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ABSTRACT
The present article aims to show how work function measurements (WF) can be applied in 
the study of elementary surface reaction steps on metallic single crystal surfaces. The work 
function itself can in many cases not be interpreted directly, as it lacks direct information on 
structural and chemical nature of the surface and adsorbates, but it can be a powerful tool 
when used together with other surface science techniques which provide information on the 
chemical nature of the adsorbed species. We here, illustrate the usefulness of work function 
measurements using Rh(100) as our model catalyst. The examples presented include work 
function measurements during adsorption, surface reaction, and desorption of a variety of 
molecules relevant for heterogeneous catalysis. Surface coverage of adsorbates, isosteric heat of 
adsorption, and kinetic parameters for desorption, desorption/decomposition temperatures of 
surface species, different reaction regimes were determined by WF with the aid of other surface 
science techniques.

1.  Introduction

Adsorption of the reactants forms the starting point of 
the catalytic cycle for chemical reactions catalyzed by 
solid surfaces. The catalyst surface provides a reactive 
platform that stabilizes the reactants and allows them 
to meet one another and react, after which the surface 
is regenerated by desorption of the reaction products. 
According to the Sabatier principle the optimal catalyst 
for a given process is a compromise: on the one hand 
the catalyst surface has to be sufficiently reactive to bind 
and activate reactants and reaction intermediates, but at 
the same time binding of the product should be weak 

enough so that product desorption can occur sufficiently 
fast. This sets the playing field for research that intends to 
better understand the intriguing phenomenon of catal-
ysis: we need information about kinetics, describing the 
dynamics of adsorption, the rate of surface reactions 
and the desorption process. Kinetics are intimately 
related to thermodynamics: the barrier for desorption 
can in many cases be solely attributed to the adsorption 
energy, and for many elementary reactions a Brønsted-
Evans-Polanyi relationship exists between the activation 
energy and the adsorption energies of either reactants 
or products.
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Experiments where single crystal surfaces with a 
well-defined structure are studied in a clean, well-con-
trolled UHV environment are uniquely suited to study 
the kinetics and thermodynamics of a surface catalyzed 
reaction, as the high definition of the system allows us 
to study individual elementary processes in isolation. 
Fast, in situ measurement of the adsorbate concentra-
tion (θn) provides us a combination of θn and dθn/dt 
at different pressures and temperatures. In a simple 
Langmuir model the rate of adsorption and the rate 
of surface reaction for the general reaction Aad + Bad → 
Cad are given as follows:

 

 

These formulas illustrate that the initial sticking coef-
ficient can be determined when both θn and dθn/dt are 
known. Likewise, the reaction rate constant can be deter-
mined when both the rates and the reactant concentra-
tions are known.

When the adsorption-desorption process is fully 
equilibrated the isosteric heat of adsorption of a reactant 
or product molecule, a thermodynamic property, can be 
determined by making use of the Clausius-Clapeyron 
Equation [1]:

 

In practice one determines a range of pressure-tempera-
ture combinations that produce the same coverage. The 
slope of ln(PA/P0) vs 1/T then provides the isosteric heat 
of adsorption. An accurate determination of surface 
coverage, preferably in a wide temperature and pres-
sure regime, is thus required to obtain good estimate 
of ΔHads.

For desorption processes the transient mass signal 
of the desorbing species directly provides dθn/dt, and 
θn can then simply obtained by integration of the sig-
nal. Likewise, reactions that produce a gaseous prod-
uct, e.g. CO oxidation to produce CO2, can be easily 
followed by mass spectrometer. But for many other 
processes, e.g. low temperature decomposition steps 
of hydrocarbon species or oxygenates [2], or for high 
temperature reactions where high reactant pressures 
are used, e.g. water formation and CO2 formation on 
reactive metals such as cobalt and ruthenium other in 
situ tools are needed.
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The work function of a single crystal sample is affected 
by the outermost layer of the sample, and changes on the 
surface induce a change of the work function that can 
easily be measured with high resolution in a matter of 
seconds using a Kelvin probe. Since the technique does 
not require vacuum to work it can be employed at rela-
tively high reactant pressures and high surface temper-
atures [3–9]. Most adsorbates affect the work function 
(Φ) and their concentration can be deduced from the 
work function change (∆Φ). This technique is thus ide-
ally suited to determine both θn and dθn/dt in situ, which 
is particularly useful for the study of surface reactions 
that do not instantaneously produce gaseous species or 
that require high reactant pressures to proceed.

In this article we discuss how work function measure-
ments by means of a Kelvin probe can be used to study 
the elementary steps of a surface-catalyzed reaction such 
as adsorption, surface reaction and desorption. The 
examples we provide here were measured on a Rh(1 0 0) 
surface for which many reference data are available so 
that the results observed work function changes can 
be interpreted in detail. We refer to the supplementary 
information for a more detailed discussion about the 
working principle of the Kelvin probe and on the origin 
of surface sensitivity of the work function.

2.  Experimental

The experiments were performed in a home-built UHV 
chamber with a base pressure ≤ 3 × 10−10 mbar. Pressures in 
both chambers were measured using a cold cathode gauge 
(ActiveLine PKR251). A typical cleaning cycle consists of 
sputter-annealing cycles followed by oxygen treatment 
to remove surface carbon, described in detail elsewhere 
[10]. A UHV Kelvin probe (UHV KP 4.5, KP Technology) 
was used to measure ∆Φ. It consists of a stainless steel 
disc which is suspended parallel to the Rh(1 0 0) crystal 
to form a simple capacitor (Figure 1(b)). The oxide layer 
on the stainless steel tip makes it comparatively inert for 
adsorption of reactants such as CO. For example, CO des-
orption from chromium oxide, one of the oxides expected 
to be present at a stainless steel surface, occurs around 
180 K already [11]. As the tip is kept at room temperature 
throughout the experiments CO adsorption on the tip is 
negligible. In general, no indications were found through-
out the experiments presented here as well as elsewhere 
[2–5] that the work function measurement was affected 
by a change of the work function of the tip.

The ∆Φ between two samples is then determined by 
vibrating the KP tip and adjusting the back potential (Vb, 
see Figure 2(b)) until it equals ∆Φ between the sample 
and tip. As Φtip remains constant throughout the exper-
iment the measured ∆Φ can be attributed to a change 
of the work function of the Rh(1 0 0) sample. All work 
function data reported here is with respect to the clean 
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Rh(1 0 0) surface. Although the absolute work function 
is of little value for the present study it can be computed 
easily from the reported data by adding the value for 
clean Rh(1 0 0), 5.1 eV, which has been reported previ-
ously [11,12]).

In order to minimize the effect of potential gradi-
ents across the sample during resistive heating the sam-
ple was grounded via an adjustable resistor bridge so 
that the center of the sample is approximately at zero 
bias (Figure 2(b)). In practice, one of the resistors was 
adjusted such that a minimal offset of the work function 
was found during heating. With the aid of this arrange-
ment, measurements were carried out with an accuracy 
of ± 0.05 eV.

The reactants H2, NO, CO and ethene were used 
without further purification. Oxygen was dosed in the 
form of synthetic air, 20% O2 in N2, and ethanol (99.8%, 
Merck) was degassed by repeated freeze-pump-thaw 
cycles before use. Adsorption was typically done with the 
sample held at 100–150 K. For temperature programmed 
experiments a heating rate of 1 Ks−1 was used. In many 
cases both ∆Φ and gas phase products were measured 
in a single temperature ramp.

3.  Results and discussion

In the first part of our study we establish the relation 
between ∆Φ and adsorbate coverage for a variety of 
atomic and molecular adsorbates. We then use this 
information to measure the equilibrium value of θCO at 
various CO pressures and surface temperatures to derive 
the isosteric heat of adsorption of CO. In the last part 
we discuss how surface reactions can be probed using 
work function measurements. The kinetics of CO deso-
rption are followed by determining θCO during heating 
of a COads layer in vacuum. This data-set is then used 
to determine the activation energy and pre-exponential 
factor for desorption. Finally, work function measure-
ments for CO oxidation, NO dissociation and ethanol 
decomposition are presented and discussed in relation 
to the available knowledge about the thermal evolution 
of these systems.

3.1.  Adsorption via work function measurements

Since the work function is not always linearly dependent 
on adsorbate concentration temperature programmed 
desorption (TPD) and temperature programmed 

Figure 1. (a) Picture of the Rh(100) single crystal and the tip of the UHV-compatible Kelvin probe. (b) Simplified circuit diagram of 
the Kelvin probe.

Figure 2. Simplified circuit diagram for the resistive heating: (a) Custom arrangement with one side of the Rh(100) single crystal 
connected to ground potential. (b) Improved arrangement, with the crystal center at ground potential due to the variable resistor 
bridge used.
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The adsorption of atomic oxygen, hydrogen and 
carbon creates a negative outward dipole layer due to 
their higher electronegativities compared to that of Rh 
metal. In other words, electron transfer occurs from the 
Rh(1 0 0) surface to the adsorbed atomic layer. Since the 
electronegativity of oxygen is the highest among them, 
∆Φ upon oxygen adsorption is larger compared to 
atomic hydrogen and atomic carbon. The work func-
tion increases linearly with oxygen coverage and lev-
els off near saturation (0.5 ML). Oxygen atoms occupy 
the fourfold hollow sites up to 0.4 ML [18,19], above 
which they occupy threefold sites due to the (2 × 2)-p4 g 
reconstruction [18,20,21]. The binding of oxygen on the 
threefold hollow site of the reconstructed surface near 
saturation could be the reason for lower ∆Φ. The same 
trend, i.e. a leveling off in ∆Φ as a function of oxygen 
coverage, was also observed on Au(1 1 1) where ozone 
was used as a source of atomic oxygen. In this case Saliba 
et al. [22] propose that mutual depolarization of oxygen 
atoms causes this leveling off.

The ∆Φ due to surface carbon shows a linear increase 
with surface coverage, consistent with the Helmholtz 
equation [23–25], indicating that there is no significant 
change in the chemical nature of the ad-layer such as 
a different bonding site or the formation of carbide. 
Since Had occupies fourfold hollow sites at all coverages 
[11,26,27] and subsurface adsorption of hydrogen is not 
feasible due to the low stability of bulk rhodium hydride 
[28,29] we also expect a linear correlation between ∆Φ 
on the hydrogen surface coverage. Since hydrogen pro-
duces a ∆Φ of only 0.25 eV at 1 ML coverage the appar-
ent slight deviation from linearity that can be seen in 
Figure 3 should most likely be attributed to the relatively 
low precision of the measurements. Therefore, we feel 
that further interpretation of this effect is not warranted.

Ethanol decomposes to ethoxy upon adsorption, 
which causes a decrease of the work function. This can 
be explained by the orientation of the ethoxy adsorbate, 
which binds with the oxygen (negative) end bonding to 
the surface and the hydrocarbon end (positive) pointing 
away from the surface [14].

3.2.  Adsorption/desorption equilibrium

The adsorption-desorption equilibrium of CO on 
Rh(1 0 0) was studied to determine the isosteric heat 
of adsorption (or desorption energy since there is no 
additional barrier for CO desorption). To this end, the 
previously established relation between ∆Φ and θCO was 
used to derive the CO coverage at different combina-
tions of CO pressure and surface temperature. Figure 
4(a) shows a number of adsorption isotherms, recorded 
at the surface temperatures indicated in the figure.

These isotherms deviate from a simple Langmuir 
adsorption isotherm. This can be explained by the pres-
ence of adsorption sites with different stabilities and lat-
eral interactions. CO adsorbed on bridge site is known 

reaction spectroscopy (TPRS) experiments were used 
to establish the relation between ∆Φ and surface cov-
erage, for the atomic adsorbates Had, Oad, Cad, and the 
molecular adsorbates COad, and CH3CH2Oad. Carbon 
was deposited by decomposing ethylene and the cov-
erage was derived from the H2 formed in the process 
[13]. Ethoxy species (CH3CH2Oad) form upon ethanol 
adsorption on Rh(1 0 0), and the hydrogen produced 
remains adsorbed as well [14]. Since Had produces only 
a very small ∆Φ the observed work function change can 
be practically completely attributed to adsorbed ethoxy 
species.

Figure 3 shows ∆Φ as a function of adsorbate cov-
erage (from 0 to saturation coverage) for different 
adsorbates. The work function decreases with coverage 
for ethoxy suggesting that it creates a positive outward 
dipole layer. Conversely, CO, atomic oxygen, carbon and 
hydrogen cause an increase of the work function due to 
their negative outward dipole layer.

For COad we find a ∆Φ of 1.35 eV for the saturation 
coverage of CO (0.83 ML). The work function change as 
function of CO coverage shows two different regimes: 
the slope of the curve for θCO < 0.4 ML is smaller than 
that for θCO > 0.4 ML, consistent with earlier literature 
reports [11]. The increase of the slope above 0.4 ML 
can be assigned to the change in the site occupancy of 
CO. For θCO < 0.5 ML CO occupies top sites, ultimately 
forming a well-ordered c(2 × 2) structure when θCO = 0.5 
ML. Above 0.5 ML a transition from the c(2 × 2) into 
a more condensed p(4√2 × √2)R45° structure occurs, 
which results in an increase in the amount of bridge 
bonded CO [15,16]. The higher electron back-donation 
from the metal surface for CObridge compared to COtop 
causes a larger ∆Φ for COad in the bridge position. An 
alternative explanation has been proposed for CO on the 
Ni(1 0 0) surface, where the larger ∆Φ at high coverage 
is attributed to increased CO–CO repulsion in the com-
pressed adlayer [17].

Figure 3.  Work function change upon adsorption of different 
species as a function of coverage. The error margin is ± 0.05 eV 
for all measurements, based on the noise level of the instrument.
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reported in the figure was determined by integration of 
the desorption peak area (5b). The work function drops 
to the clean surface value for T > 550 K, indicating that 
all CO has desorbed molecularly and CO bond scission, 
which would produce Cad and Oad can be excluded.

At a θCO < 0.6 ML the work function shows a small 
increase with temperature until CO desorbs. This is 
attributed to continued CO adsorption on the sub-sat-
urated surface due to slow pumping out of the UHV 
chamber after dosing CO. This additional CO is included 
in the quantification, since the coverages reported in 
the figure have been determined by integration of TPD 
peak area.

At a coverage close to saturation point of 0.83 ML the 
work function shows a 0.1 eV increase around 300 K, 
concurrent with a small CO desorption peak as seen by 
the mass spectrometer at this temperature. This desorp-
tion peak is assigned to the transition from the c (6 × 2) 
structure (0.83 ML) to a p (4√2 × √2)R45° (0.75 ML) 
structure. In the c (6 × 2) structure, CO mainly occupies 
top sites whereas in the p (4√2 × √2)R45° structure CO 
occupies both top and bridge sites. The transition from 
the former to the latter occurs due to CO desorption 
[34], and the increase in Φ around this temperature is 
assigned to the combined effect of change in site occu-
pancy of CO molecules and CO desorption.

The kinetic parameters for CO desorption for dif-
ferent coverages were determined using the cover-
age-corrected leading-edge analysis, which is based on 
linearization of the Arrhenius equation (Equation (4)) 
over a small interval at the low-temperature side of the 
spectrum where the decrease in coverage is negligi-
ble. This method gives a higher accuracy of the kinetic 
parameters over a larger temperature interval [35].

 
(4)ln

( r
des

�
n

)

= ln
(

k
des

)

= ln(�
des
(�)) −

E
des
(�)

RT

to be less stable than CO on top sites [15,30] and the 
lateral interaction of CO molecules was determined to 
be 9–24 kJ/mol via Monte-Carlo simulations [31,32].

These adsorption isotherms can be used to derive the 
adsorption energy (enthalpy of adsorption) of CO on 
Rh(1 0 0) surface for a given CO coverage by using the 
Clausius-Clapeyron equation (Equation (3)). Figure 4(b) 
shows a plot of ln(P/P0) vs 1/T, for θCO = 0.22 ML. From 
the slope, −ΔH/R, we find a CO adsorption energy of 
130 ± 10 kJ mol−1. The result is consistent with the one 
obtained via TPD experiments for the same coverage 
(125 kJ/mol) [33]. In these experiments the main uncer-
tainty is introduced by the difficulty to determine the 
exact reactant pressure in the UHV regime. In addition 
to this, the shielding effect due to the close proximity of 
the Kelvin probe tip to the sample surface can lower the 
effective pressure over the sample surface [2]. However, 
as long as these deviations scale linearly with pressure 
small inaccuracies in the exact pressure measurement 
only affect the offset of the ln(P/P0) vs 1/T plot, and 
therefore do not affect the value of ΔH that is calculated 
from the slope.

3.3.  Work function measurements to determine 
reaction kinetics: CO desorption

As ∆Φ measurements take only a few seconds θn can be 
determined in situ, during heating, and and dθn/dt can 
be determined from time derivative of θn. This informa-
tion can be used for a kinetic analysis to determine the 
kinetic parameters. We illustrate this by looking at a very 
simple reaction, the desorption of CO from the surface, 
for which we can simultaneously measure the desorption 
using a mass spectrometer. The work function measure-
ments obtained during heating for different initial CO 
coverages are shown in Figure 5, along with the corre-
sponding desorption spectra. The initial CO coverage 

Figure 4. (a) Adsorption isotherms of CO at different temperatures measured with work function change. (b) Adsorption isostere of 
CO on Rh(100). The slope equals −ΔH/R.
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In order to minimize the effect of the uncertainty in 
the measured work function on the natural logarithm 
of the desorption rate divided by coverage term and the 
resulting activation energy and pre-exponential factor, 
we have only used set of data at the low temperature-side 
of the plot where coverage change is negligible. The cal-
culated activation energy and pre-exponential factor are 
consistent with the literature for a coverage of 0.40 ML 
(Edes = 115 kJ mol−1 and ν = 1011.7 s−1) [33].

3.4.  Monitoring surface reactions

Several surface reactions were investigated by work 
function measurements. The changes on the surface 
were studied during CO oxidation, decomposition of 

(rdes is desorption rate, kdes is the rate constant for deso-
rption, n is the reaction order, νdes is the pre-exponential 
factor and Edes is the activation energy)

After converting the work function data to CO cov-
erage the desorption rate, r

des
= −

d�
CO

dt
 was obtained by 

taking the time derivative of the CO coverage, shown 
in Figure 6(a) for an initial CO coverage of 0.40 ML. 
As expected, the resulting spectrum is similar to the 
corresponding TPD spectra in terms of peak shape and 
peak temperature. The activation energy and pre-expo-
nential factor were determined as 120 ± 5 kJ mol−1 and 
1011.5 ± 0.5 s−1 from the slope and intercept of the line at 
low temperature side from a plot of the natural loga-
rithm of the CO desorption rate divided by the CO cov-
erage against the reciprocal temperature (Figure 6(b)). 

Figure 5.  (a) Work function change during CO desorption for different CO coverage and. (b) the corresponding CO (m/e  =  28) 
desorption spectra. Both ∆Φ and m/z = 28 were recorded in a single experiment using a heating rate of 1 K s−1. The work function 
was measured for every 5s.

Figure 6. (a) calculated CO desorption rate as a function of temperature obtained from work function measurement for 0.40 ML CO 
desorption. (b) ln(rdes/θCO) vs 1/T plot to derive the activation energy and pre-exponential factor for CO desorption.
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Figure 8(a) shows the ∆Φ data as a function of tem-
perature during heating of after post-dosing CO onto 
0.14 ML Oad. Figure 8(b) shows the corresponding 
CO (m/z = 28) and CO2 (m/z = 44) desorption traces 
detected by the mass spectrometer. Here the the clean 
Rh(1 0 0) surface was again used as reference point, and 
the initial ∆Φ values are due to the combined influence 
of Oad and COad. For the lowest CO coverage used here, 
0.05 ML the mass spectrometer data shows that all CO 
is oxidized to CO2 around 430 K. The loss of both COad 
and Oad causes a decrease of the work function at the 
same temperature. Since Oad was present in excess the 
work function does not return to the clean surface value. 
Instead, by using the correlation between ∆Φ and θO 
established earlier we find an Oad-coverage of 0.08 ML 
for T > 450 K, in good agreement with the stoichiometry 
of the reaction (0.14 ML−0.05 ML = 0.09 ML).

For all other CO coverages all the surface oxygen is 
consumed and a ∆Φ equal to the clean surface value is 
found for T > 550 K. An increase of the CO coverage 
leads to a downward shift of the CO2 formation temper-
ature and an increase of the quantity of unreacted CO 
that desorbs around 500 K.

Four different CO oxidation regimes have previously 
been identified on the (1 0 0) facet of Rhodium [19,36]. 
By taking the time derivative of ∆Φ (Figure 9) the work 
function data can be more easily compared to the TPD 
spectra. The information obtained from both ∆Φ and 
TPD is similar: at a CO coverage above 0.5 ML the peaks 
in ∆Φ/dt located at 270 and 350 K are assigned to CO2 
formation, whereas the peak at 500 K is due to deso-
rption of the excess COad. For CO coverages below 0.5 
ML CO2 formation occurs around 430 K. According to 
literature these three CO2 formation peaks can be attrib-
uted to the following reactions [19,36]: (i) The peak at 
270 K is assigned to CO reacting with one of the three 
neighboring oxygen atoms in ac (2 × 2) ordering; (ii) 
the peak at 350 K is attributed to the reaction between 
CO on bridge site and oxygen in a p (2 × 2) ordering; 
(iii) the peak at 430 K reflects low reactivity between 
oxygen and CO.

3.4.2.  NO dissociation
Decomposition of NO produces Oad and Nad, which 
both affect the work function. The decomposition of 
NO can thus be studied in situ using a Kelvin probe. 
Figure 10 shows ∆Φ and the corresponding m/z = 28 
(N2) and m/z = 30 (NO) mass signals during heating 
of an NO-saturated surface (0.65 ML,[37]) in vacuum. 
The saturation coverage of NO adsorption produces a 
0.9  eV increase in ϕ, due to negative outward dipole 
layer of NO, in agreement with the literature value of 
0.93  eV [38]. The work function decreases sharply at 
420 K, which is attributed to both NO desorption and 
NO decomposition. The observed temperature (420 K) 
for NO decomposition is in good agreement with the 
literature (425 K) [37].

nitric oxide and ethanol decomposition. Since the reac-
tion products in the last two cases do not always leave the 
surface instantly these examples illustrate the particular 
usefulness of in situ ∆Φ measurements alongside mass 
spectrometer measurements of the gas phase to analyze 
the kinetics for such cases.

3.4.1.  CO oxidation
First the effect of pre-adsorbed oxygen on CO adsorp-
tion was investigated by work function measurements. 
After dosing O2 to the surface held at 150 K to obtain 
the amounts of Oad indicated in Figure 7 CO was 
then dosed to the surface and the work function was 
recorded. To obtain the absolute CO coverage plotted 
in Figure 7 the coverages of the pre-adsorbed oxygen 
and CO were determined via integration of the CO2 and 
CO peak areas from TPRS. Figure 7 shows ∆Φ upon 
CO exposure to the oxygen-free and oxygen-covered 
surfaces. The data in the inset shows how ∆Φ changes 
due to the presence of the Oad. In the main panel these 
initial ∆Φ values were subtracted from the ∆Φ measured 
after dosing CO, to facilitate comparison and highlight 
the contribution of CO to the observed work function 
change. We find that the slope of ∆Φ as a function of θCO 
for low CO coverages on the oxygen-covered surface is 
identical to the slope found for high coverages, θCO > 0.4 
ML, on the oxygen-free surface. This is attributed to CO 
occupying mainly bridge and three/fourfold hollow sites 
on the oxygen covered Rh(1 0 0), compared to top and 
bridge sites on Rh(1 0 0). On oxygen-covered surfaces 
the slope of ∆Φ vs θCO levels off near the CO satura-
tion point, most probably originating from the repulsive 
lateral interactions between CO and oxygen neighbors, 
which reduce back donation into CO molecules and 
changes the dipole moment of the CO molecules [19].

Figure 7. Work function change as a function of CO coverage 
for various amounts of oxygen pre-adsorbed surfaces. The 
inset shows the relative work function as a function of the pre-
adsorbed oxygen concentration before dosing CO. The error 
margin is  ±0.05  eV for all measurements, based on the noise 
level of the instrument.
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of the N2 formed indicates that 0.37 ML NO decomposes 
[37].

3.4.3.  Ethanol decomposition
Our previous work showed that adsorbed ethoxy (+Had) 
forms upon ethanol adsorption on Rh(1 0 0). These eth-
oxy species decompose  <  200  K already and the Had, 
CHxad and COad species produced remain adsorbed on 
the surface [14]. This means that this decomposition 
step cannot be probed by a TPD experiment. Here we 
explore how work function measurements can be used 
to study this surface reaction that occurs at low tem-
perature. Figure 11 shows both ∆Φ and the gas phase 
products formed during heating after dosing a low (0.07 
ML) and a high (0.22 ML) quantity of ethanol to the 
surface. As mentioned earlier, ethoxy adsorbates pro-
duce a strong decrease of the work function. For the 
low coverage experiment the work function changes 
around 190 K, from −0.75 eV to + 0.3 eV. Since the mass 
spectrometer does not detect any desorbing products 
(e.g. molecular ethanol) the change must be due to a 
change of the chemical nature of the adsorbate layer. 
Indeed, our previously published RAIRS data indicates 
that ethoxy decomposes around 200 K to COad, Had and 
CHx, species that cause a positive rather than a negative 
work function change with respect to the clean surface 
(see Figure 3). The work function then decreases around 
300 K, which can be attributed to the loss of Had, evident 
from the concurrent H2 desorption peak. The decrease 
of 0.09 eV corresponds to a hydrogen coverage of 0.4 
ML close to the maximum possible quantity of 0.42 ML 
(0.07 × 6). The slight work function increase between 
350–450 K is most likely due to a rearrangement of the 

The resulting nitrogen atoms recombine and desorb 
as N2 at 700 K, causing further ~0.1 eV decrease of the 
work function and leaving only atomic oxygen on the 
surface. The work function after N2 desorption is still 
0.52 eV higher than the clean surface value, which trans-
lates to a θO of 0.37 ML (see Figure 3), i.e. 0.37 ML of 
the initial 0.65 ML NOad present dissociates. This value 
in excellent agreement with an earlier TPD study of NO 
dissociation on Rh(1 0 0), in which quantitative analysis 

Figure 8. (a) Work function change during CO oxidation for different coverage of CO on 0.14 ML oxygen pre-covered surface. (b) CO 
and CO2 desorption spectra obtained after CO oxidation.

Figure 9. The rate of work function change during CO oxidation 
for different coverage of CO on 0.14 ML oxygen pre-covered 
surface.
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shift, making quantitative interpretation of the work 
function data for this co-adsorption system difficult. 
TPD indicates that only surface carbon is left after heat-
ing to 550 K. The ∆Φ of 0.04 eV at this point translates to 
a carbon coverage of ~0.07 ML Cad, in good agreement 
with quantification based on TPD and TPO [14].

For the high coverage the strong increase of the work 
function is found at the same temperature ~190 K, show-
ing that the ethoxy decomposition temperature is inde-
pendent of the ethoxy coverage. Since multiple processes 
contribute to the work function changes seen between 
200–400 K, i.e. molecular ethanol desorption, methane 
formation and H2 desorption, quantitative interpretation 
is difficult. We here limit the analysis to quantification 
of the surface carbon formed. The ∆Φ of 0.09 eV at the 
end of the experiment corresponds to 0.18 ML carbon. 
The 0.02 ML difference between the 0.20 ML of ethanol 
decomposed (derived from the amount of CO produced) 
and the 0.18 ML Cad found afterwards (by both TPO 
and ∆Φ) can be attributed to the formation of methane 
(see Ref. [14]).

3.5.  Advantages and disadvantages of work 
function measurements

Work function measurements have several advantages 
over other surface science techniques in the study of 
surface catalyzed reactions. Work function measure-
ments provide faster way than TPD to determine sur-
face coverage and kinetic parameters of desorption once 
the correlation between adsorbate coverage and work 
function change is set. Moreover, the coverage of surface 
species left after surface reaction such as surface carbon 

surface adsorbates, possibly involving a small quantity 
of CHx species. CO desorption occurs around 490 K, 
which amounts to 0.07 ML according to analysis of the 
desorption peak area. Interestingly, the work function 
change at this point amounts to −0.23 eV. According to 
the data reported in Figure 3 this would correspond to 
as much as 0.18 ML COtop. This discrepancy between 
MS-based quantification and quantification based on 
work function measurements shows that Cad strongly 
affects the magnitude of the CO-induced work function 

Figure 10.  Temperature programmed work function 
measurement and m/z = 28 (N2) and m/z = 30 (NO) desorption 
traces obtained after saturation coverage (0.65 ML) NO 
adsorption at 120  K and subsequent heating to 850  K with a 
rate of 1 K s−1.

Figure 11.  Temperature programmed work function measurement and TPD spectra obtained after 0.07 ML (a) and 0.22 ML (b) 
ethanol adsorption at 100 K and subsequent annealing to 650 K.
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For surface reactions the combination of work func-
tion measurements, which probes the surface composi-
tion, with a mass spectrometer to probe the nature and 
concentration of gaseous reaction products, proves to 
be particularly powerful to get a complete picture of 
the reaction. In the example of CO oxidation presented 
here the mass spectrometer can distinguish between 
desorption of unreacted CO vs formation of CO2. The 
disappearance of CO is also evident from the work func-
tion measurements, but these measurements also give 
information on the situation after reaction: for a low CO 
coverage Oad is left behind and this is easily detected by 
the work function measurement. Work function meas-
urements are particularly important when products of a 
surface reaction do not desorb upon formation. We show 
that the NO decomposition reaction, which produces 
Nad + Oad, can be followed in situ. For ethanol decom-
position work function measurements allow us to deter-
mine the exact temperature at which ethoxy adsorbates 
decompose to CO, Had and CHx, with a time resolution 
that is difficult to obtain with many other surface science 
techniques. In conclusion, this simple and affordable, yet 
powerful experimental technique deserves a prominent 
place in the toolbox of scientists interested in studying 
surface reactions in situ.
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