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Abstract

The water-gas shift reaction performance of Fe2O3, Ru/Fe2O3 catalysts and the same compounds doped 
with sodium ions was studied. An addition of sodium was found to result in an increase of the ruthenium 
catalyst activity and stabilization of its surface area during the reduction with the reaction mixture. This 
series of catalysts was examined by XPS method. The addition of sodium and ruthenium causes an increase 
in the ionicity of the Fe2O3 lattice, manifested as changes in intensity of peaks of the Fe 2p band.
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Introduction

It has been established that ruthenium deposited on 
alkali-promoted supports makes catalysts for ammonia 
synthesis so active that they have been accepted as alter-
natives to the commercially used iron catalysts [1]. The 
catalysts obtained by deposition of ruthenium on iron 
oxides proved very attractive in water-gas shift reaction 
[2-5]. Moreover, a modification of the iron support with 
sodium was found to improve significantly the activity 
of these catalysts [5]. A particular improvement in the 
catalyst activity was obtained when the iron oxide was 
prepared through the δd-FeOOH stage. It is necessary to 
characterise the active centres of the catalysts responsible 
for such a reaction run.

In studies of a catalyst structure the need very often 
arises to know chemical states of elements and their rela-
tive content and, if possible, to determine the interaction 

of surface atoms with their neighbours. Under some cir-
cumstances the XPS analysis is able to provide all these 
required data. Yet in the studies of iron, precise XPS anal-
ysis is difficult. Because of the common use of iron oxides 
in a great number of industrial catalysts, an improvement 
of their surface analysis is of special importance.

In this work an attempt was made to characterise the 
changes in the surface state caused by doping of the cata-
lysts with sodium mainly with the use of XPS. Subtle varia-
tions in the structure of “shake-up” satellites in the Fe2p3/2 
band have been connected to the surface properties.

Experimental
Catalyst Preparation

The catalyst support, labelled as D, was obtained from 
δd -FeOOH by calcination for 3 h at 600°C in air. The 
support was doped with 0.45% of sodium irrespective of 
the ruthenium amount, using aqueous solution of NaNO3 
and calcined at 600°C. The unmodified support (D) and *Corresponding author
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the Na-containing one (Na-D) were impregnated with ac-
etone solution of RuCl3 (incipient wetness impregnation), 
dried and calcined in air at 400°C for 3h. Only the catalyst 
2%Ru/D-Na in whose preparation sodium was introduced 
after ruthenium, was calcined at 400°C at both stages, 
i.e. after deposition of ruthenium and after deposition 
of sodium on Ru/Fe2O3. Beside the catalyst, also simple 
compounds: Fe, FeO, Fe3O4, RuO2 and RuO of analytical 
grade or spectral purity were examined by XPS to get the 
band parameters, used then in analysis of the XPS spectra 
of the catalyst.

Catalyst Characterisation

Surface area was obtained by low temperature ni-
trogen adsorption according to the BET method using a 
Micromeritics sorptometer ASAP2010 (USA). 

X-ray diffraction (XRD) studies were carried out on 
an automatic Philips PW 1710 diffractometer using FeKα 
radiation.

Catalytic activity in the water-gas shift reaction 
(WGSR) was measured in a flow reactor at atmospheric 
pressure in the reaction conditions which were as follows: 
catalyst amount 0.25 g, reaction temperature 350°C or 
300°C, CO flow rate 3.5 dm3/h, the molar ratio of H2O:
CO=2.5. Carbon monoxide 99.97% of BOC Ltd. Special 
Gases Company was used. The conditions for running the 
reaction and product analysis were discussed before [2]. 
The catalytic activities presented are means of three mea-
surements performed after 3h on stream.

The XPS measurements were performed with a VG 
Scientific ESCA-3 photoelectron spectrometer using  Al 
Kα1,2 radiation (1486.6 eV) from an X-ray source operat-
ing at 13 kV and 10 mA.  Working pressure was higher 
than 2x10-8 Torr (2.7x10-6 Pa). All spectra were recorded 
at a photoelectron take-off angle of 45o. Binding energies 
were referred to the C1s peak from the carbon surface de-
posit at 284.8 eV.  Data processing consisted of the basic 
operations of calibration of the peak position against the 
C1s line, background of Shirley’s type and Kα3,4 peaks re-
moval together with routines for the analysis of composite 
spectra by their fitting with single peaks or doublets. The 
spectra were decomposed into symmetric gaussian-20%-
lorentzian peaks. The relative element content (N) was 
calculated from the formula including carbon deposit 
influence[6, 8]:

 
N = F · IA · EA

0.25 · σA
-1 · exp(dC · λA,C

-1)

where: F contains all instrumental factors (including 
transmission function T) and is assumed to be constant 
for the measurements, IA is intensity of the line A mea-
sured, EA is kinetic energy of the A level, σA is elemen-
tal cross-section for photoionization [7], λA is A-level 
electrons’ inelastic mean free path in the adventitious 
carbon deposit [8] and dC,A is the thickness of the car-
bon deposit [8]. The λ and T values were obtained ac-
cording to [8].  

Scofield’s cross-sections were used in this study only 
for C1s (σC= 1.0) and O1s (σO = 2.93) lines. In the case of 
Ru3d5/2, Fe2p3/2 and Na1s lines, the sensitivity factors ob-
tained from the element-oxygen intensity ratio in simple 
oxides were determined and applied, instead of σA, in the 
element content calculations.

Results

As was shown by XRD, the iron oxide carrier always 
was in the form of the low-crystalline α- Fe2O3 phase [9]. 
In samples containig ruthenium neither ruthenium com-
pounds nor metal were detected. During the CO water-gas 
shift reaction the carrier was reduced and a mixture of 
Fe3O4 with γ- Fe2O3 phases was observed. 

The surface area of the catalysts, like that of the sup-
port, was low, about 20 m2/g. It was not stable under the 
reaction conditions and after time on stream it was signifi-
cantly reduced (Table 1).  In the case of the support free 
of metal additions, the surface area decreased more, by 
about 40% as compared to about 30% in samples contain-
ing sodium only and less than 20% in the case of Ru/Fe2O3 
(without sodium). This is the evidence of the stabilising 
effect of ruthenium and sodium on the support.

According to expectations the pure support (D) and 
that doped with sodium (Na-D) do not show catalytic ac-
tivity in WGSR at 300oC(Table 1). At 350oC (the tempera-
ture for a high-temperature conversion), these carriers ca-
talyse the conversion reaction at the level of 13%. Under 
these conditions the Ru/Fe2O3 catalysts reach productivi-
ties above 90% near the maximum, which follows from 
the thermodynamic equilibrium. This is the reason why 
the conversion data at  300oC seems more representative. 
The activity of the Ru/Fe2O3  catalysts varied, and was the 
highest in the case of Ru/Na-D catalyst with the lower 
ruthenium content (2wt.%). Since a distinct correlation 
between the catalytic activity and the surface area was not 
found, it can be concluded that the activity is sensitive to 
local changes in the vicinity of Ru active centres.

As follows from Table 1, ruthenium is the only ele-
ment introducing high catalytic activity to the system. 
However, sodium enhanced it by about 13% at 300oC 
(2%Ru/Na-D vs.2%Ru/D). The lower activity of the 
sample containing more ruthenium (5 wt.%) can be due 
to a formation of larger structural forms of ruthenium, 
likely islands or crystallites. On the other hand, it turns 
out, that ruthenium is highly active if it is better dispersed 
[10], perhaps partially incorporated to the support lattice. 
Crystal growth, expectedly more effective in 5%Ru/Na-
D, can cause a decrease of the amount of metal accessible 
to reactants.

XPS measurements were performed on samples as re-
ceived. In this study, determination of the chemical state 
of the main elements: ruthenium and iron was difficult 
because of a complex character of their most intense, ana-
lytical Ru3d and Fe2p bands. Sodium was introduced into 
some of the catalysts; however, low intense Na1s lines 
were detected also in other samples.
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Table 1.  Characterization of composition, surface area and catalytic activity of studied samples.

Catalyst Ru content Na
content

Surface 
area [m2/g]

Catalytic activity (CO conversion)  

350oC 300oC

 [wt.%] [wt.%] as prepared after 
WGSR [%mol] micromole 

CO/g.s [%mol] micromole 
CO/g s

D - - 18.8 11.1 12.9 22.4 - -

Na-D - 0.45 17.7 12.2 13.3 23.1 - -

2%Ru/Na-D 2.0 0.44 19.0 17.1 93.4 162.1 95.6 166.0

5%Ru/Na-D 5.0 0.43 19.1 19.0 92.8 161.1 89.9 156.1

2%Ru/D-Na 2.0 0.44 - - 91.5 145.4 84.7 134.6

2%Ru/D 2.0 - 19.5 15.4 90.6 157.3 82.7 143.6

All samples contained some amount of carbon on the 
surface, which was deposited during their synthesis and 
storage. The XPS spectrum of the pure support (D) reveals 
the main peak at 284.8 eV, corresponding to a mixture of hy-
drocarbons and two other peaks at about 287 and 289 eV as-
signed to products of their oxidation. Since the 3d band of Ru 
superimposes the carbon C1s band, the experimental spectral 
envelope of this region was decomposed by fitting with C1s 
and Ru3d “synthetic” bands produced with the use of experi-
mentally determined parameters. The Fe2p band, composed 
of the doublet corresponding to Fe2p3/2 and Fe2p1/2 is of com-
plex character. Besides the main peaks and the Fe2p band 
envelope from the Kα3,4 excitation it contains structures of 
“shake up” multiplets. It is believed that this structure arises 
from a splitting of the Fe2p line due to a coupling between 
the core hole and the unfilled shell [11] or is a result of local 
charge compensation of the core hole by a population of 3d 
or 4s-p orbitals with the electron charge drawn from the π 
band of the hybridized ligand [12]. The band corresponding 
to Fe 2p spreads over 30 eV, from 705 to 735 eV. The Shir-
ley’s background [13, 14] was removed from the whole Fe2p 
band by iteration in such a way that the ratio R=H1:H2 of the 
spectrum height at its local maximum, corresponding to the 
main peaks Fe2p3/2 and Fe2p1/2 was 1.65. Then, the resulting 
Fe2p band was fitted with multiplets in the range including 
the main photoelectron peaks and the satellite structure. The 
obtained structure of the Fe2p3/2 sub-band in pure α-Fe2O3 
(D) is given in Fig.1.

The shape of the band and the quality of the fit ob-
tained for other samples were similar. The multiplet for 
the fitting was composed of the main, peak (1) and five 
(2-6) component peaks, all with the same full width at 
half maximum (FWHM). The distances from the main 
peak (ΔBE-binding energy) and intensities (Ix) were var-
ied to get the best fitting. Initially the peaks S2 (ΔBE = 1.1 
eV, I/I1 = 0.18) and S5 (ΔBE = 7.4 eV) were introduced 
somehow arbitrarily, following the calculated structure 
[11,12]. Then other component peak positions and inten-
sities were added to achieve good fitting. 

Ruthenium in the catalysts was sprayed over the D 
support forming possibly a one or few monolayer depos-

its.  XPS spectra of Ru were strong enough to analyse this 
spectral region and to determine the position of Ru3d5/2 
peaks maxima. Parameters used in the fitting of the Ru3d 
doublet were obtained from the spectrum of pure RuCl3. 
In the spectra of all samples the ruthenium 3d band was 
well fitted with two doublets. The first one (about 281 eV) 
can be assigned to RuO2 and the second (about 282 eV) 
to RuO3 in good agreement with reference data [14-17]. 
Metal ruthenium (280 eV) has not been detected.

The introduction of ruthenium and sodium induced 
some changes in the electronic structure of the support 
surface, as revealed by changes in the Fe2p band. Thus, 
the conclusion on the influence of Ru and Na ion incor-
poration into the iron oxide matrix on the chemical nature 
of the interaction between Fe, Ru and Na ions is justified. 
Table 2 contains the data on binding energies (BE) of 
electrons in surface atoms and relative contents of ele-
ments. The observed changes in BE Fe2p and Ru3d are 
significant, pointing to considerable interactions between 
the carrier and the active component. The presence of 
sodium causes a decrease in the binding energy of Fe2p3/2 
electrons (Na-D vs D), while that of ruthenium has the 
opposite effect (2%Ru/D vs D).  The two contributions to 
some extent can cancel each other, as it has been observed 
for other catalysts.  In the catalyst with a low content of 
ruthenium (less than 5 wt %), the interaction between so-
dium and ruthenium 4+ distinctly decreased the binding 
energy of Ru3d electrons. Surface atomic ratios of ruthe-
nium and iron correspond to the introduced amount, with 
the exception of 2%Ru/D-Na in which sodium was depos-
ited on the Ru-catalyst already formed. Such a sequence 
of the catalyst preparation, unprofitable for catalysis, 
results in the surface enrichment in sodium, manifested 
as a decrease of Ru/Na and an increase of Na/Fe ratios. 
Small changes of the Na/Fe ratio caused by a considerably 
increasing content of ruthenium (2%Ru/Na-D and 5%Ru/
Na-D) can be connected to the growth of ruthenium oxide 
crystallites.

 Veal and Paulikas [12] reported a linear dependence 
of the satellite separation versus ligand electronegativ-
ity for a series of Fe, Sc, Zr and Ti oxides with equal 
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Samples D Na-D 2%Ru/D 2%Ru/Na-D 5%Ru/Na-D 2%Ru/D-Na

Fe2p3/2 710.4 710.1 710.8 710.5 710.3 710.2 

Na1s 1071.6 1071.6 1072.2 1071.6

Ru3d5/2  (Ru 4+) 281.0 280.8 281.0 280.9

Ru3d5/2  (Ru 6+) 282.5 282.4 282.4 282.5 

Ru/Fe 0.17 0.15 0.46 0.11

Ru4+/Ru6+ 3.0 2.1 2.4 1.8

Na/Fe(tot) 0.24 - 0.13 0.16 0.36

Ru/Na - 1.15 2.88 0.31

Table 2.  Binding energies (eV) of Ru3d5/2, Fe2p3/2 and Na1s photoelectrons and the element content. 

Fig.1. Fe2p spectrum of the carrier (D). The spectrum is fitted 
with the main Fe2p3/2 and Fe2p1/2 peaks and the set of relative 
peaks (2-6) substituting the satellite bands (thin solid lines). Sub-
traction of the spectrum of 2% Ru/Na-D from the spectrum of 
the pure support gives differential spectrum (broken line) shown 
inside the bottom part of the latter. The difference between Fe2p 
bands in pure Fe2O3 and FeO oxides is presented below.  

cation valence. Since in all sodium doped samples the 
separation of the most prominent peak S3 was better 
and in the ruthenium doped sample (2%Ru/Na-D) it was 
the best, the two metals seem to react with iron oxide, 
causing an increase in the ionicity of the lattice. This 
observation is confirmed by the effect of quenching of 
the satellites (Fig.2). 

The contributions of the main peak (uniform filling) 
and the S3 peak (shaded) to the Fe2p3/2 band are shown 
in Fig.2.  The lowest contribution of the all-satellite band 
to the spectrum and smallest of S3 peak (most sensitive 
region) are observed for the 2%Ru/Na-D sample. The 
changes in the intensity of the S3 peak can be related 
to the catalytic activity of Ru/Fe2O3 catalysts in the wa-
ter-gas shift reaction. Fig. 3 shows the S3 peak intensity 
versus the catalyst activity in WGSR at 3000C, illustrating 
the influence of doping on the electronic state of the sup-
port and the activity of  the Ru/Fe2O3  catalysts. 

Discussion

The activity of Ru/Fe2O3 catalysts in the water-gas 
shift reaction depends on the kind of support used [2-4 ], 
and it is not directly affected by the surface texture of iron 
oxide supports. The most important feature seems to be 
the susceptibility of Fe2O3 to reduction by CO [18]. The 
active phase was made of ruthenium compounds since in 
reaction conditions the catalytic activity of the support 
is very small and at 3000C it is practically non-existent.  
Preliminary studies have shown that the presence of the 
sodium promoter leads to an improvement in the proper-
ties of Fe2O3 as the support [5]. 

So far little is known about the surface reactions 
taking place in the system  (Na,Ru)Ox- Fe2O3 and XPS 
studies of Ru/Fe2O3 catalysts could bring some relevant 
information. Analysis of the Fe2p band in the XPS spec-
trum of Ru/Fe2O3 catalyst was performed with the method 
proposed in [13]. The method is based on the fitting with 
a multiplet and allows an accurate reproduction of the 
band and, consequently, an accurate determination of the 
differences between the spectra of two surfaces of differ-
ent electronic state. A comparison of the Fe2p spectra for 
Fe2O3 and FeO (Fig. 1), irrespective of the differences 
in the electron binding energy, shows that the electronic 
state significantly affects the structure of the band satel-
lites. Particularly important changes take place in the area 
of the peak S3. This fragment of the band is particularly 
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intensive for Fe(III). This observation has been used in 
analysis of the catalysts samples studied. For the most ac-
tive sample of 2%Ru/Na-D, despite a high binding energy 
of 710.5 eV, similar to that in the pure support (Fe2O3 (710.4 
eV), which indicated the presence of Fe(III), the electronic 
structure of the surface atoms became closer to the state 
established for  FeO [19,20]. Thus, we may conclude that 
the admixture of Na and Ru caused an increase in the ionic 
character of the surface atoms. This conclusion supported 
by the results of EPR measurements [21], indicates a strong 
interaction between the supported atoms of the active 
phase and the iron oxide support leading to an increase in 
the ionic character of the surface of the system.  From the 
two kinds of ruthenium oxide (Ru4+ and Ru6+)  occurring 
on the surface of the as-prepared catalysts, a more stable is 
RuO2 [22, 23], which explains its greater contribution in the 
ruthenium phase. The less stable RuO3 is stabilised in the 
presence of sodium ions. As suggested by the shift of the 
binding energy of iron and Ru4+  electrons, the interactions 
between RuO2 and the surface iron cations of the support 
are stronger than in RuO3 case. 

 The changes in the binding energy of Fe2p3/2 electrons 
under the influence of sodium and ruthenium and those in 
the binding energy of Ru3d5/2 electrons under the influence 
of sodium, bring the information on the reactions taking 
place on the surface of the support. A decrease in the iron 
electron binding energy as a result of sodium ions influence 
(the effect similar to that caused by an introduction of Na+ 
ions to SiO2 [20]) in the Na-D sample suggests an increase 
in the electronegativity of the surrounding of Fe3+ ions, so 
the appearance of ferrite structures.  Such structures were 
found in the systems with Fe2O3 doped with potassium 
cations  [24]. The shift of the binding energy of iron elec-

trons towards higher values in the Ru/D sample leads to the 
inverse situation and then iron plays the role of the cation.  
If so, the electronegativity of the surrounding of ruthenium 
increases leading to formation of complexes iron ruthenate 
type. Similar changes in the energy of Ru(4+)3d5/2 in the 
presence of sodium ions suggest the formation of sodium 
ruthenate type complexes.

The lack of changes in the binding energy of Ru(6+)3d3/2 
electrons under the effect of iron  and sodium cations, can 
be interpreted as a consequence of the lack of interactions 
or (which is more probable) the interactions with both 
kinds of cations leading to the formation of complexes 
with ruthenium playing the role of the anion. Such an 
interpretation of the acid-base interactions in the system 
(Na,Ru)Ox- Fe2O3 can explain the promoting properties 
of the sodium cations.  The part of ruthenium, which has 
not been sufficiently strongly bonded with the cations of 
the support becomes bonded and stabilised on the surface 
by the sodium cations. This enhances the dispersion of the 
ruthenium phase.  The increased dispersion of ruthenium 
oxides occurring as a result of the introduction of sodium 
to Fe2O3 is suggested by the results of temperature pro-
grammed reduction by hydrogen [25]. In the water-gas 
shift reaction the crystallites of ruthenium compounds are 
reduced to strongly dispersed metal, which is the actual ac-
tive phase of the Ru/Fe2O3 catalysts. As indicated by the re-
sults of high-resolution electron microscopy measurements 
[10], the increased dispersion of ruthenium favours a great 
activity of the catalysts in the water-gas shift reaction.

In conclusion we are of the opinion that the high ac-
tivity of the catalysts tested is related to the role of ruthe-
nium introduced into multiatomic active centres formed 
by iron ions responsible for the proper structure of the 
centres and ruthenium bonding. The presence of sodium 
atoms enhance the ionic character, which decreases the 

Fig.2. Main Fe2p3/2 peak (bars with uniform filling) and peak S3 
(shaded bars) contributions to the Fe2p3/2 band.

Fig.3.  Relationship between CO conversion (% mol.) at 300°C 
and the structure of the Fe2p3/2 band represented by the relative 
intensity of the S3 peak (S3/S1).
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electronegativity of ruthenium and increases the mobility 
of its valence electrons.
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