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ABSTRACT  

We present a simple scheme to extract the adsorption energy, adsorbate interaction parameter 

and the saturation coverage from temperature programmed desorption (TPD) experiments. We 

propose that the coverage dependent adsorption energy can be fit using a functional form 

including the configurational entropy and linear adsorbate-adsorbate interaction terms. As one 

example of this scheme, we analyze TPD spectra of CO desorption on Au(211) and Au(310) 

surfaces. We determine that under atmospheric CO pressure, the steps of both facets adsorb 

between 0.4 − 0.9 ML coverage of CO*. We show this result to be consistent with density 

functional theory calculations of adsorption energies with the BEEF-vdW functional.  

KEYWORDS:  TPD, gold catalysis, CO adsorption, DFT Benchmark  
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In the past two decades, heterogeneous catalysis has seen tremendous growth in the use of 

density functional theory (DFT) for mechanistic analysis and computational catalyst discovery.1 

These efforts require accurate descriptions of adsorption energies of key reaction intermediates. 

DFT functionals have been benchmarked against experiments and, in general, DFT-predicted 

adsorption energies with workhorse GGA-level functionals are accurate to 0.2 eV.2  However, 

benchmark datasets do not typically include noble metals such as gold, which are good catalysts 

for a variety of thermal and electrochemical catalytic reactions.3  

Benchmark DFT datasets are generally determined from three experimental techniques: single-

crystal adsorption calorimetry (SCAC), equilibrium adsorption isotherms (EAI) and temperature 

programmed desorption (TPD) experiments.2–6 SCAC measurements have been shown to be 

reliable, precise and are an unambiguous way of determining adsorption energies.7 EAI requires 

reversible adsorption-desorption but experiments can be fit in a comparatively straightforward 

manner by using the Clausius-Clapeyron expression.6 In comparison, TPD provides more features 

in its output spectra, but requires fitting techniques and interpretation of the underlying kinetics to 

extract adsorption energies. While TPD requires more analysis than the other two methods, its use 

is widespread and certain systems relevant to heterogeneous catalysis are characterized only by 

TPD spectra.8,9 Thus, simple and precise methods to obtain quantities from TPD to benchmark 

against computations are valuable.  

The central fitting equation for first order desorption TPD spectra is an Arrhenius type 

relationship, rate = 𝜈(𝑇)exp 3− !!
""#

4 𝜃, which relates the rate to an empirical pre-factor, 𝜈(𝑇),  

the desorption energy, 𝐺$ 	and the coverage 𝜃. The most commonly used, and simplest method, 

applies the Redhead equation10 in its linearized form, 𝐺$ = 𝑘%𝑇& ln 3
'##
(
− 3.644, to relate peak(s) 

in the TPD spectra,  𝑇&, to the adsorption energies on various sites for a given rate of heating, 𝛽.  
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The Redhead equation is derived with the assumption that 𝐺$ 	is independent of coverage and 

assumes a constant, temperature-independent 𝜈. Alternative techniques, such as Complete 

Analysis, fit a line to ln(rate) vs. 1/𝑇. However, the obtained energies from the analysis have no 

coverage dependence.11 A more detailed method was provided by Ref.12, where a temperature-

independent 𝜈 and a function 𝐺$(𝜃)	is fitted to all points from a series of TPD spectra.  

In this work, we present a method to extract not just adsorption energies, but also adsorbate-

adsorbate interaction parameters and adsorbate saturation coverages directly from fits to TPD 

spectra. In contrast to other methods, in this approach we explicitly account for a temperature 

dependent pre-factor and a coverage dependent desorption energy term. The coverage dependence 

in the adsorption free energy of binding arises from both configurational entropy and linear 

adsorbate-adsorbate interactions. These effects are relevant at low and high coverages, 

respectively, and accounting for them allows us to fit the entire TPD peak, even in cases where it 

overlaps with other peaks.  We benchmark the resultant adsorbate-adsorbate interaction parameters 

against computations. We illustrate the use of this method for reported TPD data for CO adsorbed 

on Au(211) and Au(310) stepped single crystal facets.   We find an adsorption energy of 0.45eV 

for CO on stepped sites at zero coverage, which differs from that of a Redhead analysis by 

approximately 0.1 eV.  Furthermore, we determine that the equilibrium coverage is between 0.4 

to 0.9 ML of CO on step sites. In this particular case, CO binding as a function of coverage is well 

described by the BEEF-vdW functional. 

 

To illustrate the application of our fitting method, we investigate CO adsorption on Au (211) and 

Au(310) steps. In this system the adsorbate-adsorbate interactions and configurational entropy are 

particularly important because large CO coverages may be present at the low temperature range of 
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the TPD, while a very small coverage is expected at the high temperature range. Furthermore,	CO 

binding on metals is a known challenge for DFT due to incorrect alignment of the 2𝜋∗ state.13 

Figure 1 (a,d)  show previously reported CO TPD data on Au(211)9 and Au(310).14  Note that in 

these spectra, we subtracted the baseline signal of CO desorption using an exponential decay 

function to the tail of this the spectra15 (see Figure S1).  This background signal can arise from, 

for example, the desorption of CO from the walls of the apparatus.  

As  Figure 1(c,f) illustrate, Au(211) consists of a three-atom-wide (111) terrace and a (100) 

step, which we will refer to as the (111)terrace and (100)step. Au(310) consists of a three-atom-wide 

(100) terrace and a (110) step, which we refer to as (100)terrace and (110)step respectively.   

Peak assignments in TPD curves. In Figure 1a we assign the peaks at lower temperatures to 

(111)terrace and higher temperatures to the less coordinated, stronger binding (100)step sites.  

Similarly, in Figure 1d we assign the low temperature peaks to (100)terrace  sites, and the high 

temperature peaks to the (110)step.  
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Figure 1: a, d) Background corrected rates of CO desorption from TPD experiments in previous work for 

Au(211) from Ref9 and Au(310) Ref.14 Site motifs assigned to each peak are labelled directly in the figure; 

b,e) 𝐺! 	as a function of the relative TPD coverage under vacuum conditions for the Au(100)step and 

Au(110)step ; the dashed line indicates the best fit to the points c,f) Schematic of (211) and (310) surfaces. 

 

How to extract adsorption energies and equilibrium coverages from fits of TPD curves.  In what 

follows, we detail how we extract the free energy of CO adsorption, ΔG*+∗, from fitting kinetic 

parameters to TPD spectra corresponding to different sites. We then translate ΔG*+∗ into an 

equilibrium coverage, on each of these sites under atmospheric pressure and a temperature of 

300K.  

We assume CO desorption to be a first order kinetic process with no readsorption (i.e. it is 

irreversible), which has the following rate: 

$,%&'(#)
$/

= ""#
0
exp 3	−

!!(,%&',#)
"(#

4	𝜃234(𝑇)
	

(	1	)	 
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where  𝐺$(𝜃234 , 𝑇) = 	𝐺*+)* − 𝐺*+∗ 	is the free energy barrier for CO desorption, and 𝜃234(𝑇) is 

the relative coverage of CO at temperature T, obtained by 

𝜃234(𝑇) = 	
∫ 𝑑𝜃

𝑑𝑇 𝑑𝑇
#
#567			

∫ 𝑑𝜃
𝑑𝑇 𝑑𝑇

#59:
#567			

=
𝜃
𝜃;9/

		 (	2	)	 

We obtain relative coverages here from TPD spectra, since the coverage determined through 

integrating under a TPD rate curve provides a value relative to a maximum coverage 𝜃;9/ for the 

given initial exposure,	𝜃234 = 𝜃/𝜃;9/, where 𝜃 is the real coverage in monolayers (ML). Note that 

here we are considering a temperature-dependent prefactor, 𝑘%𝑇/ℎ, from transition state theory,16 

and a coverage-dependent 𝐺$. 

By fitting Equation (1) and (2) to the rates in Figure 1(a,d) we obtain 𝐺$(𝜃, 𝑇). Figure 1(b,e) 

shows the resultant 𝐺$ vs. 𝜃234 for (100)step and (110)step sites, under vacuum conditions (we discuss 

(111)terrace and (100)terraces in SI Note 1; briefly, adsorbates on terraces interact with those on step 

sites,  which hinders accurate determination of adsorption energies on terraces from the TPD 

spectra). At very low coverages, the divergent configurational entropy (detailed below) causes a 

sharp increase in desorption free energy. As the coverage increases, the binding strength weakens 

slightly due to adsorbate-adsorbate interactions, which decreases the desorption energy. 

The 𝐺$, in terms of of internal energies and entropies, is as follows: 

𝐺$ = 𝐺*+)* − 𝐺*+∗ =	 (𝐸*+)* − 𝑇𝑆*+)*
<=>?) − (𝐸*+∗ + 𝑏𝜃	 − 𝑇𝑆*+∗

<=>?) + ΔZPE	 − 𝑇Δ𝑆@ABCDE		(	3	)	 

where 𝐸*+)* is the internal energy of the surface with CO at the transition state,  𝐸*+∗ is the 

internal energy of the adsorbed state at dilute coverage with 𝜃 → 0, 𝑆:<=>?	the vibrational 
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contributions to entropy for state x as determined using the harmonic approximation, b is a CO-

CO interaction parameter which accounts for the decrease in desorption energy with increasing 𝜃, 

ΔZPE  and  Δ𝑆@ABCDE	 are the difference in zero point energy and configurational entropy between 

COFG and  CO∗ , respectively.  

In order to obtain Δ𝐺*+∗ from 𝐺$ ,	we assume the following: 

1) The internal energy of the transition state (𝐸*+)*) is well approximated by that of	CO(E),

𝐸*+)* 	≈ 𝐸*+(E) + 𝐸∗ (evaluated in SI Note 2).   

2) The vibrational and rotational entropic contributions associated with the transition state 

of CO desorption, 𝑆*+)*
<=>?, are approximated by those of CO*,  𝑆*+∗

<=>?, since COFG lies very 

close to the surface, i.e., 𝑆*+)*
<=>? ≈ 𝑆*+∗

<=>?. 

These two assumptions simplify Equation ( 3 ) to a function only of thermodynamic parameters: 

𝐺$ ≈ 𝐸*+(E) + 𝐸∗ − 𝐸*+∗ − 𝑏𝜃 + 𝛥ZPE − 𝑇Δ𝑆@ABCDE (	4	) 

We define Δ𝐸,→I = 𝐸*+(E) + 𝐸∗ − 𝐸*+∗ 	+ 𝛥ZPE,  Δ𝐸,→I is the desorption energy of CO at the 

limit of 𝜃 → 0, which is independent of  𝜃. Along with the 𝜃-dependence of Δ𝑆@ABCDE	, 𝐺$ from 

Equation (	4	) becomes a function only of 𝜃 (the true coverage) or 𝜃234 	(the relative coverage) 

and T: 

𝐺$(𝜃, 𝑇) ≈ 		𝛥𝐸,→I − 𝑏𝜃 − 𝑘J𝑇ln R
𝜃

1 − 𝜃S = 	𝛥𝐸,→I 	− 𝑏𝜃234𝜃;9/ − 𝑘J𝑇ln R
𝜃234𝜃;9/

1 − 𝜃234𝜃;9/
S		(	5	) 

We apply the righthand side of Equation ( 5 ) to fit the curves in Figure 1(b,e). The resultant 

Δ𝐸,→I are shown in Figure 2a as a function of initial exposures. Within error bounds,  𝛥𝐸,→I  
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does not vary with exposure, which is consistent with 𝛥𝐸,→I  having no dependence on 

coverage. The other two contributions to 𝐺$(𝜃, 𝑇) are shown in Figure 1b. The configurational 

entropy term shows a large contribution only at very low coverages, while the interaction term 

contributes at higher coverages.  The fit parameters,	𝑏 and  𝜃;9/, are tabulated in SI Note 3.  

 

Figure 2: a) Desorption energy corresponding to dilute coverages, Δ𝐸"→$ of CO for (100)step and (110)step 

as a function of the initial exposure in Langmuir in the TPD experiment.  Error bars show errors from the 

fit determined as the mean error of the residual; b) Contributions of the configurational entropy (solid 

lines) and CO-CO adsorbate-adsorbate interaction (dashed-lines) to the total desorption energy 𝐺! 	 based 

on the fitting equation described in Equation 5. 

 

To obtain the equilibrium 𝜃(𝑇, 𝑝*+),  we translate 𝐺$(𝜃, 𝑇) into the free energy of adsorption, 

𝛥𝐺*+∗(𝜃, 𝑇), by adding the difference in the entropic contributions arising from CO*, 𝑆*+∗
<=>?, and 

CO(g),  𝑆*+(E)
DKL=M , as well as the pressure of CO(E), 𝑝*+: 

𝛥𝐺*+∗(𝜃, 𝑇) ≈ −𝐺$(𝜃, 𝑇) − 𝑇V𝑆*+∗
<=>? − 𝑆*+(E)

DKL=M W − 𝑘J𝑇ln(𝑝@A) (	6	)

We obtain 𝑆*+∗
<=>? and 𝑆*+(E)

DKL=M  with calculations of vibrational frequencies from DFT (tabulated in 

the Table S1). Combining Equations ( 5 ) and ( 6 ), we obtain Δ𝐺*+∗(𝜃, 𝑇) in terms of fitted 

parameters from 𝐺$(𝜃, 𝑇): 
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Δ𝐺*+∗(𝜃, 𝑇) ≈ −𝛥𝐸,→I + 𝑏𝜃 + 𝑘J𝑇ln R
𝜃

1 − 𝜃S
− 𝑇V𝑆*+∗

<=>? − 𝑆*+(E)
DKL=M W − 𝑘J𝑇ln(𝑝@A) (	7	) 

We solve Equation ( 7	) numerically for the equilibrium 𝜃(𝑇), under the equilibrium condition  

𝛥𝐺*+∗(𝜃, 𝑇) = 0. Figure 3 shows the equilibrium 𝜃(𝑇) for 𝑝NO(P) = 1 bar as a function of T for 

all exposures.  Given that 1ML (monolayer) corresponds to complete coverage of sites, all 

exposures on both (100)step and (110)step sites show approximately a coverage of between 0.4 to 

0.9 ML present on both (211) and (110) surfaces at a temperature of 300 K and pressure of 1 bar 

CO(g). 

As a side note: the 𝛥𝐺*+∗(𝜃, 𝑇) = 0 condition gives rise to a physically intuitive adsorption 

isotherm expression.17 At standard conditions, 𝜃 = Q
R
 and 𝑝@A = 1bar, we define a= Δ𝐺,S+,

=

−		𝛥𝐸,→I +
J
R
− 𝑇V𝑆*+∗

<=>? − S*+(E)
TAT=M W	and write Equation ( 7 ) in terms of Δ𝐺,S+,

 

Δ𝐺*+∗(𝜃, 𝑇) = Δ𝐺
,SQR

	+ 𝑏 R𝜃	 −
1
2S +	𝑘J𝑇ln R

𝜃
1 − 𝜃S	− 𝑘J𝑇ln

(𝑝@A)		 (	8	)	 

With Δ𝐺*+∗(𝜃, 𝑇) = 0 in Equation ( 8 ), the equilibrium 𝜃 can be expressed implicitly in terms 

of the equilibrium constant, 𝐾(θ, 𝑇), in the form of an adsorption isotherm: 

𝜃(𝑇, 𝑝*+) =
𝐾(,,#)𝑝*+

1 +	𝐾(,,#)𝑝*+
,				𝐾(θ, 𝑇) 	= 	exp^−

Δ𝐺
,SQR

+ 	𝑏 3θ	 − 124

𝑘J𝑇
_		 (	9	) 
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Figure 3: Equilibrium coverage of CO as a function of the temperature at 1 bar CO(&) pressure for both 

surface facets (211) and (310) for all considered initial exposures. The dashed black line shows the 

equilibrium coverage at 298.15K. 

  

Comparison of TPD-derived and DFT adsorption energies. We evaluate the Δ𝐸,→I and 

equilibrium 𝜃  from TPD against GGA-DFT calculations of adsorbed CO on periodic Au(111), 

Au(100) terraces and Au(110), Au(211), Au(310) stepped facets (see SI Note 2).  By varying the 

number of CO* within the periodic unit cells in our simulations, we calculate two quantities – 1)  

Δ𝐸 + ΔZPE, which can be directly compared with Δ𝐸,→I  2) 𝛥𝐺KDCC, the differential CO adsorption 

free energy at various coverages:  

𝛥𝐺KDCC =
𝐺5-.∗ 	 − 𝐺7-.∗ − (𝑚NO − 𝑛NO)𝐺*+(0)

𝑚*+ − 𝑛*+
, (	10	) 

where	𝐺:-.	is the free energy corresponding to a state with 𝑥 adsorbed 	CO* and 𝐺*+(0) is the free 

energy of CO(g). Analogous to how to was defined for the TPD experiment in Equation ( 2 ), we 
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define the coverage 𝜃 as the number of CO* per surface atom for the (111), (100), and (110) facets 

and per step atom for the (211) and (310) facet. We report both Δ𝐸 + ΔZPE and 𝛥𝐺KDCC as a function 

of 𝜃 in Figure 4 for all facets considered; overall, we see the increase in 𝛥𝐺KDCC with increasing 𝜃, 

which arises from increasing adsorbate-adsorbate interactions. An exception is (310), where the 

energies stay constant. We attribute this behavior to a larger spacing between the step sites in (310) 

as compared to (211), reducing adsorbate-adsorbate interactions. In the case of (211), we attribute 

the slight dip at low 𝜃 to slight restructuring of the surface upon adsorption of CO*.  

We indicate the Δ𝐸,→I obtained from TPD for (100)step and (110)step facets in Figure 4a by the 

light blue and red bands (the width indicates the uncertainty arising from fits to different 

exposures).  Within error bounds, the difference between the computational Δ𝐸 + ΔZPE  at the 

lowest coverages evaluated compared to TPD-derived Δ𝐸,→I	is less than 0.1 eV in the weaker 

binding direction for the (211) and (310) steps. In comparison, the Redhead analysis (see SI Note 

1), gives a  Δ𝐸,→I = 0.58	eV, which differs from Δ𝐸 + ΔZPE  obtained from our analysis by 0.1 

eV in the stronger binding direction. 

We also determine a GGA-DFT predicted equilibrium 𝜃 from the data in Figure 4b. The 

equilibrium 𝜃 is reached where the differential free energy of adsorption is zero: 

𝛥𝐺$6UU = 0, (	11	) 

and is shown in Figure 4b as a black line. The free energy includes the entropy of gas phase and 

adsorbed CO as well as its configurational entropy. The computed equilibrium 𝜃 is therefore up to  

0.3 ML on the (211) and 1ML on (310) stepped facets while no coverage of CO is likely on (111) 

and (100) terraces.   
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Overall, the energies obtained from the above TPD analysis and the DFT calculations both suggest 

that CO binds to the step sites of Au (211) and (310)/(110) at standard temperature, 298.15 K and 

pressure of 1 bar CO(E). Δ𝐺*+∗ obtained from TPD (given by Equation 5) and the BEEF-vdW 

functional deviate by about 0.1eV, which gave rise to the differences in predicted equilibrium 𝜃. 

Overall, we find that the BEEF-vdW functional accurately predicts the adsorption energies 

accurately as compared to the TPD extracted values.  

 

Figure 4: DFT calculated a) adsorption energies b) differential free energies for CO adsorption at different 

coverages for the most stable adsorption site; in a) the colored bands indicate 𝛥𝐸"→$ obtained from the 

TPD analysis for each facet, and the purple dashed line the value from Redhead analysis. 

 

Conclusions 

CO adsorption on Au(211) and Au(310) surfaces are investigated using TPD and DFT calculations. 

We establish a simple methodology to extract adsorption energies and equilibrium coverages using 
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TPD spectra and benchmark the obtained values with DFT calculations. The approach involves 

fitting the desorption energy from experimental TPD spectra to a functional form that includes the 

adsorption energy as a function of the entire range in coverage, through the configurational entropy 

and a linear adsorbate-adsorbate interaction term. This treatment is in contrast to the Redhead 

analysis which assumes coverage independent adsorption energies. We find under standard 

conditions with 1 bar CO and 298.15 K,  0.4 − 0.9 ML of CO may be present on the Au steps. 

Furthermore, we show that for Au step sites, computed adsorption energy and equilibrium 

coverages from the BEEF-vdw functional are in good agreement with TPD extracted values.   

 

Computational Methods  

Density functional theory calculations were performed using Vienna Ab-initio Software Package 

(VASP).18 Core electrons were described using Projector Augmented Waves (PAW)19 potentials. 

Valence electrons were described using plane-waves with kinetic energy up to 500eV for static 

calculations. Gaussian smearing with a width of 0.1eV was used. The BEEF-vdW4 functional 

was used for all calculations. All calculations were run without spin-polarization.  

Structures were prepared using the Atomic Simulation Environment (ASE)20. The lattice 

constant of gold was optimized using a 12x12x12 Monkhorst-Pack21 k-point mesh grid and was 

determined to be 4.205Å. Slabs four layers thick were made for (111), (100), (110) and (211) 

facets were constructed, with the bottom two layers kept fixed. For the (100) and (111) surfaces  

(1x1), (2x2), and (3x3) cells were used with k-points (12,12,1), (6,6,1) and (4,4,1) respectively. 

For the (211) surface, (1x3), (2x3), (3x3) and (4x3) cells were used with k-points (12,4,1),  
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(6,4,1), (4,4,1) and (3,4,1) respectively. For the (310) surface (1x4), (2x4), (3x4) and (4x4)  cells 

were used with k-points (12,6,1), (6,6,1), (4,6,1) and (3,6,1) respectively. 

Static adsorption energies for CO were calculated on all unique surface sites on each facet. Initial 

adsorbate geometries were generated using CatKit.22 All geometries were optimized until forces 

on all atoms was less than 0.025eVÅVQ. Vibrational frequencies were computed using a finite 

difference method as implemented in VASP (𝐼𝐵𝑅𝐼𝑂𝑁 = 5) and calculated only for the surface 

adsorbate.  

 

Code availability 

Python code to fit TPD spectra is available on  

https://www.fysik.dtu.dk/english/research/cattheory/electro-catalysis/software upon publication 
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