
1 
 

Adsorption and Decomposition of Formic acid on Cobalt (0001) 
Jeffrey J. Simsa,b, Cherif Aghiles Ould Hamoua,c, Romain Réocreuxe,f, Carine Michel* e, Javier 

B. Giorgi* a,d 

aCentre for Catalysis Research and Innovation, bDepartment of Chemical and Biological Engineering, cDepartment 
of Physics, dDepartment of Chemistry and Biomolecular Sciences, University of Ottawa, 10 Marie Curie Pvt., Ottawa, 
Ontario, Canada. K1N 6N5. 
eUniv Lyon, Ens de Lyon, CNRS UMR 5182, Université Claude Bernard Lyon 1, Laboratoire de Chimie, F-69342, 
Lyon, France 
f Current address: Thomas Young Centre and Department of Chemical Engineering, University College London, 
Roberts Building, Torrington Place, London WC1E 7JE, United Kingdom  
 
 
*Corresponding authors:  
Javier B. Giorgi, jgiorgi@uottawa.ca, 613-562-5800 x 6037 
Carine Michel, carine.michel@ens-lyon.fr 
 

Abstract 
 
Formic acid can undergo dehydration or dehydrogenation with variable selectivity over a range of 
metal catalysts. The selectivity among these reactions depends on the reaction mechanism and 
reaction conditions pertinent on each surface. This work provides mechanistic insight on the 
decomposition of formic acid on cobalt at high and low temperature regimes. The adsorption and 
decomposition of formic acid on a Co(0001) single crystal was studied in ultra-high vacuum by 
X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). Insight 
is provided using DFT calculations. In the low temperature regime, formic acid adsorbs 
molecularly on the surface at 130 K. Partial decomposition produces CO at 140 K, and at 160 K 
the decomposition of formic acid into formate, which is a thermodynamic sink, is dominant. Water 
can be formed at low temperature via bimolecular processes. At high temperature (>400 K) the 
similar barriers for decomposition of the formate species lead to the concomitant production of 
CO, CO2 and H2. The correlation between experiment and theory provides a framework for the 
interpretation of surface species and reaction path operating in different regimes. 
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1. Introduction 

The interaction and reactions of formic acid on transition metal catalysts has been the 
subject of multiple studies due to the importance of formic acid in a variety of industries.1–8 Formic 
acid decomposition possesses similar intermediates as the water-gas shift reaction9 and methanol 
oxidation.10 Additionally, these intermediates are often present in the oxidation of large organic 
molecules and steam-reforming reactions.11 As such, formic acid is often a model molecule in the 
study of bio-oil and biomass applications.12–14 In addition, formic acid also has been proposed as 
a hydrogen vector for mobile applications.15 Hence the importance of understanding and 
controlling formic acid reactivity has produced a number of fundamental and industrial studies. 

Formic acid provides two competing decomposition pathways, namely dehydrogenation 
and dehydration (eq. 1 and 2). Single crystal investigations of formic acid on transition metal 
surfaces have shown that not only the ratio of products, but also the mechanism by which they are 
achieved depends on the nature of the metal and the surface plane involved.11,16 For example, on 
Pt(111) formic acid decomposes primarily through the dehydrogenation reaction in UHV17–19 and 
the dehydration reaction can only be observed at higher pressures,20 while on Pt(100) formic acid 
does not react in UHV conditions.21 In addition, formic acid has also been suggested to undergo a 
bimolecular decomposition pathway on Cu,11,22,23 Ru,11 and Ni7,11,23,24 surfaces in addition to or 
instead of the dehydrogenation and dehydration reactions. 

𝐻𝐶𝑂𝑂𝐻				 → 			𝐶𝑂! 	+ 			𝐻!						 	 	 	 	 	 	 (1)	

𝐻𝐶𝑂𝑂𝐻				 → 			𝐶𝑂		 +			𝐻!𝑂							        (2) 

The decomposition of formic acid on cobalt surfaces are of particular importance because 
cobalt is a prevalent catalyst for the water-gas shift reaction,9 and methanol oxidation reaction,10 
as well as being used as an additive to increase performance and stability of direct formic 
acid/methanol fuel cell catalysts.8,25–32 Cobalt has also been suggested as desirable catalyst for 
steam reforming. Despite its importance, a small number of experimental studies of formic acid 
decomposition on cobalt have been performed. Inglis and Taylor23 studied the decomposition of 
formic acid on 1st row transition metal thin films under 30 Torr of formic acid and temperatures 
between 100-300 oC. They report a CO2:CO ratio of approximately 1:1 on cobalt catalysts. Inglis 
and Taylor also found that this ratio was independent of temperature for the temperature range 
used in their experiments. They postulated that formic acid may decompose through a bimolecular 
pathway, but no mechanistic information or reaction pathways were proposed. Tang et al.33 
provided insight by measuring reaction products obtained from metallic cobalt powders and 
performing TPD and IR spectroscopy to show the presence of a monodentate formate species and 
provide an experimental ratio for the two reaction pathways (CO2/CO=3.9), although different 
from those of Inglis and Taylor.  
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Experimental insight into the reaction pathways is often obtained using single crystal 
surfaces. Toomes and King explored monolayer and multilayer potassium-promoted synthesis of 
surface formate and the decomposition of formic acid on Co(1010) by infrared reflective 
adsorption spectroscopy (IRRAS) and TPD in the temperature range of 160-640 K.34 They found 
that formic acid chemisorbed onto the potassium layer forming formate and hydrogen at 160 K. 
The formate subsequently decomposed to CO, H2, and atomic O above 250 K. However, surface 
formate could be synthesized by the reverse process, from CO, O2, and H2 at 300 K.  

More recently, different groups provided a theoretical study of formic acid decomposition 
trends for several transition metal surfaces, among them Co(0001).15,16 They focussed on the 
relative importance of the formate and carboxylic pathways to determine the CO2/CO product 
ratio. Li et al. considered the reaction on Co(111) both in vacuum and with solvents14 and then 
took it a step further, proposing a microkinetic analysis of the different reaction pathways on a 
stepped cobalt surface.12 They found that different reaction pathways were preferred in the 
different cases. A more detailed discussion of the available theoretical data will be provided in 
comparison with our DFT calculations.  

The present work provides a detailed experimental and theoretical study of the 
decomposition and adsorption of formic acid on Co(0001) single crystal under ultrahigh vacuum 
(UHV) conditions. Surface species produced during the interaction and reaction of formic acid 
with the surface are characterized by low energy electron diffraction (LEED), X-ray photoelectron 
spectroscopy (XPS) and temperature programmed desorption (TPD). Experimentally determined 
surface species, decomposition products and desorption energies are compared with a full density 
functional (DFT) calculations of energetics and transition states of the possible reaction pathways. 
The combination of experiment and theory is used to obtain insight on this system.   

2. Experimental 
Experiments were carried out in a UHV chamber with a base pressure of 3 x 10-10 mbar. 

The chamber contains an XPS, LEED, STM/AFM, mass spectrometer for TPD measurements, and 
has been described in detail previously.35  

The 8 mm diameter and 0.5 mm thick cobalt single crystal sample (hcp phase) with purity 
of 99.999% was purchased from Princeton scientific. The (0001) crystal surface was cleaned by 
repetitive cycles of 10 mins of sputtering (3 keV, background pressure of 1 x 10-5 mbar Ar+), 
followed by annealing to 600 K for 5 min. The sample was confirmed clean by LEED, shown in 
Figure S1 (supporting information). Temperatures above 630 K were avoided due to the Co phase 
transition from hexagonal closest packing (hcp) to face-centered cubic packing (fcc) at 670 K.36,37 
The sample was heated by electron bombardment and the temperature was measured by a chromel-
alumel (K-type) thermocouple.  
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HPLC-grade formic acid (99% purity) was purchased from Sigma Aldrich. The formic acid 
was introduced to the UHV chamber through a leak valve that was connected to a gas manifold 
with a formic acid reservoir. The reservoir underwent a series of freeze-pump-thaw cycles to 
ensure the pressure of the gas manifold was that of the vapour pressure of formic acid. Formic acid 
was dosed by backfilling the chamber. The purity of the formic acid dosed was verified by a 
residual gas analyzer. All exposures are reported in Langmuirs (1 L = 1.0 × 10-6 torr s) without 
corrections for the gauge sensitivity. 

2.1 XPS Measurements 

XPS spectra were recorded using a standard Al Kα source (1486.7 eV) operated at 289.7 
W (14.2 kV, 20.4 mA) on a Specs GmbH system (XR50 X-ray source and Phoibos 100 SCD 
analyzer). Selected peaks were obtained in high resolution spectra using 0.1 eV step size, 1 second 
dwell time, and pass energy of 20 eV. When necessary, each region was scanned 3 times to increase 
the signal to noise ratio. The spectra were then fit using CasaXPS analysis software using a mixed 
Gaussian Lorentzian function and Shirley background subtractions. Although it is tempting to 
consider a large number of species under each spectra, the number of curves fit was limited by the 
resolving peak width of the instrument (a minimum FWHM of 1.2 eV was used in all fits). The 
binding energy scale was calibrated using cobalt (Co 2p 3/2 = 777.8 eV).38  

X-ray exposure was kept to the minimum required to reduce formic acid decomposition 
due to the X-ray beam. The clean sample was dosed with formic acid at 130 K and then heated up 
to the desired temperature of observation; then the spectrum was taken. Once the spectrum was 
finished, the sample was flashed to 630 K to clean the sample surface and verified clean by LEED. 
This process was repeated for each temperature of interest.  

2.2 TPD Experiments 

The sample surface was dosed with varying exposures of formic acid at 130 K and placed 
approximately 1 mm below a 1 mm diameter hole leading to a differentially pumped mass 
spectrometer. The temperature-controlled heating ramp was programmed in LabView and 
designed to provide and record a linear temperature ramp using a PID controller feedback loop. 
All experimental ramps started at 130 K and ended at 550 K, with a ramp rate of 4.60 ± 0.15 K/s. 
The sample was annealed at 630 K for 5 mins after each exposure to clean the sample. A total of 
13 channels corresponding to m/z values of 46, 45, 44, 40, 32, 29, 28, 18, 17, 16, 14, 4, and 2, 
were monitored for the formic acid TPD experiments. These m/z values correspond to the expected 
species and their respective fragmentation patterns which were measured by background dosing 
within the instrument. All spectra were thereby correlated during analysis.  

2.3 DFT Calculations 

First principle calculations were performed within the framework of Density Functional 
Theory (DFT) using the dispersion corrected GGA functional PBE+dDsC39–41 with the Vienna Ab 
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initio Simulation Package software (VASP 5.3) for electronic and geometric optimization.42–44 The 
spin-polarized wave-functions were expanded on a periodic plane wave basis set with an energy 
cut-off of 400 eV and optimized using an energy threshold of 10-6 eV. The core electrons were 
treated using the Projection Augmented Wave (PAW) approach.45 The electronic energy was 
integrated over a gamma-centered 3x3x1 Monkhorst-Pack k-point mesh.46 For gas phase 
calculations, the gamma point was considered. All geometries were considered optimized when 
forces were less than 0.02 eV/Å. 

The Co(0001) surface was modeled employing a 4 layer 3x3 periodic slab, with 5 layers 
void. During optimization, only the top two layers were relaxed keeping the position of the other 
metal atoms fixed at their bulk position. Gas phase structures were optimized in a 20x20x20 Å3 
simulation box.  

3. Results 

Experimental results will be described for adsorption of formic acid on Co(0001) using 
XPS, where low temperature species can be identified. Temperature programmed desorption 
(TPD) was used to directly observe reaction products formed both at low and high temperature. 
Because of the multiple regimes observed, the DFT calculation results will be presented analyzing 
separately the different possible reaction pathways.  

3.1 X ray Photoelectron spectroscopy 

Figure 1 shows the XP spectra in the carbon and oxygen regions for formic acid upon 
adsorption on Co(0001) at 130 K. At this temperature, the electron binding energies for the C 1s 
and O 1s features have been measured at 289.7 and 534.15 eV, respectively. These peak positions 
are characteristic of molecular formic acid on Co(0001), and are consistent with molecular 
adsorption at similar low temperatures on potassium-doped Co(1010)34 and other transition 
metals.11 A list of literature values for the different formic acid intermediates species is given in 
Table S1. 

Upon heating the sample to 140 K another carbon peak evolves and the oxygen envelope 
becomes asymmetric. This can be attributed to the onset of formic acid undergoing decomposition 
and the formation of carbon monoxide. The binding energy of carbon monoxide in the carbon 
region is 286.2 eV,47–49 as observed here. The oxygen peak can be partially deconvoluted taking 
advantage of the high binding energy component in formic acid and its oxygen stoichiometry. 
Thus the formic acid contribution can be isolated as shown by the two green curves in Figure 1 
O1s at 140 K, with peaks at 534.15 and 533 eV. The remaining species, which include CO and 
other potential intermediates present, cannot be separated and are thus fitted by a single peak (blue 
curve in Figure 1). 
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Figure 1: XPS of 1 L formic acid adsorbed at 130 K and subsequent decomposition on Co(0001). C 1s and O 1s 
regions shown at varying temperatures of interest. Identified peaks correspond to: i) 289.7 eV, molecular formic acid; 
ii) 288.9 eV, formate; iii) 286.2 eV, carbon monoxide; iv) 284.6 eV, carbon; v) 534.15 and 533 eV formic acid; vi) 
530.9 eV, oxygen. 

Upon heating to 160 K, there is a shift of 0.8 eV in the carbon peak, to 288.9 eV, with the 
corresponding disappearance of the higher energy oxygen peak, 534.15 eV, associated with formic 
acid. The shift in the carbon peak is in agreement with formic acid dissociation to formate and 
hydrogen,50–54 and the disappearance of the higher energy oxygen peak indicates the formation of 
formate binding in either the bidentate or bridged orientation. Due to the disappearance of the 
higher energy formic acid oxygen peak, the deconvolution of the oxygen peak is no longer possible 
and therefore the O 1s spectrum likely corresponds to the combined signal of formate, carbon 
monoxide, and water species.  

By 170 K, a third peak in the carbon region is observed at 284.6 eV together with a small 
peak in the oxygen region at 530.9 eV. At this temperature, carbon monoxide can dissociate to 
carbon and oxygen on Co(0001), and this process has been reported experimentally with binding 
energies reported at 284.3 eV and 531.0 eV,47–49 respectively, in agreement with our observations. 
Note that the dissociation of CO on Co(0001) has been predicted as being extremely difficult,55 
but perhaps steps, ad-atoms, defects or a more complex mechanism is involved. Increasing the 
temperature up to 200 K, there is a decrease in the formate peak and a shift in the oxygen peak to 
532.5 eV. The apparent shift in the oxygen peak can be explained by the fact that the adsorbed 
carbon monoxide to formate ratio is increasing and thus the convoluted oxygen peak is shifting 
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more towards the carbon monoxide binding energies. In addition, the slight decrease in the oxygen 
signal may be due to desorption of water in this temperature range (see TPD discussion). 

Above 200 K desorption of several species becomes significant in the timeframe of XPS 
measurements. Thus another technique is needed to further the investigation, here temperature 
programmed desorption (TPD) is used. 

3.2 Temperature Programmed Desorption 

Temperature programed desorption spectra were obtained after deposition of formic acid 
on Co(0001) at 130 K. Since each molecular species produces a characteristic fragmentation 
pattern (multiple peaks in the mass spectrometer signal), it is possible to correct the mass 
spectrometer signal to correctly identify species arising from the surface as opposed to those 
produced by the ionization process in the mass spectrometer. As in previous work,35,56 we have 
followed this procedure and all the spectra in Figure 2 have been corrected for the corresponding 
fragmentation patterns in the mass spectrometer and therefore reflect the actual species desorbing 
from the surface. The TPD spectrum of molecular formic acid, m/z 46 in Figure 2, shows negligible 
signal at low doses indicating the tendency of formic acid to decompose on the surface at low 
temperatures, as discussed above. At doses above 1 L, a very small peak around 174 K is observed, 
likely due to desorption of unreacted molecular formic acid. However, the main feature of the m/z 
46 spectrum is a broad desorption peak with onset at 236 K. Since at this temperature all the formic 
acid has been decomposed (XPS result), the observation of this broad peak would indicate a second 
order (recombination of formate and H) desorption of the molecule. 
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Figure 2: TPD spectra of mass/charge 46, 44, 28, 18, and 2 of increasing exposures of formic acid, dosed at 130 K, 
on Co(0001) under a linear temperature ramp of 4.6 K up to 550 K  

 

The low temperature regime (below 200K), also reveals the desorption of molecular water 
in good agreement with the literature.57,58 This indicates the formation of water on the surface 
below the peak temperature of 175 K. Additionally, upon the re-formation of formic acid on the 
surface at ~236 K, a second peak of water can be observed. This is obviously reaction limited (as 
soon as water is formed, it desorbs) giving clues for the reaction pathway of water formation (see 
discussion below).  

Carbon monoxide can be observed to desorb in the low temperature regime. This is 
consistent with on-top or quasi-on-top geometries obtained at high coverages,49,58 and in this case 
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caused by the constrain of other species present on the surface. However, most of the carbon 
monoxide, m/z 28, is observed to desorb from the surface in the range of 250 K to 400 K, in 
agreement with previous CO/Co(0001) studies.47–49  

As discussed above, formate, carbon monoxide, carbon, oxygen, and water are formed and 
observed on the surface at low temperature and it is therefore implied that hydrogen must also be 
a surface species. Molecular hydrogen is expected to desorb from Co(0001) at ~370 K59 at low 
coverages in a broad second order desorption peak, with the peak temperature shifting toward 
lower values as the coverage increases. The TPD data presented here shows a broad peak around 
370 K for low coverage, however this can be attributed to ambient hydrogen deposition. No other 
peaks are observed below 400 K for increasing coverage suggesting that the hydrogen on the 
surface reacts with other species or remains on the surface below that temperature.   

Analysis of all the peaks below 400 K allows for the direct determination of desorption 
energies at various coverages. Table 1 reports all relevant desorption energies calculated by 
Redhead analysis and the corrected pre-exponential factors used, calculated by the Campbell et al. 
relation.60 

 

Table 1: Desorption energies of observed species, calculated by Redhead analysis. 
Species Temperature (K) νdes a (mbar/s) Edes (kJ/mol) 

Formic acid 174 1.1 x 1015 50.2 
 236b 1.7 x 1015 69.5 
Water 175 2.6 x 1014 48.8 
Carbon monoxidec 275 4.8  x 1014 79.1 
 300 5.2  x 1014 86.7 
 320 5.5  x 1014 92.8 
 380 6.5  x 1014 111.3 
 400d 6.9  x 1014 117.5 

aPre-exponential factor derived by the method of Campbell et al.60 
bAssociative desorption. 
cMolecular carbon monoxide desorption shows multiple peaks in this temperature range.49,61  
dReported associative desorption.62,63 

 

At temperatures above 400 K, there appears to be a correlation in the observed signal for 
carbon dioxide, carbon monoxide and hydrogen. As the dose of formic acid increases from 1 to 5 
L, the spectra appear to develop a triplet peak shape with main peaks at 415 K, 438 K, and 455 K. 
As these temperatures are above the desorption temperature of the individual molecules, these 
signals must be generated by a reaction taking place at that temperature (reaction limited 
desorption). Comparison of the yields of the three molecules was performed by not only taking 
into account the fragmentation patterns of all species present, but also compensating for the 
corresponding ionization cross sections of each species64 in the mass spectrometer. The overall 
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yield of CO2:CO:H2 was estimated as 1:1:1 (see SI). The observation could be explained by a new 
reaction pathway becoming available (see discussion).  
 

3.3 DFT Calculations 

The reaction network for the decomposition of formic acid on Co(0001) has been 
investigated performing periodic DFT calculations on a p(3x3) slab model of the surface. Formic 
acid adsorbs on a top site through its carbonyl oxygen in a trans configuration in agreement with 
previous theoretical studies on roughened Co12 and other metals.16,65 The computed adsorption 
energy (ΔEads =-66 kJ/mol) is in reasonable agreement with the one measured by TPD (-50.2 
kJ/mol, Table 1). We considered three main branches: (i) the carboxyl branch is reached through 
the C-H bond dissociation (ii) the formate branch through the O-H scission (iii) and the formyl 
branch through the C-OH bond rupture. Reaction energies and activation energies are gathered in 
Table 2 and shown in a complete reaction scheme in Figure S2 (supporting information). Figure 3 
shows the most important reaction pathways as discussed in the text. 

 

 

 

Figure 3. Schematic representation of the most relevant reaction pathways and surface species on Co(0001). 
Activation and reaction energies are shown. Experimentally observed species are shown in red.   

 

Table 2. Activation and reaction energies for all processed involved in the interaction and decomposition 
of formic acid on Co(0001) 

Label Reaction  ΔE 
(kJ/mol) 

ΔEa 
(kJ/mol) 

Adsorption HCOOH à HCOOH* -66 n/a 
 H2 à 2 H* -108  n/a 
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 H2O à H2O* -44 n/a 
 CO2 à CO2* -3 12 
 CO à CO* -176 n/a 
 O2 à 2 O* -495 n/a 
Decomposition HCOOH* à COOH* + H* -27 43 
 HCOOH* à HCOOb* + H* -72 39 
 HCOOH* à HCO* + OH* -18 75 
 COOH* à COH* + O*  -32 89 
 COOH* à CO2* + H* -1 97 
 COOH* à CO* + OH* -95 77 
 HCOOb* à HCOOm* 51 52 
 HCOOb* à HCO + O 37 105 
 HCOOb* àCO2 +H 43 106 
 HCO à CO +H -105 28 
 HCO àHC + O -65 71 
 CO2 à CO + O -112 30 
 COH à CO + H  -81 98 
 COH à C + OH 10 153 
 CO à C + O 73 228 
 CH à C + H 32 109 
Recombination O+H à OH 18 114 
 OH+H à H2O 57 144 
    

* indicates chemisorbed species. O2 adsorption was computed using H2O, H2 as a reference 
together with the formation energy of water (241.83 kJ/mol) to avoid using the O2 energy, which 
is notoriously badly described at the GGA level. 

 

3.3.1 Carboxyl branch 

The carboxyl intermediate (COOH*) can be easily reached through the C-H bond rupture 
with a barrier of 43kJ/mol. The reaction is slightly exothermic (-27 kJ/mol) and co-generates a 
hydrogen atom adsorbed on a hollow site (H*). With its C=O bond adsorbed in a di-sigma mode, 
COOH* can undergo several decomposition routes. The most accessible one is the C-OH bond 
rupture with a barrier of 77 kJ/mol. It is strongly exothermic (-95 kJ/mol) and leaves the CO* 
molecule and the OH* fragment on the surface, both chemisorbed at a hollow site. CO* can hardly 
be dissociated into C* and O* on Co(0001) since this is a strongly endothermic and highly 
activated process (228 kJ/mol), in agreement with previous DFT studies.55 The adsorption energy 
of CO found by DFT at this low coverage of 1/9 ML (-176 kJ/mol) is in line with previous findings 
but seems strongly overestimated compared with our TPD data (-117 kJ/mol at most). This 
discrepancy can be attributed to coverage,6655 CO being strongly sensitive to lateral effects.55,58 
Thus, CO* does not dissociate and preferentially desorbs. The other fragment co-generated with 
CO* is the OH* species, which could be hydrogenated to yield water, recombining with an 
adsorbed hydrogen H* produced in the first step. But this reaction is endothermic (57 kJ/mol) and 
its high barrier (144 kJ/mol) renders this process less competitive than H2 desorption (108 kJ/mol). 
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However, OH* is slightly less difficult to break than CO, with an exothermic reaction (-18 kJ/mol) 
that requires overcoming a barrier of 96 kJ/mol. Thus OH* tends to generate H* that desorbed as 
H2 and O* that remains on the oxophilic Co(0001) surface, chemisorbed at a hollow site. The fate 
of the O* species is interesting to consider. Adsorbed in a hollow site, the sequential hydrogenation 
of O* into water is endothermic (75 kJ/mol) with high barriers (>110 kJ/mol), and therefore the 
process cannot compete with the H2 desorption, which would in addition benefit from a favorable 
increase in temperature through a gain in entropy (ΔEdes = -108 kJ/mol). This is in agreement with 
a recent experimental study focusing on water formation on Co(0001) using surface science 
techniques67 that have measured an activation energy of water formation from O* and H2 around 
129 ± 7 kJ/mol. In addition, the associative desorption of O* (yielding O2) is strongly endothermic 
(495 kJ/mol), in agreement with a recent DFT study68 on O2 adsorption on metallic surfaces. Thus, 
even at a rather high temperature, O* remains on the surface while H2 and CO desorb. 

The next possible decomposition route of the carboxyl is the rupture of the C=O bond. This 
bond is activated by the chemisorption in a di-sigma geometry, with an elongation of 0.04 Å 
compared with HCOOH*.  This C=O scission yields COH* and O* with a barrier of 89kJ/mol and 
an exothermicity of -32 kJ/mol. Then, the COH* fragment would preferentially undergo a CO-H 
scission, yielding CO* and H* rather than a C-OH scission according to the respective barriers of 
98 kJ/mol and 153 kJ/mol. Thus, the resulting fragments are CO*, H* and O*. As already seen, 
CO* would rather desorb than split into C* and O*, H* will desorb as H2 and O* will tend to stay 
on the Co(0001) surface. 

The third possible route from COOH* is the O-H scission yielding CO2 and H*. It is rather 
unlikely since it necessitates overcoming a barrier that is 20 kJ/mol higher than the C-OH bond 
rupture. As expected, CO2* would easily desorb from the Co(0001) surface rather than get 
dissociated into CO* and O*.  

 

3.3.2 Formate branch 

Starting with the chemisorbed formic acid, the formate intermediate HCOO* can be easily 
reached with a barrier of 39 kJ/mol. Two main configurations of the formate can be found. In the 
monodentate configuration, HCOOm* is bonded through only one oxygen that bridges two surface 
atoms (Co-O distance of 2.03 Å). This configuration is slightly less stable that the carboxyl 
intermediate COOH* with an energy penalty of 21 kJ/mol. However, in its bidentate configuration, 
HCOOb* is much more strongly stabilized by the formation of two strong Co-O bonds with a short 
distance of 1.99 Å. The deprotonation of formic acid HCOOH to bidentate formate is therefore 
particularly exothermic (-72 kJ/mol). This formate route is expected be more competitive than the 
carboxyl route since the OH scission barrier is slightly lower than the C-H dissociation (by 4 
kJ/mol) and the obtained intermediate is much more stable (by 45 kJ/mol). Those conclusions are 
in line with previous DFT studies that considered the relative stability of the intermediates.16  
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HCOOb* can undergo further reaction through three different paths, however, all of them 
have high barriers, above 105 kJ/mol, making this intermediate a thermodynamic sink. As 
discussed later, these paths can only be accessed at higher temperatures. A first possibility is to re-
hydrogenate the formate into formic acid with a barrier of 111 kJ/mol. Then, formic acid would 
easily desorb, especially at a high temperature (ΔEdes = 66 kJ/mol). The two others possibilities 
lead to the decomposition of formate into either HCO* or CO2* with almost equal barriers (105 
kJ/mol and 106 kJ/mol, respectively.). The formation of CO2 is slightly more endothermic than 
the formation of HCO*. However, this step would be immediately followed by CO2 and H2 
desorption that are both less demanding energetically than the previous rupture of the C-H bond 
in HCOO*. On the other hand, the generation of the formyl intermediate HCO* from HCOOb* is 
less endothermic (37 kJ/mol) and is accompanied by the production of O* and H*. As seen 
previously in the carboxyl route, O* would stay on the surface while H* will desorb as H2. HCO* 
would break into CO* and H* rather than CH* and O*, producing finally CO, H2 and chemisorbed 
atomic oxygen O*. Indeed, the H-CO scission is easily reached with a barrier of 28 kJ/mol, the 
lowest of the entire network. Overall, the decomposition of the very stable formate HCOOb* 
produces O*, CO, H2 and CO2 with a limiting barrier around 105 kJ/mol.  

3.3.3 Formyl branch 

The chemisorbed formic acid can also undergo a C-OH dissociation yielding the formyl 
intermediate HCO* and OH*. This route was shown to be easily accessible on Co-stepped surface, 
with a barrier only slightly higher that the formate one while the last possibility, namely the C=O 
bond breaking was much more difficult.12 According to our calculations, this process is more 
demanding on a Co(0001) surface with a barrier of 75 kJ/mol and a slight exothermicity of -18 
kJ/mol. As already seen, the as-generated OH* is decomposed into O* and H* but cannot be 
hydrogenated into water while HCO fragments into H* and CO*. This route finally produces H2, 
CO and O*. Importantly, the production of CO* requires to overcome only two low barriers (75 
kJ/mol and then 28 kJ/mol).  

4. Discussion 
Using DFT calculations we were able to determine the energy requirements for the full 

reaction network on the flat Co(0001) surface. Moreover, comparison with the experimental data 
offers insight into the relative importance of the different pathways as conditioned by coverage or 
temperature. To facilitate the discussion, the results are separated into two regimes of low and high 
temperature (below and above 200 K) as determined by the different features of the TPD data. 

4.1 Low temperature.  

Formic acid was dosed on the Co(0001) surface at low temperature, and according to our 
XPS measurement, molecular formic acid is still the only surface species at 130 K, while 
chemisorbed CO* appears at a rather low temperature of 140 K and formate only forms at 160 K. 
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The observation of formate at this temperature is consistent with this reaction on other cobalt 
surfaces and other transition metals33,69 and with the low barrier in the reaction scheme. Formation 
of the carboxyl species should be expected at the same time as the formate, since the two paths 
have similar barriers, however the carboxyl species was not observed experimentally either 
because its C 1s signature could not be resolved (Table S1 lists the calculated peak positions for 
the C 1s photoelectron for all the fragments) or because it decomposes shortly after being produced 
via CO formation. The disappearance of the high binding energy O 1s peak at 170 K suggests the 
absence of the carboxyl group. The CO formed at 140 K is seen in our TPD experiments desorbing 
at a temperature below 200 K. This early temperature of desorption can be related to a strong 
coverage effect, in this case provided by surrounding molecules and fragments. The production of 
CO at such low temperatures can be explained by our DFT calculations; CO can be generated 
together with OH* and ½ H2 at a low temperature through either the carboxyl or the formyl path. 
Along the formyl path, the barriers are as low as 75 kJ/mol and the HCO* itself is not visible by 
XPS (within our sensitivity limits) because of its immediate decomposition to generate CO* with 
the lowest barrier of the whole scheme, 28 kJ/mol. Note that the HCO C1s peak would be expected 
at ~287.4 eV.50,70–72 Li et al.14 also note that HCO would be the preferred reaction pathway on 
Co(111), although in their calculations HCO was generated from HCOO* and the direct path from 
HCOOH was not considered. The direct path may be also facilitated by defects since the barrier is 
predicted to be lower on a Co-stepped surface.12 

Our TPD experiments showed also a production of water at around 200 K. This production 
cannot be explained based on our DFT calculations that demonstrate that at low coverage, the 
formation of water from OH* and H* is very demanding energetically. This high activation energy 
(144 kJ/mol) might be decreased at a high coverage, however other more energetically favored 
processes may be at play (see section 4.3).  

4.2 High temperature.  

The formate species is thermodynamically favoured. That is, considering the first steps in 
the decomposition of HCOOH, the exothermicity ratios highly favour the HCOOb* species 
(HCOOb*/COOH*=2.7 and HCOOb*/HCO*=4). These ratios are consistent with previous 
calculations for Co(0001) (HCOOb*/COOH*=2)16 and Co(111) (HCOOb*/COOH*=1.7).14 
Chemisorbed in a bidentate configuration, HCOOb*, it is particularly stabilized with the formation 
of two Co-O bonds. However, further reactions of the formate species are strongly endothermic 
and activated, making HCOOb* a thermodynamic sink. 

The most activated process is the re-generation of formic acid that can be seen in our TPD 
experiments desorbing around 300-400 K. The two other routes have very close activation energies 
and thus yield concomitantly CO, CO2 and H2. This is in very good agreement with our TPD 
experiments that show a very similar pattern in the production of those three molecules above 400 
K. As noted in the TPD section, sharp features are observed at 415, 438 and 455K for all three 
species suggesting that their production is simultaneous. Furthermore, the CO2:CO ratio was 
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observed as roughly 1:1 for this high temperature range, consistent with the observations of Inglis 
and Taylor23 above 100°C.  

4.3 Water generation, a bimolecular process? 

The formation of water at low temperature could not be directly explained within the 
reaction scheme we investigated by DFT. For that process, an alternative bimolecular reaction 
pathway could be the reaction of formic acid with the hydroxyl fragment OH* generated via the 
formyl path. This reaction would generate formate and water, an exothermic process (by 15 
kJ/mol) expected to have an insignificant barrier since it involves proton transfer from a hydrogen 
bonded species between an acid (formic acid) and a base (adsorbed hydroxyl) The strong 
interaction of water and OH with formic acid and formate has previously been discussed for 
platinum and aluminum surfaces.50,73–75 

An alternative is the dehydration of two formic acid molecules. This bimolecular reaction, 
which would generate the anhydride in gas phase, could easily produce HCOO*, HCO* and water 
on the Co(0001) surface (exothermic by 33 kJ/mol). The formation of a formic acid dimer or its 
anhydride form have been proposed and observed on other surfaces. The anhydride species, 
HCOOHCO, was calculated here and found to be easily dissociated with a strong exothermicity (-
145kJ/mol) into HCOO* and HCO* species. Additionally, no experimental evidence of the 
anhydride species was observed.  

5. Conclusion 

 This work provides mechanistic insight on the decomposition of formic acid on cobalt 
catalysts. Dehydration and dehydrogenation compete in the decomposition of formic acid with the 
ultimate formation of H2O, CO, CO2 and H2. Selectivity among these products depends on the 
reaction mechanism and intermediates on the surface. Activation and reaction energies were 
calculated for the full reaction network on the Co(0001) surface, allowing the interpretation of 
experimental results. The adsorption and decomposition of formic acid on a Co(0001) single 
crystal was studied experimentally (in UHV) by XPS and TPD. 

 Upon adsorption of formic acid on Co(0001), three decomposition pathways have been 
considered, via formation of a carboxyl, a formyl or a formate species. Carbon monoxide and water 
are experimentally observed to be formed at low temperature. Calculations suggest that CO is 
formed via the formyl intermediate while water is not energetically favored on the (0001) terrace 
and must be produced by a bimolecular process. 

 The formate species is favored on the surface, being produced in a highly exothermic 
process and having high barriers for further decomposition. However, at high temperature, above 
400 K, these decomposition paths lead to the formation of CO, CO2 and H2.  
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