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Abstract 
The adsorption and decomposition of formic acid (HCOOH) co-adsorbed with K on 

Cu{100} has been studied by the spectroscopic technique of temperature programmed 

desorption (TPD). For the adsorption of K on Cu{100}, the activation energy for desorption falls 

drastically with increasing coverage from 214 kJ.mol-1 at the low coverage of 0.01 ML 

(ML=monolayer) to 139 kJ.mole-1 at close to completion of the first potassium layer (0.35 ML). 

The pre-adsorption of Cu{100} by a saturation coverage ( > 10 ML) of HCOOH instigates a 

different adsorption-desorption behaviour compared to the K/Cu{100}. Below and at the low K 

coverage of 0.009 ML on HCOOH pre-adsorbed on Cu{100}, a destabilization of the 

predominantly strong polar covalent Cu-K bonding occurs indicated by the significant decrease 

in the desorption peak temperature (Tp) from 800K to 560K. At a coverage of 0.02 ML, the peak 

temperature is found to split to lower values pertaining the original high Tp. This behaviour can 

be explained by the formation of K-HCOOH compounds that desorb at different Tp values. At 

higher K coverages on pure Cu{100}, a weaker Cu-K bonding takes place and a metallic-like 

potassium behaviour emerges which is attributed to the presence of lateral K-K interactions. At 

higher K coverages (>0.025 ML) on the Cu{100} pre-adsorbed with HCOOH, a very complex 

TPD spectrum is obtained. A complex range of K-HCOOH reaction products might be the only 

way to explain such a spectrum. 
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Introduction 
The coverage dependence of the heat of adsorption of alkali metals on metal 

and semiconductor single crystal surfaces has been a subject of interest [1-3]. Al-Sarraf 

et al. [4] have used the technique of micro-calorimetry to accurately measure the 

change in CO heat of adsorption on a Ni{100} surface for a range of potassium 

coverages. The effect of the adsorption of potassium is found to be unexpectedly 

large, with the heat of adsorption for CO increasing from a clean-surface value of 124 

kJ.mol-1 to approximately 310 kJ.mol-1 at high potassium coverages. The effect was 
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attributed to a combination of stronger CO binding to the surface and increased 

ionization of the potassium ad-atoms. 

In principle, in cases of non-activated adsorption such as alkali metals which 

chemisorb with high sticking coefficient on metal single crystal surfaces, temperature 

programmed desorption (TPD) spectroscopy offers a route to accessing the coverage 

dependence of the chemisorption energy [5,6]. 

A complete analysis such as the Redhead [7] and the leading edge methods [8] 

offers the opportunity to access the heat of adsorption provided the data quality is 

sufficient to sustain a leading edge analysis, as is often the case for metallic 

adsorbates. In this method, a small part of the TPD spectrum at the low-temperature 

side is taken and plotted according to the logarithmic Polanyi-Wigner equation. The 

Arrhenius plot yields the activation energy and the frequency factor for this peak. More 

calculational details can be found in the literature [8]. 

The adsorption of potassium on Cu{100} has been widely studied [9-12]. 

Adsorption at room temperature leads to a disordered layer at coverages up to a 

coverage of 0.18 ML after which a ring or halo is observed by Low Energy Electron 

Diffraction (LEED) whose radius remained constant up to a coverage of 0.26 ML, 

corresponding to a nearest neighbour K-K distance of 5.6 Å [9]. The ring or halo has 

been interpreted as a liquid phase which forms at 0.18 ML and covers the surface at a 

coverage of 0.26 ML. At a coverage of 0.28 ML the liquid phase crystallises into a 

quasi-hexagonal commensurate solid phase which itself continuously compresses to a 

higher order commensurate phase finally converting into a uniform floating hexagonal 

overlayer [9]. It should be noted that a later study suggested a uni-axially 

incommensurate phase with strong density modulations [10]. Less is known about the 

quantitative surface crystallography: Surface X-ray diffraction performed at 330K 

indicates that K adatoms reside in the 4-fold hollow sites with a perpendicular K-Cu 

separation of 2.25 ± 0.15 Å [11], corresponding to an effective K radius of 1.6 Å. This 

suggests the formation of a polar covalent bond between K and Cu at low K coverage. 

It is believed that with increasing K coverage, the depolarization of the bond increases 

and drives the condensation of K into a metallic phase at 0.18 ML [11]. 

The adsorption of HCOOH on clean Cu{100} has been the subject of many 

studies [12-18]. The adsorption of K on clean Cu{100} has been studied using TPD [13]. 

The co-adsorption of HCOOH on a potassium-modified Cu{110} surface has been 

studied by Moller et. al. by TPD spectroscopy [14]. The authors followed only the 

desorption of mass 44 (COO fragment) and not the desorption of mass 39 (K). To our 

knowledge this is the first time where potassium adsorption-desorption on HCOOH 

pre-adsorbed on Cu{100} is investigated. 
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Experimental      
Experiments were performed in a stainless steel ultra-high-vacuum (UHV) 

chamber of base pressure 1x10-10 Torr with facilities for sample characterisation by 

Low Energy Electron Diffraction (LEED) and Auger electron spectroscopy (AES) 

utilising the LEED optics as a retarding field analyser. The analysis chamber has been 

described elsewhere[12]. The Cu{100} sample was cleaned by cycles of argon ion 

bombardment and annealing to 800K producing a sample with a sharp low background 

p(1x1) LEED pattern and no contaminants above the AES noise level and normal 

incidence LEED (IV) spectra in excellent agreement with previously published 

reports[15].   

Potassium was dosed from a well out-gassed SAES potassium dispenser 

positioned several centimeters away from the sample surface. The evaporation rate 

was calibrated by monitoring the time required to form the first quasi-hexagonal 

commensurate phase (θK=0.28 ML) assuming a coverage independent sticking 

coefficient. Quoted coverages are estimated to be accurate to within ±5%.  

Formic acid was dosed through a separate dosing system and an ion gauge was 

used to control the pressure level. Adsorbed HCOOH coverage was determined by the 

assumption that a saturation coverage is equivalent to or greater than 10 L 

(L=Langmuir and 1L= 10-6 Torr. Second) [15,18].  

Desorption spectra were aquired in a line-of-sight geometry with the Cu{100} 

sample positioned about 2 cm from a VG Microtech Quasar 0-200 atomic mass units 

(amu) quadrupole mass spectrometer locked into mass 39. The sample was heated by 

resistive heating of the 0.25 mm Ta support wires at a rate of 5 Ks-1 with the 

temperature being measured with a chromel-alumel thermo-couple embedded in a 

0.25 mm hole spark eroded through the sample. The heating rate was linear in the 

temperature range 300K-800K with a gradual decrease in rate at temperatures >800K. 

Results and Discussion 
Figure 1a illustrates a series of mass 39 TPD spectra with increasing K 

coverage on Cu{100} from 0.01 ML to 0.15 ML. It is clear that a strong coverage 

dependence occurs with a single first order desorption centered at ~ 800K for the low 

K coverage with the leading edge shifting to lower temperature with increasing K 

coverage. A dramatic shift in the peak maximum to lower temperature occurs in the 

coverage range 0.10 to 0.20 ML K and this is shown in (figure 1b). Higher K coverages 

lead to a gradual further downshifting in peak maximum, with the leading edge also 

shifting to lower temperature. The dramatic change in coverage range is suggestive of 

the occurrence of a 2D phase transition. Argile et al.[16,17] have suggested a 

condensation from a mobile 2D gas at low coverages to a liquid-like phase at a K 

coverage of 0.18 ML: the TPD results appear to support this assertion.   
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Figure 1a: Temperature programmed desorption spectra of the various Sub-

monolayer coverage of potassium adsorbed on Cu{100} at ~ 300K. 

 
Figure 1b: Temperature programmed desorption spectra of the various Sub-

monolayer coverage of potassium adsorbed on Cu{100} at ~ 300K at higher 

coverages. 
 

Figure 2 illustrates TPD spectra for the desorption of K (mass 39) of the 

coverage 0.009 ML on clean Cu{100} and on the preadsorbed HCOOH-Cu{100}. With 

the presence of HCOOH, the desorption peak temperature (Tp) drops from 800 K to 

560 K with the disappearance of the high temperature peak. The activation energy for 

the thermal desorption drops from 210 kJ.mol-1 on the clean Cu{100} down to 146 

kJ.mol-1 on the HCOOH-preadsorbed surface. Further analysis of the TPD spectra 

using the leading edge method produced activation energies within the error bars of 

the calculated values. 
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Figure 2: TPD spectra for the desorption of K (mass 39) of the coverage 0.009 ML on 

clean Cu{100} and on the pre-adsorbed HCOOH-Cu{100} from ~ 300K. 

 

K atoms are believed to undergo a transformation from predominantly strong 

polar covalent Cu-K bonding at low K coverage on Cu{100} to a weaker Cu-K bonding 

and metallic-like potassium manner when HCOOH is present in which lateral K-K  and 

K-HCOOH interactions may produce this behaviour. 

Figure 3 illustrates the TPD spectrum of the surface with the coverage of 0.02 

ML K on HCOOH-Cu{100} give a spectrum with two major and two smaller desorption 

peaks at values summarized in (table 1). Table 1 also shows the corresponding 

calculated activation energies (Eact) in addition to data extracted from (figure 2) for 

comparison. 

 
Figure 3: TPD spectra for the desorption of K (mass 39) of the coverage 0.02 ML on 

clean Cu{100} and on the pre-adsorbed HCOOH-Cu{100} from ~ 300K. 
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Table 1. Calculated activation energies (Eact) for the different coverages of potassium 

on clean and HCOOH-preadsorbed Cu{100} surfaces. Tp is the peak 

temperature that corresponds to the desorption peak used in the calculations 

extracted from (figures 2, 3).  

Reference 
Figure 

Surface 
K Coverage 

(ML) 
Tp 

(K) 
Calculated Eact 

(kJ.mol-1) 

No. 1 Clean Cu 0.009 800 210 

No. 2 HCOOH-Cu{100} 0.009 562 146 

No. 3 Clean Cu & HCOOH-Cu{100} 0.02 798 209 

No. 3 HCOOH-Cu{100} 0.02 605 157 

No. 3 HCOOH-Cu{100} 0.02 532 138 

No. 3 HCOOH-Cu{100} 0.02 368 94 

 

At the higher K coverage (0.02 ML), the high peak temperature is clearly the 

major desorption peak from both the clean and the HCOOH-preadsorbed surfaces. A 

destabilization of some adsorbed K is caused by HCOOH to give lower Eact values as 

shown in (table 1). This can be attributed to the fact that the interaction of K with 

HCOOH forms K-HCOOH compounds of different stabilities. For example, potassium 

carbonate (K2CO3) appeared as one of the products of a surface reaction above 400 
oK on Cu{110} exposed to K and HCOOH at room temperature [14]. Previous studies of 

the co-adsorption of different species on Cu{100} support this assumption [14]. 

At higher K coverages on pure Cu{100}, a weaker Cu-K bonding takes place 

and a metallic-like potassium behaviour emerges which is attributed to the presence of 

lateral K-K interactions. At higher K coverages (i.e., >0.025 ML) on the pre-adsorbed of 

Cu{100} with HCOOH, a very complex TPD spectrum is obtained. A complex range of 

K-HCOOH reaction products might be the only way to explain such a spectrum. 

The next step in understanding the behaviour of the mixing of K with HCOOH 

and their co-adsorption on metal surfaces should be studied by simultaneously 

following the desorption of K and HCOOH signals with TPD or with more advanced 

spectroscopic techniques perhaps utilizing the synchrotron radiation and in addition 

employing some computer simulation of the adsorption/desorption process. 

Conclusion 
To our knowledge, this is the first time where formic acid and potassium co-

adsorbed on Cu{100} surface is studied by temperature desorption spectroscopy 

following the mass 39 signal. A different adsorption-desorption behaviour compared to 

the K/Cu{100} was found. At low K coverage (0.009 ML) on HCOOH pre-adsorbed on 

Cu{100}, a destabilization of the predominantly strong polar covalent Cu-K bonding 

occurs indicated by the significant decrease in the desorption peak temperature (Tp) 

from 800K to 560K. At higher coverage (0.02 ML), the peak temperature is found to split 

to lower values pertaining the original high Tp. This behaviour can be explained by the 

formation of potassium formate compounds that desorb at different Tp values. At higher 
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K coverages on pure Cu{100}, a weaker Cu-K bonding takes place and a metallic-like 

potassium behaviour emerges which is attributed to the presence of lateral K-K 

interactions. At higher K coverages a very complex TPD spectrum is obtained 

explained by the complex range of K-HCOOH reaction products that might be formed. 
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