsorbed 

methanol desorbs from the surface as gaseous methanol (R7).35 The previous 

theoretical studies provide important information for the elementary processes of 

methanol synthesis reaction, which contribute to the assignment of reaction 

intermediates in the experimental studies. 
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Figure 1.1. Reaction network of simultaneous the methanol synthesis and water 

gas shift reaction (CO + H2O –> CO2 + H2) reaction over Cu catalysts.35 

 

On the other hand, Figure 1.2 shows the reaction network in both 

methanol synthesis and reverse water gas shift reaction (CO2 + H2 –> CO + 

H2O) involving the possible intermediates on copper catalysts, as proposed in 

the previous experimental studies.7,8,10,12,13,19–33 As shown in Fig 1.2, adsorbed 
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formate and methoxy species could be stable intermediates for methanol 

synthesis reaction.20–33 However, despite many experimental studies, the 

elementary processes for intermediates of labeled “A” and “B” are still in the 

middle of being discussed.19 In addition, the possibility of interconversion of 

labeled "B" with formate species is indicated in Fig 1.2. The role of formate 

species in the reverse water gas shift reaction is still uncertain.19 

 

 

Figure 1.2. Reaction network both methanol synthesis and reverse water gas 

shift on copper.7,8,10,12,13,19–33 
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The catalytic decomposition of formic acid (HCOOH) adsorbed on 

copper surfaces has been studied over the several decades.37–45 The 

decomposition of formic acid is of great importance, because the formate 

species is one of the stable intermediate species in the methanol synthesis 

reaction.46 Formic acid decomposition has been studied on single crystal 

Cu(110)37–40,42 and Cu(100)41 and Cu(111)43–45 surfaces. Figure 1.3 shows a 

reaction scheme from formic acid to formate species on a Cu surface. The formic 

acid adsorbed on Cu(110) at 85 K was dissociated into a monodentate formate 

and a hydrogen atom at 200 K.38 The monodentate formate was converted to the 

bidentate formate with further heating; this change begins at 200 K and is 

completed at about 300 K.38 The dissociated hydrogen atoms were desorbed as 

H2 at 273 K.42 The bidentate formate was decomposed and immediately 

desorbed as H2 and CO2 at 473 K (reaction-limited desorption).42 

 

Figure 1.3. Reaction scheme from formic acid to formate species on a Cu 

surface.   
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As described above, the decomposition of formic acid is related to the 

elementary processes of the methanol synthesis reaction, meaning it is 

important to elucidate how formic acid molecules adsorb and dissociate into 

formate species on the Cu surfaces at a molecular level. The present thesis aims 

to understand the microscopic behavior and reaction of formic acid on copper 

model catalysts using modern surface spectroscopies. 
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1.2 Aim of this Thesis 

The decomposition of formic acid on Cu(111) was first reported in 

2013,43 and only three studies have been reported on Cu(111) so far.43–45 The 

previous studies show that HCOOH adsorbed on Cu(111) forms polymeric 

structures via the hydrogen bonding network at low temperature; the annealing 

of this system induces into formate species.43–45 The previous studies have shed 

light on the qualitative knowledge of the decomposition reaction of formic acid on 

Cu surfaces.43,45 However, quantitative analysis of the reaction kinetics of formic 

acid adsorbed on Cu surfaces has not been reported. In order to understand the 

reaction kinetics of formic acid on Cu surfaces, the activation energies of each 

elementary process must be estimated. 

On the other hand, there have been no reports on the decomposition of 

formic acid on well-defined Cu step and Zn-Cu alloyed surface. In recent years, 

the step surfaces have attracted much attention because unique catalytic 

reactions may occur at the step sites.18,47–50 Formic acid decomposition is the 

useful reaction in order to understand the adsorption and decomposition of the 

formate species on the Zn-Cu alloyed surface. 
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 First, I investigate the desorption and decomposition kinetics of formic 

acid on Cu(111) using TPD, XPS and TR-IRAS. Based on these measurements, 

I estimated the activation energies for desorption of formic acid and for 

dissociation from formic acid into monodentate formate species. The adsorption 

states and dissociation process at a submonolayer coverage are discussed in 

detail. By comparing the previous theoretical studies on Cu(111) quantitatively, I 

demonstrate that the hydrogen bonding network stabilizes the adsorption of 

HCOOH and monodentate formate species. 

 Secondly, I investigate the decomposition reaction of formic acid on 

Zn-Cu(111) and Zn-Cu(997) as well as clean Cu(111) and Cu(997) using XPS, 

TPD and IRAS. I chose the Cu(997) surfaces in order to elucidate the adsorption 

and reaction of formic acid at step site. Based on these measurements, the 

adsorption states and dissociation process of formic acid adsorbed on Cu(997) 

and Zn-Cu(997) are discussed in detail. I demonstrate that the adsorption 

energy of monodentate formate species is stabilized at step sites and which lead 

to decrease the activation barrier between formic acid and monodentate formate 

species. I also demonstrate that the Zn atoms play a vital role in the stabilization 

of formate species on the Zn-Cu alloyed surface.  
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Chapter 2 

 

Experimental 

 

In the present study, the adsorption and dissociation of formic acid 

(HCOOH and DCOOH) on the Cu and Zn-Cu alloyed surfaces were studied 

using infrared reflection absorption spectroscopy (IRAS), X-ray photoelectron 

spectroscopy (XPS) and temperature programmed desorption (TPD). The 

experimental apparatus, sample preparation, and experimental procedure are 

described in this chapter. 

 

2.1 Instruments for IRAS 

The schematic illustration of IRAS system is shown in Figure 2.1. This 

system is equipped with a Fourier transform infrared spectrometer (Bruker, 

IFS66v/S), a quadrupole mass spectrometer (Balzers, Prisma QMS 200), a 

Spot-Profile-Analysis low energy electron diffraction apparatus (OMICRON, 

SPA-LEED), an ion source (SPECS, IQE 11/35) and a home-build evaporation 

source51. The experiments were conducted in UHV with a base pressure of 
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<2×10-10 Torr. The sample was cooled to 80 K by liquid nitrogen with a heat 

shield (Advanced Research Systems, Helitran LT-3B). The sample was heated 

by electron bombardment with a tungsten (W) filament. HCOOH (Wako 

Chemicals, >98.0% purity) and DCOOH (TCI, >99 atom%D purity) were dried 

over copper sulfate anhydride and further purified by several freeze-pump-thaw 

cycles. Gaseous molecules were introduced onto the sample surface using a 

pulse gas dosing system by a pulse valve (Parker Hannifin, Series 9).  

IRAS measurements were performed using a Fourier transform infrared 

spectrometer with a mercury-cadmium-telluride (MCT) detector. The MCT 

detector is an intrinsic photoconductive detector operating at liquid nitrogen 

temperature and with a measurable wavenumber region of 7500-800 cm-1. The 

IR beam is focused onto the sample in an UHV chamber, such that the 

incident/reflected angle is 84 with respect to the surface normal.52 IRAS spectra 

were obtained with 8 or 4 cm−1 resolution. 

TPD measurements were performed using a quadrupole mass spectrometer 

(Balzers, Prisma QMS 200) by detecting molecular ion (M+) signals of desorbed 

species. The sample was heated by a W filament at a constant ramp rate used 
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by a home-build proportional-integral-differential (PID) controller. The sample 

temperature measured by a K-type thermocouple was calibrated based on the 

TPD spectra of CO and H2O from the Cu surfaces.53,54 The sample was heated 

at a heating rate of 1 K/s. 
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Figure 2.1. Schematic diagram of IRAS chamber (top view). 
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2.2 Instruments for XPS 

 

2.2.1 Instruments for laboratory XPS 

The schematic illustration of laboratory XPS system is shown in Figure 

2.2. The laboratory XPS system is equipped with a hemispherical electron 

energy analyzer (SCIENTA, R3000), a quadrupole mass spectrometer (Balzers, 

Prisma QMS 200), a low energy electron diffraction (OCI, LEED), an ion source 

(SPECS, IQE 11/35) and a home-build evaporation source51. The experiments 

were conducted in an UHV chamber with a base pressure of <2×10-10 Torr. XPS 

measurements were carried out with an Al Kα X-ray source (VG, Microtech 8025) 

at a normal emission condition. The sample was cooled to 80 K by liquid 

nitrogen with a heat shield (Advanced Research Systems, Helitran LT-3B). The 

sample was heated by electron bombardment with a tungsten (W) filament. 

Gaseous molecules were introduced onto the sample surface using a pulse gas 

dosing system by a pulse valve (Parker Hannifin, Series 9).  
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Figure 2.2. Schematic diagram of laboratory XPS chamber (top view). 
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2.2.2 Instruments for high-resolution XPS using synchrotron 

radiation 

The schematic illustration of high-resolution XPS system is shown in Figure 

2.3. The instruments are introduced at BL-13B of the synchrotron light source 

Photon Factory, KEK, Japan (PAC=2012-S2-006). This system equipped with a 

hemispherical electron energy analyzer (SPECS, Phoibos 100), a quadrupole 

mass spectrometer (Balzers, Prisma QMS 200), a low energy electron diffraction 

(Varian, LEED), an ion source (SPECS, IQE 11/35) and a home-build 

evaporation source51. The experiments were conducted in an UHV chamber with 

a base pressure of <2×10-10 Torr. The sample was cooled to 80 K by liquid 

nitrogen with a heat shield (Advanced Research Systems, Helitran LT-3B). The 

sample was heated by electron bombardment with a tungsten (W) filament. 

Gaseous molecules were introduced onto the sample surface using a pulse gas 

dosing system by a pulse valve (Parker Hannifin, Series 9). The C 1s and O 1s 

XPS spectra were measured using a photon energy of 630 eV. The zero binding 

energy was taken at the Fermi edge of Cu. All XPS measurements were carried 

out with a normal emission condition.  
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The theoretical energy resolution of XPS spectra (∆E) can be estimated as 

follows. The energy resolution of a hemispherical electron energy analyzer (ΔE1) 

is calculated by 

ΔE1 =  
𝐸𝑝𝑆

2𝑅
    (2.1) 

Here, S is the slit width (6 mm), R is the analyzer mean radius (100 mm), and Ep 

is the pass energy, which is determined by the electrostatic field between the 

inner and outer sphere. In this study, the energy resolution of the synchrotron 

light (ΔE2) is calculated by55 

𝐸
∆𝐸2

⁄  ≈ 3000   (2.2) 

Therefore the total energy resolution of XPS spectra (∆E) is estimated by 

∆E =  √(∆𝐸1)2 + (∆𝐸2)2   (2.3) 

The total energy resolution of XPS spectra (∆E) of a photon energy of 630 eV (Ep 

= 6 eV) is estimated to be 280 meV.  
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Figure 2.3. Schematic diagram of high-resolution XPS chamber (top view). (a) 

upper and (b) lower chamber. 
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2.3 Sample preparation 

Figure 2.4 shows photographs of single crystals of (a) Cu(111) and (b) 

Cu(997) (SPL, 99.9999% purity) mounted by sample holder used in the IRAS 

and XPS chambers. Figure 2.5 shows a schematic model of the ideal Cu(997) 

surface without defects.56 The Cu(997) surface has a close-packed terrace 

consists of nine atomic rows, and each terrace is separated by a monoatomic 

(111) step. The clean Cu(111) and Cu(997) surfaces were prepared by several 

cycles of Ne ion sputtering, and annealing at 650-700 K for 120 s. The 

well-defined clean Cu(111) surface was confirmed by LEED observation of the 

Cu(111) surface, XPS and TPD spectra of CO on Cu(111).53 The well-defined 

clean Cu(997) surface was confirmed by LEED observation of the Cu(997) 

surface56, XPS and IRAS spectra of CO on Cu(997).  
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Figure 2.4. Photographs of single crystal of (a) Cu(111) and (b) Cu(997) mounted 

by sample holder used in IRAS and XPS chambers. 

 

 

 

 

 

Figure 2.5. A schematic model of the ideal Cu(997) surface.56 
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2.4 Deposition of zinc 

We prepared Zn-Cu alloyed surfaces for the experiments discussed in 

chapter 5. Figure 2.6 shows a photograph of the Zn deposition in an UHV 

chamber. The home-build miniature effusion cell was used for the deposition of 

Zn.51 The Zn was vapor-deposited onto the Cu surfaces at 300 K by radiation 

heating a zinc wire (The Nilaco Corporation, 99.999% purity) in a quartz glass 

tube. The temperature of a quartz glass tube was monitored by a K-type 

thermocouple inserted in the tube. The rate of vapor-deposited was monitored 

by a quartz microbalance in another UHV system. After deposition of Zn, the 

sample was annealed at 470-475 K for 60 s to form Zn-Cu alloy.57 The 

coverages of Zn were estimated by the peak area ratios of Zn 2p3/2/Cu 2p3/2 at a 

photon energy of 1486.6 and 1100 eV.58 The number of surface Cu atoms was 

defined as 1 ML. 
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Figure 2.6. A photograph of the Zn deposition in an UHV chamber. The Zn is 

vapor-deposited onto the Cu(111) surface by radiation heating a zinc wire in a 

glass tube. 
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Chapter 3 

 

Basic Principles 

 

In the present study, the adsorption and dissociation of formic acid 

(HCOOH and DCOOH) on the Cu and Zn-Cu alloyed surfaces were studied 

using infrared reflection absorption spectroscopy (IRAS), X-ray photoelectron 

spectroscopy (XPS) and temperature programmed desorption (TPD). IRAS is 

used to probe the vibrational properties of adsorbed species. XPS probes the 

amounts and electronic state of the adsorbed species. TPD provides information 

of adsorbed species on the surfaces by detecting molecular ion signals of 

desorbed species. In chapter 3, the basic principles of the IRAS, XPS and TPD 

method are summarized. 

 

3.1 Infrared reflection absorption spectroscopy
59–61

 

Infrared reflection absorption spectroscopy (IRAS) is one of the methods that 

can measure the vibration states of adsorbed species on the surface or interface. 

By analyzing the IRAS spectra, we can obtain information for the orientation of 

adsorbed species and the reactions on metal surfaces. 
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The principle of IRAS is explained as follows. The metal surface has high 

reflectance with grazing incidence angle for infrared light. The reflected infrared 

light can be obtained almost the same intensity as incident light. This reflected 

infrared light interferes with the incident light to form a standing wave on the 

metal surface. Therefore, the infrared absorption intensity is not proportional to 

the intensity of incident light but to the electric field strength of this standing wave. 

In Figure 3.1, the incident angle of infrared light is defined as Φ (the angle from 

the surface normal). The incident infrared light, the reflected infrared light and 

the Z axis are located in the same plane (incident plane), respectively. The 

incident infrared light can be divided into two components which are parallel 

(P-polarized light: EP
i) and perpendicular (S-polarized light: ES

i) to the incident 

plane. When the complex index of refraction for the metal is 𝑛̃ = 𝑛 + 𝑖𝑘; in 

generally, 𝑛2 + 𝑘2 ≫ 1 is established in the infrared region. By using Fresnel's 

equation, the following equations are obtained for reflected infrared light: 

𝑅𝑃 =  
(𝑛−𝑠𝑒𝑐𝜙)2+𝑘2

(𝑛+𝑠𝑒𝑐𝜙)2+𝑘2
 : reflected light intensity of P polarized light (3.1) 

𝑅𝑆 =  
(𝑛−𝑐𝑜𝑠𝜙)2+𝑘2

(𝑛+𝑐𝑜𝑠𝜙)2+𝑘2
 : reflected light intensity of S polarized light (3.2) 

tanΔ = tan(𝛿𝑃 − 𝛿𝑆) =  
2𝑘 𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜙

𝑡𝑎𝑛2𝜙−(𝑛2+𝑘2)
   (3.3) 
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Here, Δ = 𝛿𝑃 − 𝛿𝑆 is the phase shift of the P- and S-polarized light by reflection. 

The RP and RS indicate the reflected infrared light intensities of P- and 

S-polarized light, respectively. As shown in Figure 3.2, the S-polarized infrared 

light has only components parallel to the surface, and a phase shift of -π occurs 

at all incident angles. This indicates that the electric field strength of S-polarized 

infrared light should become zero at the metal surface. 

On the other hand, for the P-polarized infrared incidence, a phase shift 

occurs from 0 (normal incidence) to -π (grazing incidence) as shown in Figure 

3.3. The electric field formed by normal incidence always becomes weak 

because the electric field vectors of incident light and reflected light are reversed. 

However, when the P-polarized infrared light is incident at a large incident angle, 

a strong electric field is formed in the vertical direction of the metal surface.  

This effect can induce strongly the vibration in the surface perpendicular 

direction of adsorbed species. 
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Figure 3.1. Infrared light entering and reflecting on the metal surface (including 

P-polarized light and S-polarized light). 

 

 

Figure 3.2. Phase shift when S-polarized light is incident and reflected on the 

metal surface. 

 

 

Figure 3.3. Phase shift when P-polarized light is incident and reflected on the 

metal surface. 

ES
i
 

EP
i
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i
 

EP
i
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When a molecule adsorbs on the metal surface, a mirror image 

corresponding to its orientation is formed in the metal. Figure 3.4 shows dynamic 

molecular and image dipoles when a molecule adsorbs its molecular plane 

parallel (left) or perpendicular (right) to the metal surface. The parallel 

component (Fig. 3.4, left) can form an image dipole oriented opposite to those of 

the molecule, which is screened by metal electrons. On the other hand, the 

perpendicular component (Fig. 3.4, right) has an image dipole in the same 

direction of the molecule, which can generate an dipole in the vertical direction of 

the metal surface. Thus, the vibration with dipole moments that changes parallel 

to the surface cannot be observed. This is called the surface vertical dipole 

selection rule. 

 

Figure 3.4. Dynamic molecular and image dipoles when a molecule adsorbs its 

molecular plane parallel (left) or perpendicular (right) to the metal surface. 
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3.2 X-ray photoelectron spectroscopy
62,63

 

Electronic information about the surface or inside of the sample is 

obtained in X-ray photoelectron spectroscopy (XPS). The principle of XPS is 

based on the description of Einstein's photoelectric effect. When light with the 

energy (hν) larger than the work function is incident onto the sample, electron 

emission from the surface can be induced. The work function (φ) is defined as 

the minimum energy required to remove electrons from the highest occupied 

energy level to the vacuum level. The vacuum level is the energy of electrons in 

vacuum removed away from adjacent particles (zero kinetic energy). The 

vacuum level can be used as zero energy. 

 In XPS, monochromatic X-rays are incident on the surface to emit the 

core level electrons. The energy of the X-ray (hν), the binding energy of the 

electron (EB), the work function (φ), and the kinetic energy of the photoelectron 

(Ek) are defined, the following relationship holds. 

   𝐸𝑘 = ℎ𝜈 −  (𝐸𝐵 +  𝜙)   (3.4) 

A part of the energy of the excitation light is consumed to exceed the binding 

energy barrier of the core level electrons (EB + φ), and the remaining energy is 
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converted into the kinetic energy of the emitted photoelectrons (Ek). When the 

kinetic energy of photoelectrons is measured with constant hν, the binding 

energy of electrons in the occupied state can be obtained. The core level 

electrons have a peculiar binding energy in each molecular orbital (e.g., the EB 

of O 1s becomes larger than that of C 1s). By using this principle, we can 

perform element identification of the sample. 

 The binding energies of the core level electrons of atoms or molecules 

depend on the species to which it is bounded. This is because charge transfer 

occurs between the bound species. The charge transfer shifts the binding 

energy of the core level electrons to higher (or lower) by leaving a partial positive 

(or negative) charge on the atoms or molecules. This is understood by the 

increase (or decrease) in Coulomb interaction between the core level electrons 

and the nucleus. When the atom becomes more oxidized, the binding energy of 

the core level electrons increases. This is called chemical shift, and we can know 

the chemical bonding state of the atoms. 
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3.3 Temperature programmed desorption
64–67

 

Temperature programmed desorption (TPD) provide information of adsorbed 

species on the surface by detecting molecular ion signals of desorbed species. 

The principle of TPD is explained as follows. 

Adsorbed species can escape from the adsorption potential and desorb from 

the surface, when it exceeds the activation energy Ed for the desorption by 

heating. The desorption rate is described by Polanyi-Wigner equation. 

       










RT

E
T

t
Tr n 




  d

d exp,
d

d
,    (3.5) 

Here, θ, T, νd, n and Ed are the coverage of adsorbed species, absolute 

temperature, pre-exponential factor for the desorption, desorption order and 

activation energy for the desorption, respectively. Figure 3.5 shows the 

simulated TPD spectra based on Polanyi-Wigner equation. 

 The zero order desorption is often observed when the atoms or 

molecules multilayers sublimate from the surface, and the desorption rate does 

not depend on the coverage θ. The TPD spectra have an asymmetrical shape 

and the intensity rapidly decreases above the desorption peak maxima. In 
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addition, the desorption peak maxima is shifted to higher temperature side with 

increasing coverage θ.  

The half order desorption is observed when the desorption occur at 

island edges on the surface. If molecular desorption occurs at the circular island 

edges, the number of adsorbed species at the island edge is proportional to the 

square root of coverage. Thus, the desorption kinetics could be a half order at 

submonolayer coverages. 

The first order desorption is often observed in desorption of molecules 

adsorbed on the surface, and the desorption rate increases in proportion to the 

coverage θ. The TPD spectra show an asymmetric shape. When the 

temperature exceeds the desorption peak maxima, the intensity gradually 

decreases than the zero order desorption. The desorption peak maxima is 

constant regardless of the coverage θ. 

The second order desorption is often observed when the adsorbed 

atoms are recombined and immediately desorbed, and the desorption rate is 

proportional to the square of the coverage θ. The TPD spectra show a symmetric 
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shape. The desorption peak maxima is shifted to lower temperature side with 

increasing coverage θ.  

Applying the natural logarithm on both sides of the equation (3.5), the 

following equation is obtained. 
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   (3.6) 

Here, )ln(ln d  n  will never become constant because the pre-exponential 

factor νd depends on the coverage θ. However, in the temperature region where 

the decrease of the coverage θ is small (the leading edge on the low 

temperature side of the desorption peak), )ln(ln d  n  can safely assume a 

constant, and Arrhenius plot can be applied. This method is called threshold 

TPD (TTPD) method, which is enable to estimate the kinetic parameters of the 

desorption.64–67 

Figure 3.6 show the demonstration of the TTPD method using the 

simulated TPD spectra. In Fig. 3.6 (a), blue line is the simulated TPD spectra 

based on Polanyi-Wigner equation. The desorption order, activation energy and 

pre-exponential factor for the desorption are assumed as zero, 20 kJ/mol and 
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10-13 ML･s-1, respectively. In order to approximate the experimental conditions, a 

noise spectra in the TPD spectra is generated; green line is the noise spectra 

simulated by random sampling numbers of Gaussian distribution. Black line is 

the simulated TPD spectra added the noise spectra, which is applied the TTPD 

method to estimate the activation energy and pre-exponential factor for the 

desorption. In Fig. 3.6 (b), the desorption onsets and 9.57% threshold 

increments are indicated by arrows. Fig. 3.6 (c) shows an Arrhenius plot of the 

TPD spectra in Fig. 3.6 (b). The activation energy (Ed) and pre-exponential factor 

(ν0, zero order desorption) can be estimated by a fitted line in Fig. 3.6 (c). The 

activation energy and pre-exponential factor for desorption are independently 

estimated to be 20.85 ± 2.62 kJ/mol and 1013.60 ± 1.92 ML･s-1, respectively. These 

estimated values are consistent with the simulated values (Ed = 20 kJ/mol and ν0 

= 10-13 ML･s-1) within the error ranges. Thus, the accuracy of the estimated 

value depends greatly on the signal-noise-to-ratio of the TPD spectra. 
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Figure 3.5. Simulated TPD spectra based on Polanyi-Wigner equation. 
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Figure 3.6. The demonstration of threshold TPD method using the simulated 

TPD spectra added the noise spectra. 
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Chapter 4 

 

Quantitative analysis of desorption 

and decomposition kinetics of formic 

acid on Cu(111): the importance of 

hydrogen bonding between 

adsorbed species 

 

Quantitative analysis of desorption and decomposition kinetics of formic 

acid (HCOOH) on Cu(111) were performed by temperature programmed 

desorption (TPD), X-ray photoelectron spectroscopy (XPS) and time-resolved 

infrared reflection absorption spectroscopy (TR-IRAS). The activation energy for 

desorption is estimated to be 53-75 kJ/mol by the threshold TPD (TTPD) method 

as a function of coverage. Vibrational spectra of the first layer HCOOH at 155.3 

K indicate that adsorbed molecules form a polymeric structure via the hydrogen 

bonding network. Adsorbed HCOOH molecules are gradually dissociated into 

monodentate formate species. The activation energy for the dissociation into 

monodentate formate species is estimated to be 65.0 kJ/mol at a submonolayer 

coverage (0.26 molecules/surface Cu atom). The hydrogen bonding between 

adsorbed HCOOH species plays a vital role in the stabilization of HCOOH on 

Cu(111). The monodentate formate species are stabilized at higher coverages. 
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4.1 Introduction 

Basic knowledge of adsorption states of formic acid is important for 

understanding its reaction kinetics on solid surfaces. Formic acid molecules 

sometimes form hydrogen bonding on metal surfaces, which induces the red 

shift of O-H stretching mode and the blue shift of O-H bending mode of formic 

acid.38,68–70 Baber et al. reported that the deprotonation of formic acid on 

Cu(111) can be induced by pre-adsorbing polymeric formic acid clusters at low 

temperatures; the annealing of this system at 175 K induces the dissociation of 

the acidic O-H bond of HCOOH adsorbed on the edges of the polymeric 

clusters.43 The polymeric clusters were assigned to α-polymeric formic acid 

judging from the out-of-plane O-H bending mode in infrared reflection absorption 

spectroscopy (IRAS) spectra. On the other hand, Marcinkowski et al. reported 

that β-polymeric formic acid forms on Cu(111) at 85 K by using a high-resolution 

scanning tunneling microscopy (STM).45 Figure 4.1 shows the adsorbed 

structures of formic acid based on α- and β-polymeric formic acid.70 The 

adsorption structure of polymeric formic acid on Cu(111) at low temperature is 

not fully elucidated. A morphological change of the adsorbed formic acid may 
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originate from the experimental conditions such as the initial coverages of formic 

acid, sample temperature, surface structure etc. 

The α- and β-polymeric formic acid are sometimes adsorbed with its 

molecular plane parallel to the surface.68–70 STM measurements show the 

α-polymeric formic acid species form islands even at submonolayer coverages.43 

These observations indicate that the hydrogen bonding network plays an 

important role in the island formation and the HCOOH dissociation on Cu(111).  

In chapter 4, we report the desorption and decomposition kinetics of formic 

acid on Cu(111) using TPD, XPS and TR-IRAS. Based on these measurements, 

we estimated the activation energies for desorption of formic acid and for 

dissociation from formic acid into monodentate formate species. The adsorption 

states and dissociation process at a submonolayer coverage are discussed in 

detail. By comparing the previous theoretical studies on Cu(111) quantitatively, 

we demonstrate that the hydrogen bonding network stabilizes the adsorption of 

HCOOH and monodentate formate species. 
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Figure 4.1. Model structures of adsorbed formic acid molecules as α- and 

β-polymeric formic acid.70 
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4.2 Results and Discussion 

 

4.2.1 The quantitative analysis of desorption kinetics parameter 

of HCOOH on Cu(111). 

Figure 4.2 shows the TPD spectra of DCOOH adsorbed on Cu(111) at 85 K. 

Although the TPD of formic acid on Cu(110)37,39,40,42 has been investigated 

extensively, there are only a few reports on TPD of formic acid on Cu(111).44,45 

The molecular DCOOH (m/e = 47) was desorbed at 180 K. A similar result has 

been reported in the case of DCOOH/Cu(110).37 The H2 (m/e = 2) was desorbed 

at 331 K, and the D2 (m/e = 4) and CO2 (m/e = 44) were desorbed at 447 K. 

These results indicate that a part of the formic acid desorb molecularly from 

Cu(111) at 180 K and the other molecules are dissociated; some DCOOH 

molecules are dissociated into the formate (DCOO) and a hydrogen atom. The 

dissociated hydrogen atoms were recombined and desorbed as H2 at 331 K. 

The adsorbed formate species were further decomposed, and D2 and CO2 were 

immediately desorbed at 447 K (reaction limited desorption). These 

observations are similar to the previous results on Cu(110).37,39,42 
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Figure 4.2. Multiplex TPD spectra of DCOOH adsorbed on Cu(111) at 85 K. The 

mass-to-charge-ratios (m/e) 47, 44, 4, and 2 correspond to DCOOH+, CO2
+, D2

+, 

and H2
+, respectively. The initial coverage of DCOOH was ~0.35 ML. The 

heating rate was 1.1 K/s. 

 

Figure 4.3 shows C1s XPS spectra of the first layer HCOOH and CO on 

Cu(111) at 83 K at their saturation coverages. Similar XPS measurements were 

performed in order to estimate the initial coverages of adsorbed HCOOH. A peak 

for HCOOH was observed at 288.5 eV. On the other hand, three peaks were 

observed at 285, 290 and 294 eV for CO on Cu(111); the shoulder peaks at 290 
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and 294 eV were assigned to the shake-up satellites of CO on Cu(111).71 

According to Hollins et al., the saturation coverage of CO on Cu(111) was 0.52 

ML.72 As compared with the integrated areas in Fig. 4.3, the saturation coverage 

of HCOOH was estimated to be 0.35 ML; here the number of surface Cu atoms 

is defined as 1 ML. On the other hand, the ideal structure of α-polymeric HCOOH 

species on Cu(111) shows the saturation coverage of 0.4 ML.69 The present 

estimation is almost consistent with the saturation coverage of α-polymeric 

HCOOH; a small difference (0.05 ML) may originate from the defects and 

domain boundary of adsorbed HCOOH species. 
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Figure 4.3. C1s XPS spectra of the saturated first layer HCOOH and CO 

saturation on Cu(111) at 83 K. When the number of surface Cu atoms was 

defined as 1 ML, the saturation coverage of CO was 0.52 ML72 and the first layer 

HCOOH was estimated to be 0.35 ML. 

 

Figure 4.5 shows a series of TPD spectra of HCOOH adsorbed on Cu(111) at 

85 K as a function of initial coverages. The mass number 29 (HCO+) is the major 

cracking fragment of HCOOH. The TPD spectra in Fig. 4.4 have the following 

features. (1) With increasing coverage, the desorption peak maxima are shifted 

to higher temperatures. (2) The peak shape is asymmetrical. (3) At 
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submonolayer coverages, the leading edges of the desorption spectra are not 

perfectly aligned. These features indicate that the desorption order for molecular 

HCOOH should be between zero and first. In general, a zero order desorption at 

submonolayer coverages is observed in the case of a two-phase equilibrium 

between individual adsorbates and islands.73,74 On the other hand, if a molecular 

desorption occurs at island edges, the desorption kinetics should be a half order 

at submonolayer coverages, because the number of HCOOH species at the 

island edge is proportional to the square root of coverage. In fact, recent STM 

measurements have shown that adsorbed HCOOH species form islands at 

submonolayer coverages.43 Thus, we concluded that the desorption order at 

submonolayer coverages is either zero or half.  
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Figure 4.4. TPD spectra of HCOOH adsorbed on Cu(111) at 85 K as a function 

of coverages. The heating rate was 1.1 K/s. 
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Figure 4.5 shows an Arrhenius plot of one of the TPD spectra (0.26 ML) in 

Fig. 4.4. Here, the activation energy (Ed) can be directly estimated by the 

threshold TPD method without assuming of the desorption order.65–67 The 

activation energy for desorption is estimated to be 75 kJ/mol, in the case of 0.26 

ML (Fig. 4.5). In order to estimate the pre-exponential factor for desorption, we 

need to assume the desorption order; the pre-exponential factors for zero (ν0) 

and half (ν1/2) order desorption are estimated to be 1020 ML s-1 and 1021 ML1/2 s-1, 

respectively, in the case of 0.26 ML.  

Figure 4.6 shows the activation energies for desorption of HCOOH as a 

function of initial coverage. The estimated values (53-75 kJ/mol) are 

considerably large in comparison with the previous theoretical estimations on 

Cu(111); the calculated adsorption energies were 0.22 eV (21 kJ/mol)35 and 0.24 

eV (23 kJ/mol)36. It is noted that these theoretical studies assumed an isolated 

HCOOH molecule. However, in reality, adsorbed HCOOH species form a 

hydrogen bonding network on the Cu(111) surface.43 The adsorbed HCOOH 

species in a hydrogen bonding network (i.e., α-polymeric HCOOH as discussed 

later) is more stable than an isolated HCOOH molecule. There is a tendency that 

the activation energy is slightly increased with the increase in HCOOH coverage. 
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This is probably due to the formation of α-polymeric HCOOH; a hydrogen 

bonding network is well-developed at higher coverages of adsorbed HCOOH on 

Cu(111). The decrease in activation energy at θini = 0.35 ML may be due to a 

lateral interaction between domains; as the coverage of the first layer HCOOH 

reaches saturation, a repulsive interaction may occur between HCOOH island 

domains. 
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Figure 4.5. Arrhenius plot of TPD spectra for the first layer HCOOH on Cu(111) 

as a function of inverse temperature. The desorption onsets and 2.6% threshold 

increments are indicated by arrows. The desorption order was assumed to be a 

half for the estimation of the pre-exponential factor. The initial coverage of 

HCOOH (θini) = 0.26 ML. 

 

 

Figure 4.6. The activation energy for desorption of HCOOH on Cu(111). The 

initial coverage of HCOOH = 0.032, 0.13, 0.26 and 0.35 ML. 
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4.2.2 The quantitative analysis of dissociation kinetics from 

HCOOH to monodentate formate on Cu(111). 

Figure 4.7 shows a series of TR-IRAS spectra of 0.26 ML HCOOH adsorbed 

on Cu(111) at 155.3 K as a function of elapsed time. Gaseous HCOOH 

molecules were introduced onto the Cu(111) surface at t = 0 (s). The spectra 

were arranged at 76.4 s intervals from the bottom spectra. Four peaks were 

observed at 1709, 1655, 1080 and 980 cm-1. The peak assignments are 

summarized in Table 4.1. The peak at 1709 cm-1 is assigned to a CO double 

bond stretching mode ν(C=O) of α-polymeric HCOOH.43,69,70 The peaks at 1080 

and 980 cm-1 are assigned to the out-of-plane bending modes of CH π(CH) and 

OH π(O-H) of α-polymeric HCOOH, respectively.43,69,70 Formic acid molecules 

could form monomer, dimer, α-polymer, and β-polymer species on the metal 

surfaces.68–70 The α-polymer and β-polymer are adsorbed with its molecular 

plane parallel to the surface. The π(O-H) vibrational mode for α-polymer is 

observed at 97543, 98070 and 98169 cm-1. The present observation of 980 cm-1 is 

close to those of α-polymer species. The peak at 1655 cm-1 is assigned to a 

double bond stretching mode ν(C=O) of monodentate formate.38 With the 

increase of elapsed time, the 1080 and 980 cm-1 peaks decrease, and the peak 
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assigned to the monodentate formate (1655 cm-1) increases. This indicates that 

α-polymeric HCOOH species were dissociated into monodentate formate 

species. Similar TR-IRAS experiments were conducted at 152.3, 158.3 and 

161.3 K.  

 

Figure 4.7. TR-IRAS spectra of 0.26 ML HCOOH adsorbed on Cu(111) at 155.3 

K as a function of elapsed time after the gas injection at t = 0 s. The spectra were 

arranged at 76.4 s intervals from the bottom spectra. 

  



50 

Table 4.1. Assignments of the observed vibrational peaks (cm-1) of HCOOH and 

formate species on Cu(111).38,43,44,69,70 

ν: stretching mode, π: out-of-plane bending mode 

 

 

Figure 4.8. Internal vibrations of HCOOH, monodentate formate and bidentate 

formate species on Cu(111). 
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Figure 4.9 shows the plots of (a) the integrated area of ν(C=O) of the 

monodentate formate at 1655 cm-1 and (b) logarithms with the integrated area of 

π(O-H) of the formic acid at 980 cm-1 as a function of elapsed time at the 

indicated temperatures. In Fig. 4.9 (a), the peak assigned to ν(C=O) of 

monodentate formate increases, but the intensity of each peak is too weak to 

analyze their kinetics quantitatively. We should note that the decrease of π(O-H) 

intensities could include the desorption and dissociation of adsorbed HCOOH 

species and the conversion from monodentate formate to bidentate formate as 

shown below:  

 

 

 

The k1 (ML1/2 s-1; here we assume a half order desorption) is the rate 

constant for the desorption of adsorbed HCOOH, the k2 (s
-1) is the rate constant 

for the first order dissociation from HCOOH to monodentate formate and the k3 

(s-1) is the rate constant for the conversion from monodentate formate to 
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bidentate formate. On the other hand, ν(OCO) of bidentate formate  (~ 1345 

cm-1) was not clearly observed within the decrease of adsorbed HCOOH. Thus, 

the decrease of adsorbed HCOOH can be written as follows: 

-d[HCOOH (ad)]/dt = k1･[HCOOH (ad)]1/2 + k2･[HCOOH (ad)]. 

In order to confirm the branching ratio between the desorption and 

dissociation for adsorbed HCOOH species, XPS measurements were performed. 

HCOOH desorption was activated on Cu(111) by heating the sample above 

~170 K (Fig. 4.2). According to the decrease of the area intensity for C 1s 

spectra, 90% of the adsorbed HCOOH was desorbed molecularly from the 

Cu(111) surface by this heating.  

On the other hand, after the isothermal observation of the HCOOH adsorbed 

Cu(111) surface at 158.9 K for 2400 s, the HCOOH species mostly changed into 

monodentate formate species. The post-annealing XPS data indicated that the 

decrease in the area intensity of C 1s spectra was less than 6%. Thus, the 

predominant reaction in this isothermal experiment at 158.9 K is the dissociation 

into monodentate species, i.e., k1･ [HCOOH (ad)]1/2 << k2･ [HCOOH (ad)]. 

Therefore, we can safely assume that -d[HCOOH (ad)]/dt ≒ k2[HCOOH (ad)], 
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and the k2 of the rate constant for dissociation was directly estimated from the 

decrease of the π(O-H) peak in the TR-IRAS spectra at each temperature. Here, 

we assume the conversion from HCOOH to monodentate formate species to be 

a first order reaction at the temperature range between 152.3 and 161.3 K, and 

the fitting in Fig. 4.9 (b) was performed, assuming the first-order dissociation. 

  



54 

  

Figure 4.9. (a) The plots of integrated area of monodentate formate ν(C=O) as a 

function of elapsed time. (b) The plots of integrated area of formic acid π(O-H) 

as a function of elapsed time. The fittings were performed by assuming a first 

order dissociation reaction at each temperature. At t = 0 (s), 0.26 ML HCOOH 

was adsorbed on Cu(111). The error bar was estimated from 

signal-noise-to-ratio of IRAS spectra. 
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Figure 4.10 shows an Arrhenius plot of the rate constants (k2) for dissociation 

from HCOOH to monodentate formate. The activation energy of O-H 

dissociation (Ea) was estimated to be 65.0 ± 4.5 kJ/mol and the pre-exponential 

factor (ν1) was estimated to be 1018.6 ± 1.5 s-1.  

 

 

Figure 4.10. Arrhenius plot of ln(k2) of π(O-H) for HCOOH on Cu(111). The initial 

coverage of HCOOH (θini) = 0.26 ML. 
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In the previous theoretical studies, no stable monodentate formate species 

on Cu(111) were found at 1/9 ML coverage.35 The activation energy from formic 

acid to bidentate formate was calculated to be 0.68 eV (66 kJ/mol)35 and 0.61 eV 

(59 kJ/mol)36. They have noted that the coverage effects (lateral 

adsorbate-adsorbate interactions) can play an important role in determining the 

structural stability of various adsorbed states.35 

 

Figure 4.11 shows a series of TR-IRAS spectra of 0.26 ML HCOOH 

adsorbed on Cu(111) at 165.1 K as a function of elapsed time. The spectra were 

arranged at 239 s intervals from the bottom spectrum. At least five peaks were 

observed at 1709, 1655, 1360, 1345 and 980 cm-1. The peaks at 1709 and 1655 

cm-1 are assigned to ν(C=O) of α-polymeric HCOOH and monodentate formate 

species.43,69,70 The peak at 980 cm-1 is assigned to π(O-H) of α-polymeric 

HCOOH.43,69,70 The peak of π(CH) for α-polymeric HCOOH (1080 cm-1) was too 

weak to be detected. The peaks at adsorbed HCOOH were only observed within 

119 s at 165.1 K. There is no spectroscopic evidence that HCOOH exists on the 

surface at 358 s. The peaks at 1360 and 1345 cm-1 are previously assigned to 
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the stretching mode ν(OCO) of linked-formate (monodentate formate species) 

and bidentate formate, respectively.43 However, with the increase of elapsed 

time, the peak assigned to ν(C=O) of monodentate formate species (1655 cm-1) 

decreases, and the peaks at 1360 cm-1 and at 1345 cm-1 increase. We consider 

that the peak at 1360 cm-1 originates from ν(OCO) of bidentate formate species. 

After annealing at 165.1 K, HCOOH species dissociate into bidentate formate 

via monodentate formate at a submonolayer coverage. If the island structure 

remains after the dissociation of adsorbed HCOOH, the bidentate formate of the 

inner part of an island could show different vibrational energies in comparison 

with the island edges. The observed two peaks for ν(OCO) at 1360 and 1345 

cm-1 may be due to this local environmental effect. After annealing above 215 K, 

the peak at 1360 cm-1 completely disappeared and only the peak at 1345 cm-1 

was observed.43 The bidentate formate species could diffuse on the Cu(111) 

surface at higher temperature. The environment around bidentate formate 

species may become homogeneous. Thus, the vibrational frequency of 

bidentate formate species can be changed by their surrounding environment. 
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Figure 4.11. TR-IRAS spectra of 0.26 ML HCOOH adsorbed on Cu(111) at 

165.1 K as a function of elapsed time after the gas injection at t = 0 s. The 

spectra were arranged at 239 s intervals from the bottom spectra. 

 

Figure 4.12 shows a series of TR-IRAS spectra of 0.5 ML HCOOH adsorbed 

on Cu(111) at 165.1 K (more than mono layer) as a function of elapsed time. The 

spectra were arranged at 239 s intervals from the bottom spectra. Four peaks 

were observed at 1738, 1656, 1080 and 980 cm-1. The peak at 1738 cm-1 is 

assigned to ν(C=O) of multilayer HCOOH.43,69,70 The peak at 1656 cm-1 is 
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assigned to ν(C=O) of monodentate formate species.38,43 The peaks at 1080 and 

980 cm-1 are assigned to π(CH) and π(O-H) of α-polymeric HCOOH, 

respectively.43,69,70 The STM study has reported that the dissociation of 

α-polymeric HCOOH occurs at the island edges, because HCOOH must transfer 

a hydrogen atom to a Cu vacant site when it is dissociated into monodentate 

formate and a hydrogen atom.43 If HCOOH molecules cover the entire surface of 

Cu(111), dissociation can occur only after the desorption of some HCOOH 

molecules from the surface. The present TPD measurements show that the 

threshold temperatures for desorption of the first layer and multilayer HCOH are 

165 K and 150 K, respectively (Fig. 4.4). With the increase of elapsed time, the 

1080 and 980 cm-1 peaks decrease, and the peak assigned to the monodentate 

formate species (1656 cm-1) increases, indicating that α-polymeric HCOOH was 

dissociated into monodentate formate species. This process is similar to the 

result for 0.26 ML HCOOH on Cu(111) at 155.3 K (Fig. 4.7). Thus, the 

desorption of adsorbed HCOOH is a rate-limiting step for the dissociation from 

HCOOH to monodentate formate species at higher initial coverages of adsorbed 

HCOOH. Monodentate formate species were not easily converted into bidentate 

formate species at a high initial coverage. The number of surface Cu atoms 
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required to form the bidentate formate is twice that of monodentate formate; the 

saturation coverage of bidentate formate on Cu(111) was estimated to be 0.25 

ML.46 If the first layer coverage reaches near saturation, it is difficult for 

monodentate formate species to move on the surface in order to access Cu 

vacant sites to form a bidentate configuration.  
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Figure 4.12. TR-IRAS spectra of 0.5 ML HCOOH adsorbed on Cu(111) at 165.1 

K as a function of elapsed time after the gas injection at t = 0 s. The spectra were 

arranged at 239 s intervals from the bottom spectra. 

 

There are two important factors that control the reaction kinetics of HCOOH 

on Cu(111). The first one is the structure of the adsorbed HCOOH species. The 

α-polymeric HCOOH species are stabilized by the hydrogen bonding network, 

which needs more energy to desorb from the surface than an isolated HCOOH 

on Cu(111). The second one is the amount of vacant sites on Cu(111). 
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Adsorbed HCOOH species must transfer a hydrogen atom to a Cu vacant site 

when they are dissociated into formate species. In addition, monodentate 

formate species are not easily changed into bidentate formate species at higher 

initial coverages of adsorbed HCOOH (Fig. 4.12). Therefore the number of Cu 

vacant sites controls the reaction rate from adsorbed HCOOH into bidentate 

formate via monodentate formate species.  

The previous theoretical study reported that the activation energy from 

monodentate to bidentate formate species was calculated to be only 0.03 eV (3 

kJ/mol)36. This small value suggests that the process from monodentate to 

bidentate formate is very fast. However, based on the present TR-IRAS results 

(152.3~161.3 K), the process must be slower than the dissociation from HCOOH 

to monodentate formate. This indicates that the activation energy from 

monodentate to bidentate formate species was larger than that for the 

dissociation of HCOOH species at 0.26 ML at this temperature range, i.e., more 

than 65 kJ/mol. The theoretical studies assumed simply an isolated 

monodentate formate species, where vacant sites are available around the 

monodentate formate.  
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4.3 Conclusions 

In chapter 4, we conducted the quantitative analysis of desorption and 

decomposition kinetics of the first layer HCOOH on Cu(111) using TPD, XPS 

and TR-IRAS. HCOOH molecules on Cu(111) at low temperature are stabilized 

to form α-polymer species. The surface reaction of HCOOH on Cu(111) involves 

both desorption and dissociation at low temperature. The HCOOH desorption 

from the Cu(111) surface could be the zero or half order process at 

submonolayer coverages. When the HCOOH coverage is 0.26 ML, the 

activation energy for desorption is estimated to be 75 kJ/mol. The dissociation of 

HCOOH into monodentate formate is the first order process at a submonolayer 

coverage. The activation energy for dissociation is estimated to be 65.0 kJ/mol. 

The present results show that the presence of a hydrogen bonding network 

stabilizes the HCOOH species and leads to a change into monodentate formate 

species. The monodentate formate species are also stabilized due to the 

coverage effects. 
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Chapter 5 

 

The dissociation of formic acid on 

Zn-Cu(111) and Zn-Cu(997) studied 

by TPD, high-resolution XPS and 

IRAS 

 

The decomposition of formic acid (HCOOH) on Zn-Cu(111) and 

Zn-Cu(997) were performed by high-resolution X-ray photoelectron 

spectroscopy (HR-XPS), temperature programmed desorption (TPD) and 

infrared reflection absorption spectroscopy (IRAS). Less than 4% of adsorbed 

HCOOH are dissociated into the bidentate formate species on Zn-Cu(111). On 

the other hand, a part of adsorbed HCOOH (17%) are dissociated into 

monodentate formate species on Cu(997) at 83 K, indicating that the stepped Cu 

surface has higher reactivity for the HCOOH dissociation at low temperature. 

When the Zn-Cu surface alloy was formed on Cu(997), the coverage of formate 

species increased in contrast to the Zn-Cu(111). The desorption peak maximum 

of the formate decomposition on Zn-Cu(997) were higher than Cu(997). 

Vibrational spectra of formate species on Zn-Cu(997) show that bidentate 

formate species were observed at the Zn-Cu alloyed sites after heating at 472 K. 
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The Zn plays an important role in the stabilization of the formate species on the 

Zn-Cu alloyed surface. 

 

5.1 Introduction 

The stepped surfaces have attracted much attention, because unique 

catalytic reactions may occur at the step sites.18,47–50,56,75,76 For example, the 

stepped Cu surfaces have some reactivity for CO2 dissociation under ultrahigh 

vacuum.75,76 Although CO2 is chemically inert, the step site on a Cu surface 

plays an important role for the molecular activation. 

The alloying effects are also important in the area of metal catalysts because 

specific catalytic activities emerge upon alloying. In fact, the binary Zn-Cu 

catalyst shows excellent catalytic activity for methanol synthesis reaction from 

CO2 and H2.
5,13,16–18 According to the previous studies of powdered Cu/ZnO 

catalysts for methanol synthesis reaction, the ZnO functions as a physical 

spacer between Cu nanoparticles for the high Cu surface areas on industrial 

catalysts.17,18,77 In addition, Nakamura et al. reported that in a powdered Cu/ZnO 

catalyst the formation of the Cu–Zn surface alloy is responsible for the promotion 
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of methanol synthesis activity from CO2 and H2.
17 The role of the Cu–Zn site in 

the reaction mechanism is the promotion of the hydrogenation of formate to 

methoxy species.17 

However, the exact role of Zn is not fully understood yet. In reality, there are 

variable defects and lattice strain in a heterogeneous catalyst. According to the 

previous theoretical study, alloying of Zn into the Cu(211)-step decreased the 

activation barriers between intermediates for methanol synthesis reaction.18 In 

order to understand the role of Zn, the reaction including the intermediates (i.e., 

formate species) must be studied experimentally on well-defined Zn-Cu step 

surface. 

In chapter 5, we report the decomposition reaction of formic acid on 

Zn-Cu(111) and Zn-Cu(997) as well as clean Cu(111) and Cu(997) using XPS, 

TPD and IRAS. Based on these measurements, the adsorption states and 

dissociation process of HCOOH on Cu(997) and Zn-Cu(997) are discussed in 

detail. We demonstrate that the Cu(997) has higher reactivity for the HCOOH 

dissociation than that on Cu(111) at low temperature. The HCOOH adsorbed on 

the Zn-Cu alloyed surfaces are less stable than clean Cu surfaces. However the 
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produced formate species are stabilized up to 500 K on the Zn-Cu alloyed 

surfaces.78 Thus, the Zn plays a vital role in the stabilization of formate species 

on the Zn-Cu surfaces. 

 

5.2 Results and Discussion 

Figure 5.1 shows C 1s XPS spectra of clean (black), multilayer (green) and 

the first layer (red) cyclohexane on Cu(111) at 84 K. The spectra were measured 

using a photon energy of 630 eV. There have been no reports for XPS spectra of 

cyclohexane on Cu(111). The coverages of adsorbed HCOOH and formate 

species on Cu(111) were estimated by the C 1s spectra for the first layer 

cyclohexane (Wako chemicals, 99.5% purity). The peak of multilayer 

cyclohexane was observed at 284.5 eV, and the peak of the first layer 

cyclohexane was observed as a shoulder peak at 284.1 eV (green). According to 

TPD measurements, the desorption peaks for multilayer and the first layer 

cyclohexane on Cu(111) were observed at 140 K and 180 K, respectively.79 The 

first layer cyclohexane on Cu(111) was prepared by annealing the multilayer 

cyclohexane at 159 K for 60 s (red). The peak is asymmetric on the high binding 
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energy side, which might be due to the vibrational fine structures for the first 

layer cyclohexane.80,81 The structure for the first layer cyclohexane on Cu(111) 

shows a (√7 × √7) R19.1° structure, and thus the coverage of the C atom for the 

first layer cyclohexane on Cu(111) is defined as 6/7 ML.82 

Figure 5.2 shows C 1s XPS spectra of clean (black) and CO saturation (red) 

on Cu(997) at 80 K. The spectra were measured using a photon energy of 630 

eV. Three peaks were observed at 286, 289 and 293 eV for CO on Cu(997); the 

shoulder peaks at 289 and 293 eV were assigned to the shake-up satellites of 

CO on Cu(997).71 The coverages of HCOOH and formate species on Cu(997) 

were estimated by the C 1s spectra for the saturation coverage of CO on 

Cu(997). According to the LEED for the saturation coverage of CO on Cu(997) at 

85 K, a (1.4 × 1.4) superstructure was observed, and the saturation coverage of 

CO on Cu(997) is determined as 0.52 ML.56 

  



69 

 

 

Figure 5.1. C 1s XPS spectra of clean (black), multilayer (green) and the first 

layer (red) cyclohexane on Cu(111) at 84 K. The spectra were measured using a 

photon energy of 630 eV. 

 

Figure 5.2. C 1s XPS spectra of clean (black) and CO saturation (red) on 

Cu(997) at 80 K. The spectra were measured using a photon energy of 630 eV. 

  



70 

Figure 5.3 show a series of (a) C 1s and (b) O 1s XPS spectra of 0.28 

ML HCOOH (less than mono layer) on Cu(111) at 80 K and subsequent 

annealing. The spectra were measured using a photon energy of 630 eV. Baber 

et al. have already reported the XPS results for multilayer HCOOH adsorbed on 

Cu(111) at 90 K and subsequent annealing.43 Three peaks were observed at 

289.5 (533.1), 288.5 (532.1) and 287.7 (531.0) eV in Fig. 5.3 (a) and (b), 

respectively for C 1s (O 1s). The peak at 289.5 (533.1) eV is assigned to the first 

layer HCOOH on Cu(111).43 After heating the sample up to 188 K, adsorbed 

HCOOH peaks (C 1s: 289.5 eV and O 1s: 533.1 eV) gradually decreased and 

shoulder peaks (C 1s: 288.5 eV and O 1s: 532.1 eV) became visible. According 

to the present IRAS measurements, adsorbed HCOOH species (0.26 ML) 

dissociated into monodentate formate species after annealing at 152.3~161.3 K 

(chapter 4.3.2).44 Therefore, the peak at 288.5 (532.1) eV is assigned to 

monodentate formate species. This is also in agreement with Baber et al.; they 

reported that the peak of monodentate formate species (linked-formate) was 

observed at 288.0 eV, when the HCOOH and formate species are co-adsorbed 

on Cu(111).43 According to the present TPD result, the desorption peak for the 

first layer HCOOH on Cu(111) was observed at 182 K (chapter 4.3.1).44 After 
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heating the sample to 215 K which is sufficiently higher than the desorption peak 

for the first layer HCOOH, adsorbed HCOOH desorbed molecularly from the 

surface and only the formate derived peak was observed. The peak at 287.7 

(531.0) eV is assigned to bidentate formate species because this peak was 

observed above room temperature. These XPS results are consistent with the 

present IRAS measurements; adsorbed HCOOH species dissociate into 

bidentate formate via monodentate formate at a submonolayer coverage.44 The 

bidentate formate should be stable on Cu(111) up to 447 K (chapter 4.3.1).44  

Figure 5.3 (c) C 1s and (d) O 1s show a series of XPS spectra of 0.28 

ML HCOOH (less than mono layer) on Zn (0.4 ML)-Cu(111) at 80 K and 

subsequent annealing. Two peaks were clearly observed at 289.5 (533.1) eV 

and 289.1 (532.0) eV for C 1s (O 1s) spectra. The peaks at 289.5 eV (C 1s) and 

533.1 eV (O 1s) were observed up to 175 K, which are assigned to adsorbed 

HCOOH on Zn-Cu(111). After annealing the sample at 188 K, the peaks of 

adsorbed HCOOH decreased and small peaks are observed at 289.5 and 533.1 

eV. The desorption temperature of HCOOH adsorbed on Zn-Cu(111) was lower 

than that on Cu(111). The peaks at 289.5 eV (C 1s) and 533.1 eV (O 1s) 

remained after further annealing to 377 K. According to the previous O 1s XPS 
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spectra for post methanol synthesis reaction, the O 1s for the bidentate formate 

on Zn-Cu(111) was observed at 531.7 eV.78 Therefore, the peak at 532.0 (289.1) 

eV is assigned to the bidentate formate species on Zn-Cu(111). The peak of 

monodentate formate species was not clearly observed on Zn-Cu(111). This is 

probably due to higher binding energy of monodentate formate species on the 

Zn-Cu surface in comparison with that on a clean Cu surface. It is predicted that 

the peak of monodentate formate species should be observed between 

adsorbed HCOOH and bidentate formate species.  

We estimated the coverage of bidentate formate species to the initial 

coverage of adsorbed HCOOH. In Fig. 5.3 (a) and (c) of C 1s spectra, the peaks 

of adsorbed HCOOH (blue line) and bidentate formate species (red line) were 

fitted by single Voigt peaks with a Shirley-background, respectively. The 13% of 

adsorbed HCOOH dissociated into the bidentate formate species on Cu(111) at 

309 K. On the other hand, adsorbed HCOOH mostly desorbed from the 

Zn-Cu(111) surface at 188 K and some HCOOH were dissociated. Less than 4% 

of adsorbed HCOOH dissociated into the bidentate formate species on 

Zn-Cu(111) at 377 K.  
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The previous STM study reported the formation process of Zn-Cu 

surface alloy.83 After annealing the Zn-deposited Cu(111) at 523 K, Zn atoms 

distributed homogeneously over the terrace to form the alloy.83 The Zn at the 

terrace sites inactivates the HCOOH dissociation on Cu(111). These results may 

originate from the adsorbed HCOOH structure: the HCOOH on Zn-Cu(111) does 

not form the stable structure like polymeric HCOOH. 
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Figure 5.3. A series of (a) C 1s and (b) O 1s XPS spectra of HCOOH (0.28 ML) 

on Cu(111) at 80 K and subsequent annealing. A series of (c) C 1s and (d) O 1s 

XPS spectra of HCOOH (0.28 ML) on Zn (0.4 ML)-Cu(111) at 80 K and 

subsequent annealing. The spectra were measured using a photon energy of 

630 eV. 
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Figure 5.4 shows a series of (a) C 1s and (b) O 1s XPS spectra of 0.28 

ML HCOOH on Cu(997) at 83 K and subsequent annealing. Three peaks were 

observed at 289.8 (533.3), 288.4 (531.7) and 287.7 (531.0) eV for C 1s (O 1s) 

spectra. The peak at 289.8 (533.3) eV is assigned to molecular HCOOH 

adsorbed on Cu(997). The binding energies both C 1s and O 1s of HCOOH on 

Cu(997) were higher than Cu(111). This is probably due to the difference of 

adsorbed HCOOH structure which will be discussed later with IRAS 

measurements. A shoulder in the lower binding energy side at 288.4 (531.7) eV 

indicates the early dissociation from adsorbed HCOOH into monodentate 

formate species even at 83 K. The 13% of adsorbed HCOOH dissociated into 

the monodentate formate species on Cu(997), indicating that the stepped Cu 

surface has a higher reactivity for HCOOH dissociation at low temperature. After 

annealing the sample up to 160 K, adsorbed HCOOH peaks (C 1s: 289.8 and O 

1s: 533.3 eV) gradually decreased and a monodentate formate peaks (C 1s: 

288.4 and O 1s: 531.7 eV) slightly increased in intensity. With further heating at 

300 K, the bidentate formate peaks were observed (C 1s: 287.7 eV and O 1s: 

531.0 eV). The 17% of adsorbed HCOOH dissociated into the bidentate formate 
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species at 300 K. After heating to 500 K, all of the adsorbed species have 

desorbed from the Cu(997) surface. 

Figure 5.4 shows a series of (c) C 1s and (d) O 1s XPS spectra of 0.28 

ML HCOOH on Zn (0.4 ML)-Cu(997) at 82 K and subsequent annealing. At least 

two peaks were observed at 289.9 (533.4) and 288.9 (531.7) eV for C 1s (O 1s) 

spectra. The peak at 289.9 (533.4) eV is assigned to the first layer HCOOH on 

Zn-Cu(997). After heating up to 160 K, the adsorbed HCOOH peaks (C 1s: 

289.9 eV and O 1s: 533.4 eV) gradually decreased and shoulder peaks (C 1s: 

288.9 eV and O 1s: 531.7 eV) were observed. The peak at 288.9 (531.7) eV is 

assigned to the bidentate formate species on Zn-Cu(997), which remained after 

heating up to 450 K.  

The 20% of adsorbed HCOOH dissociated into the bidentate formate 

species on Zn-Cu(997) at 300 K. The percentage of bidentate formate species 

for initial adsorbed HCOOH becomes increased in contrast to the results on 

Zn-Cu(111). When the Zn-Cu surface alloy is formed on Cu(997), the Zn atoms 

can locate at both the step sites and terrace sites. The Zn atoms located at the 

terrace site inactivated the HCOOH dissociation as shown Fig. 5.3. Thus, the Zn 
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atoms at the step sites have some reactivity for the HCOOH dissociation, which 

lead to increase the percentage of bidentate formate species. 
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Figure 5.4. A series of (a) C 1s and (b) O 1s XPS spectra of HCOOH (0.27 ML) 

on Cu(997) at 83 K and subsequent annealing. A series of (c) C 1s and (d) O 1s 

XPS spectra of HCOOH (0.28 ML) on Zn (0.4 ML)-Cu(997) at 82 K and 

subsequent annealing. The spectra were measured using a photon energy of 

630 eV. 
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The present XPS results show that the step site can play an important 

role in increasing the activity of adsorbed HCOOH dissociation. However, 

information for the orientation of adsorbates cannot be obtained from the XPS. In 

order to understand the dissociation of adsorbed HCOOH in detail, we carried 

out the TPD and IRAS measurements on Cu(997) and Zn-Cu(997) to compare 

with the results on Cu(111) and Zn-Cu(111). 

Figure 5.5 shows multiplexed TPD spectra of HCOOH adsorbed on 

Cu(997) as a function of HCOOH exposure at 82 K. In Fig. 5.5 (a) and (b), the 

mass number 29 (HCO+) is the major cracking fragment of HCOOH. At low 

HCOOH exposure (3~7 shots), a small peak was observed at 245 K in Fig. 5.5 

(a). This desorption peak is assigned to adsorbed HCOOH at the Cu step sites 

because it was not observed on Cu(111). With increasing HCOOH exposure, the 

peak of the first layer HCOOH was observed at 172 K in Fig. 5.5 (b). The peaks 

of the first layer HCOOH (10~20 shots) have the different feature in comparison 

with the TPD spectra for HCOOH/Cu(111); the desorption peak maxima are not 

shifted with increasing HCOOH coverages. This feature indicates that the 

desorption order for molecular HCOOH should be first. This is probably due to 

the different structure of adsorbed HCOOH species; a hydrogen bonding 



80 

network is not well-developed on Cu(997) (as discussed later with IRAS 

measurements). The desorption peak maxima for the saturation coverage of the 

first layer HCOOH on Cu(111) and Cu(997) are 182 K and 172 K, respectively. 

The HCOOH adsorbed on Cu(111) needs more activation energy to desorb from 

the surface than the HCOOH adsorbed on Cu(997). We think this is due to the 

stabilization of adsorbed HCOOH via a hydrogen bonding network on 

Cu(111).43,44 The desorption peak at ~150 K was observed at higher HCOOH 

exposure (30 and 35 shots), which is assigned to adsorbed HCOOH of 

multilayer. 

Fig. 5.5 (c) and (d) show the mass number 44 (CO2
+) and 2 (H2

+), 

respectively. We know that the present XPS measurements show that a part of 

adsorbed HCOOH desorbs molecularly from Cu(997) and the other HCOOH is 

dissociated into the formate and a hydrogen atom in Fig. 5.4 (a) and (b). In Fig. 

5.5 (d), the dissociated hydrogen atoms were recombined and desorbed as H2 at 

327 K. The peaks at 327 K were gradually shifted to lower desorption 

temperature with increasing the peak intensity. This is assigned to the second 

order kinetics for the recombination desorption of hydrogen atoms.45,84 In Fig. 

5.5 (c) and (d), the adsorbed formate species were decomposed, and H2 and 
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CO2 were immediately desorbed at 450 K. These observations are similar to the 

results on Cu(111).44,45 

 

 

Figure 5.5. Multiplexed TPD spectra of HCOOH adsorbed on Cu(997) as a 

function of HCOOH exposure at 82 K. (a) mass = 29 (HCO+, the major cracking 

fragment of HCOOH) at lower HCOOH exposures (3~10 shots), (b) mass = 29 at 

higher HCOOH exposures (10~35 shots), (c) mass = 44 (CO2
+) and (d) mass = 2 

(H2
+). The heating rate was 1 K/s. 
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 In order to estimate the coverage of Zn on Zn-Cu(997), the titration was 

performed based on the saturated adsorption of CO on Zn-Cu(997).57 Fig. 5.6 

(a) shows multiplexed TPD spectra of CO (mass number 28: CO+) adsorbed on 

Zn-Cu(997) as a function of the coverage of Zn. Black line indicates the TPD 

spectra for CO saturation on the clean Cu(997) surface. The desorption peaks at 

90~170 K are assigned to adsorbed CO at the terrace sites.53 The desorption 

peaks at 170~210 K are assigned to adsorbed CO at the step sites. When 

Zn-Cu(997) alloyed surfaces were formed, these desorption peaks gradually 

decreased with increasing the coverage of Zn. This is due to the weakening of 

the bonds between CO and the Zn-Cu alloyed surface.53 In addition, the Zn 

atoms locate at both the step sites and terrace sites. When the total integrated 

area for CO saturation on the clean Cu(997) surface is defined as 1 ML, the 

coverage of Zn is estimated from the decrease of integrated area for CO 

saturation on Zn-Cu(997).  

Fig. 5.6 (b) shows multiplexed TPD spectra of Zn (mass number 64: Zn+) 

on Zn-Cu(997) as a function of the coverage of Zn. Two desorption peaks were 

observed at 620~580 and 550 K. According to the previous TPD measurements 

of Zn on Cu(111), the desorption peaks at low coverages of Zn were observed at 
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600~550 K (first layer).57,85 With increasing coverages of Zn, multilayer peaks of 

Zn were observed at 550~400 K.57,85 Therefore the desorption peak both 

620~580 and 550 K are assigned to the first layer of Zn.57,85  

Fig. 5.6 (c) shows Zn coverage as a function of the integrated area of Zn 

desorption peak in Fig. 5.6 (b). The vertical axis indicates the coverage of Zn, 

which is defined as follows: 

 

Integrated areas of CO saturation on clean Cu(997) or Zn-Cu(997) are 

estimated from Fig. 5.6 (a). In Fig. 5.6 (c), a linear dependency may indicate a 

2-D growth mode of the first layer.57 The coverages of Zn on Zn-Cu(997) in TPD 

and IRAS experiments were estimated by Fig. 5.6 (c). 

  



84 

 

 

Figure 5.6. Multiplexed TPD spectra of CO adsorbed on Zn-Cu(997) as a 

function of the coverage of Zn. (a) mass = 28 (CO+), (b) mass = 64 (Zn+) and (c) 

Zn coverage as a function of the integrated area of Zn desorption peak. The 

heating rate was 1 K/s. 
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Figure 5.7 shows the multiplex TPD spectra of HCOOH adsorbed on 

Zn-Cu(997) as a function of HCOOH exposure at 82 K. Fig. 5.7 (a), (b), (c) and 

(d) originated from the same experiment. In Fig. 5.7 (a), three desorption peaks 

were observed at ~150, 170 and 230 K, which are assigned to adsorbed 

HCOOH of multilayer, the first layer on a terrace and step sites on Zn-Cu(997), 

respectively. The desorption peak maxima for adsorbed HCOOH of the first layer 

and step sites on Zn-Cu(997) were lower than Cu(997). As similar to the case on 

Cu(997), the desorption peak maxima of the first layer HCOOH were not shifted 

with increasing HCOOH coverages. This indicates that the desorption order for 

molecular HCOOH on Zn-Cu(997) should be first.  

Fig. 5.7 (b) and (c) show TPD spectra for the mass number 44 (CO2
+) 

and 2 (H2
+), respectively. In Fig. 5.7 (c), the desorption temperature of H2 for the 

recombining of hydrogen atoms (327 K) did not change in comparison with 

Cu(997). However, the decomposition and desorption temperatures of adsorbed 

formate species were 10 K higher than Cu(997) in Fig. 5.7 (b) and (c). This 

indicates that formate species is stabilized on the Zn-Cu alloyed surfaces. These 

results are important in terms of methanol synthesis reaction on the Zn-Cu 
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catalysts. The Zn can play an important role in the stabilization of reaction 

intermediates (i.e., formate species, etc.) on the Zn-Cu surface.78 

 Fig. 5.7 (d) shows TPD spectra of the mass number 64 (Zn+). Two 

desorption peaks were observed at ~600 and ~690 K. According to the previous 

TPD measurements of Zn on Cu(111) as shown in Fig. 5.8, the desorption peaks 

at low coverages of Zn were observed at 600~550 K (first layer).57,85 With 

increasing the coverage of Zn, multilayer peaks of Zn were observed at 550~400 

K.57,85 Therefore the desorption peak at ~600 K in Fig. 5.7 (d) is assigned to the 

first layer of Zn.57,85 So far there is no report for TPD spectra of Zn on the Cu 

step surfaces. The desorption peak at ~690 K was observed when the Zn and 

formate species are co-adsorbed on Zn-Cu(997). The coverages of Zn were 

estimated to be 0.2 ML from Fig. 5.6 (c). 
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Figure 5.7. TPD spectra of HCOOH adsorbed on Zn-Cu(997) as a function of 

HCOOH exposure at 82 K. (a) mass = 29 (HCO+, the major cracking fragment of 

HCOOH), (b) mass = 44 (CO2
+), (c) mass = 2 (H2

+) and (d) mass = 64 (Zn+). The 

heating rate was 1 K/s. θZn = 0.2 ML. 
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Figure 5.8. The previous study for TPD of Zn on Cu(111) as a function of the 

coverage of Zn. The heating rate was 5 K/s. (a) low coverages from 0.15 to 4.48 

ML; (b) high coverages from 0.34 to 30 ML.57 
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Figure 5.9 shows multiplex TPD spectra of 5 shots HCOOH (less than 

mono layer) adsorbed on Zn-Cu(997) at 82 K as a function of the Zn coverage. 

Black and blue lines indicate the TPD spectra for Zn of 0.2 ML and 1.9 ML, 

respectively. In Fig. 5.9 (a), broad desorption peaks of HCOOH adsorbed at the 

step sites were observed, and the desorption peak maximum was further shifted 

to lower temperature at a higher Zn coverage. On the other hand, the 

decomposition-limited desorption peaks of adsorbed formate species were 

further shifted to higher temperature in Fig. 5.9 (b) and (c). Thus, the adsorption 

energies of formate species must be increased at a higher Zn coverage. On the 

other hand, the desorption temperature of H2 for the recombining of hydrogen 

atoms was shifted to lower temperature (300 K) in Fig. 5.7 (c). This is probably 

due to the lower adsorption energy of hydrogen on a Zn-Cu alloyed surface than 

that on a clean Cu surface. According to the previous TPD measurements of 

hydrogen from Zn(0001), the desorption peaks were observed at 306~319 K.86,87  
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Figure 5.9. TPD spectra of 5 shots HCOOH adsorbed on Zn-Cu(997) at 82 K as 

a function of the Zn coverage. Black and blue lines indicate the spectra of 0.2 

and 1.9 ML, respectively. (a) mass = 29 (HCO+, the major cracking fragment of 

HCOOH), (b) mass = 44 (CO2
+), (c) mass = 2 (H2

+) and (d) mass = 64 (Zn+). The 

heating rate was 1 K/s. 
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Figure 5.10 (a) shows integrated area for HCOOH and CO2 desorption 

peaks as a function of HCOOH exposure. With increasing HCOOH exposure, 

the integrated areas of HCOOH on Cu(997) or Zn-Cu(997) are gradually 

increased. In the exposure larger than 10 shots, the integrated area of HCOOH 

on Zn-Cu(997) is higher than that of Cu(997). At lower HCOOH exposure (3~5 

shots), the intensity of each peak is too weak to analyze quantitatively. On the 

other hand, the integrated areas of CO2 on Zn-Cu(997) are always higher than 

those of Cu(997). 

Figure 5.10 (b) shows the ratio of the integrated area for CO2 desorption 

peak to HCOOH desorption peak as a function of HCOOH exposure. It should 

be noted that at small exposures (<5 shots) the very small intensities as shown 

in Fig. 5.10 (a) induce a large error in the area ratio as mentioned above. At 

higher HCOOH exposure (7~35 shots), the ratio for Cu(997) or Zn-Cu(997) are 

gradually decreased. These results indicate that the branching ratio between the 

desorption and dissociation for adsorbed HCOOH has been changed by the 

initial coverage of HCOOH. With increasing the initial coverages of adsorbed 

HCOOH, the desorption becomes a predominant reaction. The ratio of 

CO2/HCOOH is nearly saturated at 35 shots. The present TPD measurements of 
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HCOOH on Cu(997) show that the saturation coverage of the first layer HCOOH 

is 30 shots (Fig. 5.6). These results are similar to the present TR-IRAS 

measurements of HCOOH/Cu(111) in Fig. 4.9 and Fig. 4.10. The desorption of 

adsorbed HCOOH is a rate-limiting step for the dissociation from HCOOH to 

monodentate formate species at higher initial coverages of adsorbed HCOOH.44 

The branching ratio (CO2/HCOOH) between 7 and 35 shots were higher than 

that on Cu(997). This is qualitatively consistent with the present XPS 

measurements of HCOOH adsorbed on Zn-Cu(997) (Fig. 5.4). The produced 

formate species on Zn-Cu(997) was 3% higher than Cu(997). 
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Figure 5.10 (a) Integrated area for HCOOH and CO2 desorption peaks as a 

function of HCOOH exposure. (b) The ratio of the integrated for CO2 desorption 

peak to HCOOH desorption peak as a function of HCOOH exposure. 
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Figure 5.11 (a) shows a series of IRAS spectra of HCOOH on Cu(997) at 

82 K as a function of HCOOH exposure. Black and red dashed lines indicate the 

peaks of adsorbed species at the terrace and step sites, respectively. At 

HCOOH exposures up to 20 shots, six peaks were observed at 1713, 1672, 

1654, 1630, 1384 and 1354 cm-1. The peak assignments are summarized in 

Table 5.1. The peaks at 1713 and 1654 cm-1 on Cu(997) are close to the peaks 

at 170944 (172043) and 165543,44 cm-1 on Cu(111), respectively. The peaks at 

1713 and 1654 cm-1 on Cu(997) are assigned to the asymmetric OCO stretching 

modes, νas(OCO), of the first layer HCOOH species and monodentate formate 

species on terrace sites, respectively. On the other hand, the peaks at 1672 and 

1630 cm-1 originate from adsorbed species at the Cu step sites, and are 

assigned to the νas(OCO) of HCOOH species and monodentate formate species, 

respectively.  

At HCOOH exposures up to 10 shots, the peaks at 1672 (HCOOH at the 

step sites) and 1654 (monodentate formate on the terrace sites) cm-1 were 

observed. This indicates that the dissociation from adsorbed HCOOH to 

monodentate formate species occurs at the step sites and monodentate formate 

species diffuse to the terrace sites at 82 K. In fact, the previous STM 
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measurements show that low temperature (30 K) were necessary to visualize 

clean images at low coverages of HCOOH molecules on Cu(111).43 The peaks 

at 1713 cm-1 (first layer HCOOH on the terrace sites) were observed above 15 

shots. This originates from the saturation adsorption of HCOOH at the step sites. 

The amount of adsorbed HCOOH on the terrace sites is less stable than that at 

the step sites.  

The peak at 1384 cm-1 on Cu(997) is close to the peak at 1388 cm-1 on 

Cu(111), which is assigned to an in-plane bending mode of δ(C-H) of HCOOH 

species.43 The δ(C-H) peak at 1384 cm-1 was observed up to 241 K, and an only 

single vibrational energy was observed at the step and terrace sites. The δ(C-H) 

peak was observed on Cu(111) when the adsorbed HCOOH was relatively 

higher coverages.43,44 However the δ(C-H) peak on Cu(997) was observed even 

at lower exposures. If adsorbed HCOOH species are formed polymeric 

structures and adsorbed with its molecular plane parallel to the surface, the 

δ(C-H) peak cannot be observed according to the surface-normal dipole 

selection rule for IRAS. Therefore, we think the HCOOH species are randomly 

orientated on Cu(997) without forming a 2-D hydrogen bonding network. 
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Figure 5.11. (a) A series of IRAS spectra of HCOOH on Cu(997) at 82 K as a 

function of HCOOH exposure. (b) A series of IRAS spectra of HCOOH (20 shots) 

on Cu(997) at 82 K and subsequent annealing. Black and red dashed lines 

indicate the peaks of adsorbed species at the terrace and step sites, 

respectively. 
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Table 5.1. Assignments of the observed vibrational peaks (cm-1) of HCOOH and 

formate species.43,44 

Vibrational 

mode 

Adsorption 

sites 

Cu(997) 

(chapter 5) 

Zn-Cu(997) 

(chapter 5) 

Cu(111) 

(chapter 4)
44

 

Cu(111) 

(reference
43

) 

π(O-H) 

terrace - -  980 (HCOOH)  975 (HCOOH) 

step - - - - 

π(C-H) 

terrace - - 1080 (HCOOH) 1084 (HCOOH) 

step - - - - 

νs(OCO) 

terrace 
1363, 1355 (bidentate) 

1354 (monodentate) 

1364, 1351 (bidentate) 

1354 (monodentate) 

1360, 1345 

(bidentate) 

1357 (linked-formate) 

1341 (bidentate) 

step 

1339 (monodentate) 

1332, 1313, 1301 

(bidentate) 

1339 (monodentate) 

1335, 1301 (bidentate) 
- - 

δ(C-H) 

terrace 1384 (HCOOH) 1384 (HCOOH) - 1388 (HCOOH) 

step 1384 (HCOOH) 1384 (HCOOH) - - 

νas(OCO) 

(ν(C=O)) 

terrace 1654 (monodentate) 1654 (monodentate) 1655 (monodentate) 1655 (linked-formate) 

step 1630 (monodentate) 1646 (monodentate) - - 

ν(C=O) 

terrace 1713 (HCOOH) 1713 (HCOOH) 1709 (HCOOH) 1720 (HCOOH) 

step 1672 (HCOOH) 1672 (HCOOH) - - 

ν: stretching mode, π: out-of-plane bending mode, δ: in-plane bending mode 
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Figure 5.11 (b) shows a series of IRAS spectra of HCOOH (20 shots) on 

Cu(997) at 82 K and subsequent annealing. Black and red dashed lines indicate 

the peaks of adsorbed species at the terrace and step sites, respectively. After 

heating up to 195 K, the peak at 1713 cm-1 (HCOOH on the terrace sites) 

completely disappeared. However the peak at 1672 cm-1 (HCOOH at the step 

sites) was observed after heating at 241 K. These results are consistent with the 

TPD results of HCOOH on Cu(997); adsorbed HCOOH species of the fist layer 

and at step sites were desorbed from the surface at 172 and 250 K, respectively 

(Fig. 5.6). Monodentate formate species were adsorbed both the terrace (1654 

cm-1) and step (1630 cm-1) sites up to 241 K. 

The peaks at 1354 and 1339 cm-1 on Cu(997) are close to the peak at 

1357 cm-1 on Cu(111), which are assigned to the symmetric stretching modes, 

νs(OCO), of monodentate formate species (linked-formate) at the terrace and 

step sites, respectively.43,44 In addition, the peak at 1313 cm-1 was clearly 

observed at 150 K. This peak was not observed on Cu(111) and was remained 

up to 426 K. Thus, the peak at 1313 cm-1 originates from adsorbed species at 

step sites, and assigned to the νs(OCO) of bidentate formate species. These 

results indicate that the monodentate formate species were formed at both the 
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terrace and step sites, and a part of monodentate formate species change to 

bidentate formate species at the step sites. 

After heating up to 241 K, the peaks at 1384 (δ(C-H) of HCOOH), 1354 

(νs(OCO) of monodentate formate species on the terrace sites) and 1339 

(νs(OCO) of monodentate formate species at the step sites) cm-1 decreased in 

intesity, and five peaks were observed at 1363 (a shoulder), 1355, 1332, 1313 

and 1301 cm-1. The peaks at 1363 and 1355 cm-1 are close to the peaks at 

136044 and 134544 (134143) cm-1 on Cu(111), respectively. These peaks at 1363 

and 1355 are assigned to the νs(OCO) of bidentate formate species on the 

terrace sites.44 The peaks at 1313 and 1301 cm-1 originate from adsorbed 

species at the step sites, and are assigned to the νs(OCO) of bidentate formate 

species. These two peaks were not observed on Cu(111). The peak at 1313 

cm-1 was observed above 150 K, indicating that a part of monodentate formate 

species are converted to bidentate formate species. The present TR-IRAS 

measurements show that the monodentate formate species are converted 

immediately to bidentate formate species if a Cu vacant site is obtained on 

Cu(111) (Fig. 4.9).44 
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The peak at 1332 cm-1 was observed up to 287 K. The νs(OCO) peaks of 

monodentate formate species at 1600~1700 cm-1 become very weak or not 

observed at 287 K. Therefore the peak at 1332 cm-1 may originate from 

bidentate formate species at the step sites; this peak has not been observed on 

Cu(111). However we cannot completely exclude the possibility of monodentate 

formate species because the vibrational energy of the monodentate formate 

species is also expected in this region. 

 Importantly, the both π(CH) (1080 cm-1) and π(O-H) (980 cm-1) peaks of 

polymeric HCOOH were not observed on Cu(997) in comparison with the 

present IRAS results on Cu(111) (Fig. 4.7). These peaks were not observed 

even after the νas(OCO) peak of the first layer HCOOH species (1713 cm-1) 

generated on Cu(997). This is due to the adsorption structure of HCOOH on 

Cu(997); a 2-D hydrogen bonding network of adsorbed HCOOH molecules is not 

well-developed to form the polymeric structures. In chapter 4, we discussed that 

the presence of a hydrogen bonding network stabilizes the HCOOH species and 

leads to a change into monodentate formate species on Cu(111). On the other 

hand, the Cu(997) surface shows the reactivity for HCOOH dissociation at low 

temperature without the stabilization of a 2-D hydrogen bonding network. 
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Figure 5.12 (a) shows a series of IRAS spectra of HCOOH on 

Zn-Cu(997) at 82 K as a function of HCOOH exposure. The coverage of Zn was 

estimated to be 0.2 ML judging from TPD of Zn after IRAS measurements. At 

HCOOH exposures up to 20 shots, six peaks were observed at 1713, 1672, 

1654, 1646, 1384 and 1354 cm-1. The peak assignments are summarized in 

Table 5.1. The peaks at 1713, 1672 and 1654 cm-1 on Zn-Cu(997) were 

observed as the same vibrational energies on Cu(997), which are assigned to 

the νas(OCO) of the first layer HCOOH on the terrace sites, HCOOH at the step 

sites and monodentate formate species on the terrace sites, respectively.43,44 

The peak at 1646 cm-1 assigned to monodentate formate species at the step 

sites has a different vibrational energy in comparison with that on the Cu(997) 

surface (1630 cm-1). This is probably due to a local environmental effect at the 

Zn-Cu step sites. However the peak of monodentate formate species on the 

terrace sites (1654 cm-1) was not shifted by the Zn-Cu alloying. This indicates 

that this monodentate formate species is adsorbed at a locally bare Cu site on 

the Zn-Cu(997) surface. We think that the step sites have a higher density of Zn 

than the terrace sites. The present TPD measurements on Zn-Cu(997) show that 

the desorption peaks of HCOOH are shifted to lower temperature sides, and the 
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peak shifts at the step sites are larger than the first layer HCOOH on the terrace 

sites (Fig. 5.7). The peaks at 1384 and 1354 cm-1 on Zn-Cu(997) were observed 

at the same vibrational energies on Cu(997). The peak at 1384 cm-1 is assigned 

to the δ(C-H) of HCOOH species.43 The peak at 1354 cm-1 is assigned to the 

νs(OCO) of monodentate formate species at the Zn-Cu alloyed terrace site.43,44  
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Figure 5.12. (a) A series of IRAS spectra of HCOOH on Zn-Cu(997) at 82 K as a 

function of HCOOH exposure. (b) A series of IRAS spectra of HCOOH (20 shots) 

on Zn-Cu(997) at 82 K and subsequent annealing. θZn = 0.2 ML. Black and red 

dashed lines indicate the peaks of adsorbed species at the terrace and step 

sites, respectively. 
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Figure 5.12 (b) shows a series of IRAS spectra of HCOOH (20 shots) on 

Zn-Cu(997) at 82 K and subsequent annealing. The peaks of adsorbed HCOOH 

for the first layer (1713 cm-1) and step sites (1672 cm-1) on Zn-Cu(997) 

disappeared at a lower annealing temperature than on Cu(997). This is 

consistent with the present TPD results (Fig. 5.6 and Fig. 5.7). After heating up 

to 195 K, the peaks of adsorbed HCOOH at the step sites (1672 cm-1), 

monodentate formate species on the terrace sites (1654 cm-1) and monodentate 

formate species at the step sites (1630 cm-1) are still observed on Zn-Cu(997). 

The peaks at 1384, 1354 and 1339 cm-1 on Zn-Cu(997) were observed at the 

same vibrational energies on Cu(997). The peak at 1384 cm-1 is assigned to the 

δ(C-H) of HCOOH species.43 The peaks at 1354 and 1339 cm-1 are assigned to 

the νs(OCO) of monodentate formate species at the Zn-Cu alloyed terrace and 

step sites, respectively.43,44 With heating up to 195 K, the peak of the 

monodentate formate species at the Zn-Cu alloyed step sites (1339 cm-1) is 

increased in intensity. However the peak of the monodentate formate species at 

the Zn-Cu alloyed terrace sites (1354 cm-1) did not change in contrast to the 

case on Cu(997). These results indicate that the monodentate formate species 

are stabilized at the Zn-Cu alloyed terrace sites. The present XPS and TPD 
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measurements show that the coverage of produced bidentate formate species 

on Zn-Cu(997) is higher than that on Cu(997) (Fig. 5.5 and Fig. 5.10 (b)). The 

stabilization of the monodentate formate species on Zn-Cu(997) leads to the 

increase of the produced bidentate formate species. 

After heating up to 241 K, the peaks at 1384 (δ(C-H) of HCOOH), 1354 

(νs(OCO) of monodentate formate on the terrace sites) and 1339 (νs(OCO) of 

monodentate formate at the step sites) cm-1 decreased in intensity, and four 

peaks were observed at 1364, 1351, 1335 and 1301 cm-1. The peak at 1301 

cm-1 is assigned to the νs(OCO) of bidentate formate species on Cu-step sites. 

This peak disappeared at 472 K, which is consistent with the IRAS results on 

Cu(997) (Fig. 5.11). The present TPD measurements show that a single 

desorption peak for formate decomposition is observed on Zn-Cu(997) (Fig. 5.7 

(b)). These results indicate that the bidentate formate species are mobile on the 

surface at 423 K in order to access the Zn-Cu sites. 

The peaks at 1364, 1351 and 1335 cm-1 are still observed after heating up to 

472 K. The present TPD measurements show that the formate species remain 

on Zn-Cu(997) up to 500 K (Fig. 5.7 (b)). Therefore three peaks originate from 
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the bidentate formate species at the Zn-Cu alloyed sites. The peaks at 1364 and 

1351 cm-1 on Zn-Cu(997) are close to the 1363 and 1355 cm-1 on Cu(997), 

respectively. The peaks at 1364 and 1351 cm-1 are assigned to the νs(OCO) of 

bidentate formate species on the Zn-Cu terrace sites.43,44 

The peak at 1335 cm-1 on Zn-Cu(997) is close to the 1332 cm-1 on Cu(997), 

which is observed even after heating up to 472 K. Therefore the peak at 1335 

cm-1 is assigned to bidentate formate species at the Zn-Cu step sites. The 

bidentate formate species at the Zn-Cu alloyed sites can be remained even at 

472 K on Zn-Cu(997). The Zn on Cu surfaces plays a vital role in the stabilization 

of bidentate formate species on the Zn-Cu alloyed surface. 

 

The IRAS experiments show that adsorbed HCOOH form a 2-D polymer on 

Cu(111) judging from the vibrational energy of π(O-H).43,44 A similar assignment 

has been reported previously on other metal substrate on Pt(111)70 and 

Au(111)69. In these studies, the structures of the first HCOOH layer are assigned 

to α-polymeric HCOOH by using vibrational spectroscopies such as IRAS and 

HREELS. On the other hand, Marcinkowski et al. reported that β-polymeric 
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HCOOH forms on Cu(111) by using a high-resolution STM.45 We think that the 

morphology of adsorbed HCOOH depends on the experimental conditions such 

as the initial coverages of formic acid, sample temperature and surface structure. 

In fact, we elucidated that the dissociation kinetics for HCOOH adsorbed on 

Cu(111) depends on the initial coverage of adsorbed HCOOH. In addition, we 

also elucidated that a hydrogen bonding network of adsorbed HCOOH is not 

well-developed on Cu(997) from IRAS results. The Cu(997) surface has a 

close-packed terrace consists of nine atomic rows, and each terrace is 

separated by a monoatomic (111) step. We think that the formation of flat-lying 

polymeric HCOOH species is disturbed by the steps on Cu(997). 

According to the present TPD results for HCOOH/Cu(997), the desorption of 

adsorbed HCOOH at Cu step site was observed at a higher temperature than 

that on Cu terrace site. The desorption of adsorbed HCOOH for the first layer 

was the first-order desorption. A similar result and kinetics for the desorption 

have been reported in the case of HCOOH/Au(997).88 According to the present 

IRAS results for HCOOH/Cu(997), the peak of δ(C-H) of HCOOH species (1384 

cm-1) was observed even at a submonolayer coverage. This indicates that the 

HCOOH molecules on Cu(997) are not adsorbed like α- and β-polymeric 
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HCOOH but are standing or tilted on the surface. On the other hand, the peak of 

δ(C-H) of HCOOH species is observed on Cu(111) at a higher HCOOH 

exposure.43,44 This is due to the formation of condensed HCOOH phase.38 If the 

first layer coverage reaches the saturation on Cu(111), the domain boundaries 

of adsorbed HCOOH species are formed which changes the orientation of a 2-D 

polymeric HCOOH. 

We found that the dissociation of HCOOH on Cu(997) occurs even at 80 K. In 

addition, the coverage of formate species was increased when the Zn-Cu 

surface alloy was formed on Cu(997). According to the previous theoretical 

study, the activation barriers between intermediates for methanol synthesis 

reaction on Cu(211) are always lower than that on Cu(111).18 Alloying of Zn into 

the Cu(211)-step further increased the adsorption strength of HCOO, HCO, 

H2CO, and H3CO and decreased the activation barriers.18 We think that 

monodentate formate species on Cu(997) are stabilized at Cu step sites and 

which lead to decrease the activation energy between adsorbed HCOOH and 

monodentate formate species. The monodentate formate species are further 

stabilized at Zn-Cu step sites, when the Zn-Cu surface alloy is formed on 
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Cu(997). Thus, the coverage of produced formate species on Zn-Cu(997) 

becomes higher than that on Cu(997). 

There are two important factors of Zn that affect the reaction of HCOOH 

on the Zn-Cu alloyed surfaces. The first one is a higher reactivity for the HCOOH 

dissociation at Zn-Cu step sites. This originates from a lower activation energy 

between adsorbed HCOOH and monodentate formate species at Zn-Cu step 

site. The second one is the stabilization of produced formate species on Zn-Cu 

alloyed surface. The produced bidentate formate species are a stable up to 500 

K on the Zn-Cu(997) surface. We elucidated experimentally that the Zn can play 

a vital role in the stabilization of formate species on well-defined Zn-Cu step 

surfaces. 
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5.3 Conclusions 

In chapter 5, we investigated the dissociation of a submonolayer 

HCOOH on Zn-Cu(111) and Zn-Cu(997) as well as clean Cu(111) and Cu(997) 

using high-resolution XPS, TPD and IRAS. The results are summarized in the 

list as follow. 

・ The order of the percentage of produced bidentate formate in initial adsorbed 

HCOOH was Zn-Cu(997): 20% > Cu(997): 17% > Cu(111): 13% > 

Zn-Cu(111): less than 4 %. 

・ The dissociation of HCOOH species adsorbed on Cu(997) were observed at 

80 K.  

・ Adsorbed HCOOH molecules can be dissociated into monodentate formate 

species at step sites on Cu(997) without the stabilization of a 2-D hydrogen 

bonding network.  

・ The produced formate species are stabilized at Cu step sites and are further 

stabilized at Zn-Cu step sites. 
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Chapter 6 

 

6.1 Concluding remarks 

In this study, first, I investigated the desorption and decomposition kinetics of 

formic acid on Cu(111) using TPD, XPS and TR-IRAS. Secondly, I focused the 

decomposition reaction of formic acid on Zn-Cu(111) and Zn-Cu(997) as well as 

Cu(111) and Cu(997) using XPS, TPD and IRAS. 

In chapter 4, the desorption and decomposition kinetics of formic acid on 

Cu(111) was investigated using TPD, XPS and TR-IRAS. Based on these 

experiments, I estimated the activation energies for desorption of formic acid 

(53-75 kJ/mol) and for dissociation from formic acid into monodentate formate 

species (65.0 kJ/mol) for the first time. The estimated values for the desorption 

are considerably large in comparison with the previous theoretical estimations 

on Cu(111); the theoretical adsorption energies were calculated to be 0.22 eV 

(21 kJ/mol)35 and 0.24 eV (23 kJ/mol)36. Note that these theoretical studies 

assumed an isolated formic acid molecule. However, in reality, adsorbed 

HCOOH species form a hydrogen bonding network on the Cu(111) surface.43 On 



112 

the other hand, the activation energy from formic acid to bidentate formate was 

calculated to be 0.68 eV (66 kJ/mol)35 and 0.61 eV (59 kJ/mol)36. In the previous 

theoretical studies, no stable monodentate formate species on Cu(111) were 

found at a small coverage.35 They noted that the coverage effects (lateral 

adsorbate-adsorbate interactions) can play an important role in determining the 

structural stability of various adsorbed states.35 The adsorbed formic acid 

species in a hydrogen bonding network is more stable than an isolated formic 

acid molecule. Therefore, I have concluded that the hydrogen bonding network 

stabilizes the adsorption of formic acid and monodentate formate species. 

In chapter 5, the decomposition reaction of formic acid on Zn-Cu(111) and 

Zn-Cu(997) as well as Cu(111) and Cu(997) were investigated using XPS, TPD 

and IRAS. The both π(CH) and π(O-H) peaks of polymeric formic acid were not 

observed on Cu(997) in comparison with the present IRAS results on Cu(111). 

This must originate from the adsorption structure of formic acid on Cu(997); a 

2-D hydrogen bonding network of adsorbed formic acid molecules is not 

well-developed to form the polymeric structures. However, the Cu(997) has the 

reactivity for formic acid dissociation at 80 K, and adsorbed formic acid can be 

dissociated into monodentate formate species without the stabilization of a 
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hydrogen bonding network. We concluded that the monodentate formate 

species on Cu(997) are stabilized at Cu step sites and which lead to decrease 

the activation energy between adsorbed HCOOH and monodentate formate 

species. The Zn-Cu alloying effect on Zn-Cu(997) is clearly observed by TPD 

and IRAS measurements. The bidentate formate species at the Zn-Cu alloyed 

sites can be remained even at 472 K on Zn-Cu(997). We elucidated that the 

formate species are further stabilized at Zn-Cu step sites. 

In conclusion, this thesis has elucidated the reaction mechanism of formic 

acid on copper model catalysts using modern surface spectroscopies. The 

structure of the Cu surface affects the adsorption structure of formic acid and the 

subsequent dissociation to monodentate formate species. In addition, an 

alloying effect is important in the stabilization of the produced formate species. 

The role of Zn will provide important information for methanol synthesis reaction 

on the Zn-Cu catalysts. 
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6.2 Future perspective 

There are several issues that should be studied by using surface 

spectroscopies in more detail. 

(1) Microscopic adsorption structures of formic acid on the Cu(111) and Cu(997) 

surfaces. 

(2) Microscopic adsorption sites of Zn on the Zn-Cu(997) surface. 

(3) Microscopic adsorption structures and sites of formate species on the 

Cu(997) and Zn-Cu(997) surfaces. 

(4) Real-time observation of the intermediates (i.e., formate species) from CO2 

and H2 on Zn-Cu surface alloy under high pressure and high temperature 

conditions. 

The issues of (1), (2) and (3) can be directly elucidated by high resolution 

scanning probe microscopy (SPM). The adsorption structure of polymeric formic 

acid is not fully elucidated yet. In the previous studies, there are no microscopic 

observations of the first layer HCOOH at step sites. We have not figure out the 

origin of the multiple IRAS peaks for bidentate formate species on Cu(997). High 

resolution STM and atomic force microscopy (AFM) are powerful tools for 



115 

 

investigating the adsorption structures of adsorbate and substrate. We have 

already started the collaborative research by high resolution AFM. On the other 

hand, the issue of (4) can be elucidated by high pressure experiments such as 

the ambient pressure X-ray photoelectron spectroscopy (AP-XPS) using 

synchrotron radiation. The experimental condition in UHV is far from a real 

situation for catalysis. In order to elucidate the catalytic reaction, it is important to 

observe in-situ for the catalytic surface operating in the ambient condition. We 

introduced AP-XPS apparatus at the soft X-ray undulator beamline BL07LSU of 

SPring-8, and have started the investigation on activation and hydrogenation of 

CO2.
48 Based on these experimental results, detailed mechanism between 

intermediates for methanol synthesis reaction will be clarified in the future. 
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