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High temperature water gas shift reaction (WGS) at low steam to CO ratios has been investigated over
Fe2.4Ce0.3M0.3O4 (M = Cr, Co, Zr, Hf, and Mo) type of spinels in the temperature region of 400–550 �C
and in the presence of sulfur. Remarkably, both Cr- and Co-doped Fe/Ce catalysts show excellent activity
at steam to CO ratio as low as 1.5. Other dopants namely Zr, Hf and Mo have little or no effect on the WGS
activity of Fe/Ce. All the catalysts exhibit excellent stability in the presence of sulfur. X-ray diffraction
(XRD) measurements reveal the formation of hematitic phase in as-prepared catalysts and magnetite
phase in activated and spent catalysts. After the water gas shift reaction, we observe a decrease in the cell
parameter of the magnetite lattice for the spent Fe/Ce and Co-, Zr-, Hf-, and Mo-doped Fe/Ce catalysts
compared to the activated catalysts. For Cr-doped Fe/Ce catalyst, no change in the lattice parameter
was observed after the WGS reaction at a steam/CO ratio = 1.5 and in the presence of sulfur. Tempera-
ture-programmed reduction (TPR) measurements suggest that the addition of Zr and Hf to the Fe/Ce low-
ers the reduction temperature of surface ceria. X-ray photoelectron (XPS) spectra show that both Cr and
Co inhibit the carbonate formation in the magnetite during the activation as well as the WGS reaction,
whereas Zr, Hf, and Mo can inhibit the formation of carbonate in the magnetite during the activation
but not during the WGS reaction. Mössbauer spectral analysis shows that both Cr and Co occupy the octa-
hedral sites of the magnetite during the activation of the catalysts and exhibit higher WGS activity. On
the other hand, Zr, Hf, and Mo have little or no effect on the structure and catalytic properties of magne-
tite either during the activation or during the WGS reaction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction formation of carbon also blocks membrane pores, thus lowering
In recent years, a large number of studies (feasibility, computa-
tional, and real time analyses) have been performed on water gas
shift (WGS) reaction in membrane reactors [1–6]. The WGS
reaction in a membrane reactor (MR) is potentially capable of com-
pleting the CO conversion and achieving simultaneous H2/CO2 sep-
aration in a single stage operation [7,8]. In the MR, the selective
permeation of H2 through the membrane occurs simultaneously
as the reaction proceeds and reduces the hydrogen pressure in
the catalyst bed to shift the CO conversion (CO) and overcome
the equilibrium conversion. By performing WGS reaction in mem-
brane reactors at low steam to CO ratios, one eliminates the ther-
modynamic limitations and also reduces the operating cost [2,3].
However, problems may arise when using a feed with a low H2O
to CO ratio; side reactions may occur and produce undesired prod-
ucts, such as carbon and/or methane. The formation of carbon
could block the catalyst bed and cause catalyst deactivation. The
ll rights reserved.

chand), panagiotis.smirnioti-
its permeability. For these reasons, it is useful to develop a suitable
catalyst for membrane reactor applications that works at low
steam to CO ratios.

In our previous study, we developed several transition metal
oxide doped iron oxide catalysts with the chemical composition
Fe2.73M0.27O4 (M = Cr, Mn, Co, Ni, Cu, Zn, and Ce) for use in mem-
brane reactors for high temperature WGS reaction applications
[9,10]. Among the various dopants investigated, Ce-doped iron
oxide catalyst exhibited the highest WGS activity at high reaction
temperatures (T > 450 �C) and higher steam to CO ratios [9]. Ceria
(CeO2) is an oxide with important applications in many areas of
chemistry, materials science, and physics [11–13]. In its most sta-
ble phase, bulk CeO2 adopts a fluorite-type crystal structure in
which each metal cation is surrounded by eight oxygen atoms
[11,14]. Two features are mainly responsible for making cerium a
promising material for use either as a support or as a promoter
in WGS reactions. These are (a) the redox couple Ce3+/Ce4+, with
the ability of ceria to shift between CeO2 (Ce4+) and Ce2O3 (Ce3+)
under oxidizing and reducing conditions, respectively, and (b)
the ease of formatting of labile oxygen vacancies, and particularly
promoting the relatively high mobility of bulk oxygen species [15].
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Cerium oxide-containing WGS catalysts are promising also because
of the oxygen storage capacity of ceria and the cooperative effect of
Ce-metal in leading to highly active sites [16]. Our previous studies
also revealed that both iron and ceria undergo a facile charge trans-
fer reaction between Fe3+

M Fe2+ and Ce4+
M Ce2+ redox couples,

respectively; the synergism between the two couples could be
responsible for the improved WGS activity [9]. Additionally, at
higher temperatures, the rapid transformation of oxygen exchange
between Ce3+/Ce4+ redox couple as well as the improvement in the
oxygen storage capacity of ceria [17] will help the iron to keep its
shift activity high. The problem associated with the Fe/Ce catalyst
is that it becomes less active at low steam to CO ratios.

The present study is focused on developing a novel series of sul-
fur tolerant Fe/Ce catalysts for membrane reactor WGS applica-
tions. We focus on operation at low steam to CO ratios,
conditions that are of unique industrial interest. For this purpose,
various metal (Cr, Co, Mo, Zr, and Mo) doped Fe/Ce catalysts of a
fixed doping concentration were prepared by ammonia assisted
co-precipitation method. The synthesised catalysts were evaluated
for high temperature WGS reaction at steam/CO ratios = 3.5 and
1.5 in a traditional fixed bed reactor. We found that the structural,
surface properties, and catalytic performance of metal doped Fe/Ce
catalysts depend on the nature of dopant. Remarkably, both the Cr-
and Co-doped Fe/Ce catalysts exhibit excellent activity at low
steam to CO ratios for the high temperature WGS reaction and
reach equilibrium conversions at steam/CO ratio = 1.5. All the cat-
alysts show excellent stability in the presence of 400 ppm of sulfur.
No deactivation of any catalyst is observed in the presence of sul-
fur. Structural characterization measurements show that both Cr
and Co dopants act to stabilize the magnetite phase and inhibit
the sintering of it during the activation and WGS reaction. How-
ever, surface characterization measurements suggest that these
dopants hinder the Fe2+

M Fe3+ structural rearrangement on the
surface of doped magnetite. A plausible explanation for the role
of these Cr- and Co-doped ferrites on WGS activity is proposed
using local and extended range structural data available from
Mössbauer, XRD, and XPS measurements, respectively.
2. Experimental

2.1. Catalyst preparation

Ammonia assisted co-precipitation route is explored for high-
yield preparations of various modified spinels Fe/Ce/M (M = Cr,
Co, Mo, Zr, and Hf) at atomic ratios 10:1:1. In a typical preparation,
calculated amounts of iron nitrate, cerium nitrate, and the corre-
sponding dopant metal nitrate were dissolved separately in deion-
ized water and mixed together. Dilute aqueous ammonia was
added gradually dropwise to the aforementioned mixture solu-
tions, with vigorous stirring, until precipitation was complete
(pH � 9). The supernatant liquid was analyzed for nitrate ions by
adding about 1 ml concentrated sulfuric acid to 10 ml of the super-
natant, while the formation of [Fe(NO)]2+ can be detected by a
brown ring [18]. The formation of brown ring was not observed
in all the cases. Thus, the obtained precipitate gels were further
aged overnight and filtered off. The obtained cakes were oven dried
at 80 �C for 12 h and finally calcined at 500 �C for 3 h in inert envi-
ronment. The rate of heating as well as cooling was always main-
tained at 5 �C min�1.
2.2. Catalyst characterization

2.2.1. Surface area and pore size distribution analysis
The BET surface areas were obtained by N2 adsorption on a

Micromeritics 2010 Instrument. Prior to analysis, samples were
oven dried at 120 �C for 12 h and flushed with Argon for 3 h. All
samples were degassed at 300 �C under vacuum before analysis.
The pore size distribution analyses were conducted by N2 physi-
sorption at liquid N2 temperature using Micromeritics ASAP 2010
apparatus.

2.2.2. X-ray diffraction measurements
Powder X-ray diffraction (XRD) patterns were recorded on a Phil-

lips Xpert diffractometer using nickel-filtered Cu Ka (0.154056 nm)
radiation source. The intensity data were collected over a 2h range of
3–80� with a 0.02� step size and using a counting time of 1 s per
point. Crystalline phases were identified by comparison with the
reference data from ICDD files. The average crystallite size was esti-
mated with the help of the Debye–Scherr equation, using the XRD
data of all prominent lines [19]. Lattice parameter estimations were
carried out by employing standard indexation methods using the
intensity of high 2h peaks (2 1 4) and (3 0 0) [19–21].

2.2.3. TPR measurements
The temperature-programmed reduction (TPR) with hydrogen,

of various catalyst samples, was performed by means of an auto-
mated catalyst characterization system (Micromeritics, model
AutoChem II 2920), which incorporates a thermal conductivity
detector (TCD). The experiments were carried out at a heating rate
of 5 �C/min. The reactive gas composition was H2 (10 vol.%) in
Argon. The flow rate was fixed at 10 ml/min (STP). The total reac-
tive gas consumption during TPR analysis was measured. The TPR
measurements were carried out following activation after cooling
the sample in helium flow to 50 �C. The sample was then held at
50 �C under flowing helium to remove the remaining adsorbed
oxygen until the TCD signal returned to the baseline. Subsequently,
the TPR experiments were performed up to a temperature 800 �C.
The water formed during the reduction was removed by using a
trapper. The gas stream coming from the reactor was passed
through a trapper before the gas entered into the GC. A mixture
of isopropanol and liquid nitrogen was used in the trapper to trap
the formed water during the TPR experiment.

2.2.4. Mössbauer spectral analysis
57Fe Mössbauer spectra were recorded in a transmission geom-

etry using a constant acceleration spectrometer with liquid helium
metal dewar [22]. Experiments were performed at room tempera-
ture. A 20 mCi of 57Co (Rh) was used as an emitter, and the spec-
trometer was calibrated using a a-Fe foil, and taking the isomer
shift of Rh at �0.15 mm sec�1 w.r.t. a-Fe. Linewidths, on the inner
two lines of a-Fe, were typically found to be 0.22 mm/s. An 80 mg
quantity of the oxide catalyst as a fine powder was spread on a thin
Teflon sheet using GE varnish as a binder and used as an absorber.
Typical run lasted 48 h, and base line counts per channel were two
millions. Mössbauer spectroscopy of as-prepared, activated, and
used catalysts after the WGS reaction was measured. The catalyst
was mixed with GE varnish in nitrogen hood to prevent hydrolysis
from ambient air.

2.2.5. XPS measurements
The X-ray photoelectron spectroscopy (XPS) measurements

were performed on a Pyris VG thermo scientific spectrometer using
Al Ka (1486.6 eV) radiation as the excitation source. Charging of
the catalyst samples was corrected by setting the binding energy
of the adventitious carbon (C 1s) at 284.6 eV. The XPS analysis
was performed at ambient temperature and at pressures typically
on the order of <10�8 Torr. Prior to analysis, the samples were out
gassed under vacuum for 4 h. The Fe2p spectra were deconvoluted
to find out the ratio between Fe2+ and Fe3+ on the surface. The
details of curve fitting procedure are as follows: (1) select binding
energy range for background subtraction; (2) select the linear
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method for the background subtraction; (3) select Gaussian-
Amplitude for peak selection; (4) select the asymmetry factor as
1; (5) select area for the specific peaks; and (6) select the best fitted
curve for experimentally obtained Fe2p, which gives the minimum
chi square. These steps were repeated until best chi squared given.
380 400 420 440 460 480 500 520 540 560
20

30

40

50

60

70

80

90

100

-- Eq. Conversion

WHSV = 60,000 h-1

Steam to CO = 3.5

Temperature (oC)

C
O

 c
on

ve
rs

io
n 

(%
)  FeCe

 FeCeCr
 FeCeCo
 FeCeZr
 FeCeHf
 FeCeMo

Fig. 1. WGS activity results of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and
Mo) catalysts (WHSV = 60,000 h�1, Steam to CO ratio = 3.5).
2.3. Catalyst activity

The WGS reaction was carried out in a vertical down flow fixed
bed differential ceramic microreactor (i.d. 0.635 cm) at atmospheric
pressure. In a typical experiment, ca. 0.1 g of powdered catalyst was
placed between two plugs of quartz wool. The reactor was placed
vertically inside a programmable tubular furnace (Lindberg), which
was heated electrically. The catalyst pre-treatment involves the
partial reduction of hematite (Fe2O3) to magnetite (Fe3O4) using a
process gas (mixture of H2, CO, CO2, (99.9% pure gases) and water
vapor) [23–25] with an reductant to oxidant ratio of R = 1.4
(R = [CO2] + [H2O]/[CO] + [H2]). Prior to the reaction, the catalyst
was pre-treated in flowing process gas at 400 �C for 4 h. It is impor-
tant to avoid over-reduction of the magnetite active phase to lower
carbides, oxides, or metallic iron phases. Metallic iron phases are
active catalysts for methanation and Fischer–Tropsch processes
[23]. The rate of heating and cooling was always maintained at
5 �C min�1. The gas flows were regulated through pre-calibrated
mass flow controllers with digital read-out unit (MKS instruments).
Water was injected into the system through a motorized syringe
pump (Cole-Parmer type 74,900) to generate steam. The entire sys-
tem was kept at 200 �C by using heating tapes. Before pre-treat-
ment, the reactor set-up was flushed with an inert gas, and the
pre-treatment gas mixture was initialized only after the catalytic
system had attained temperatures higher than 150 �C. The experi-
ments were performed in the temperature region of 400–550 �C
using a constant steam to CO ratios equal to 1.5 and 3.5. The gas
hourly space velocity of 60,000 h�1 was maintained in all the exper-
iments. The product stream coming from the reactor was passed
through ice cooled trap to condense water, after which the product
gases were analyzed with an online TCD (Gow Mac series 550 ther-
mal conductivity detector) having a porapak Q column for separa-
tion of the gases. This TCD was interfaced to a personal computer
using a peak simple chromatography data system. The postanalyses
of results were done on the peak simple 2.31 software. The product-
gas was injected through a six port valve, and sampling was per-
formed every 20 min intervals. In this study, the reported values
of conversions correspond to steady-state values at 12 h on stream.
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Fig. 2. WGS activity results of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and
Mo) catalysts (WHSV = 60,000 h�1, Steam to CO ratio = 3.5).
3. Results and discussion

Prior to the initial use of the catalysts, iron(III) oxide hematite
(Fe2O3) is reduced to magnetite (Fe3O4) using the reformer product
gases, where excess additional steam is introduced to control the
proper extent of the reduction [26–28]. Over-reduction of the cat-
alyst to FeO or Fe causes the loss of the active component (Fe3O4)
as well as physical damage of the catalyst. In such a case, a damag-
ing hot spot can form during the reaction due to exothermic
methanation for which metallic iron is known to be a good catalyst
[27]. Thus, it is very desirable to avoid over-reduction of the Fe3O4

during pre-reduction as well as the WGS reaction [27]. It is gener-
ally known from industrial experience that if the reduction factor
(R) for the reformed gas is maintained at less than 1.2, then over-
reduction of Fe3O4 does not occur, while over-reduction consis-
tently occurs when R is greater than 1.6 [24,26]. In the present
study, an optimal reduction factor (R) equal to 1.4 was utilized
without adding any additional steam.

High temperature WGS reaction has been carried out over the
activated Fe/Ce and metal doped Fe/Ce catalysts at steam/CO ra-
tios = 3.5 and 1.5 in the temperature region from 400 to 550 �C. A
relatively high space velocity of 60,000 h�1 was used in the present
study. The WGS reaction conditions were chosen to mimic the
membrane reactor applications [29]. The WGS activity profiles of
Fe/Ce and various metal doped Fe/Ce catalysts at steam/CO
ratio = 3.5 are shown in Fig. 1. The reported conversion values are
taken after 12 h of time on stream. In general with increasing tem-
perature, the WGS activity is found to increase. No pressure drop
across the catalyst bed is observed during the experiments nor
was CH4 detected in the effluent stream. Interestingly, all the doped
and Fe/Ce catalyst reached equilibrium conversions at the highest
temperature investigated (550 �C). Among the various dopants,
both Cr- and Co-doped Fe/Ce catalysts exhibited high activity at
lower reaction temperatures (400–500 �C). The remaining dopants,
Zr, Hf, and Mo in Fe/Ce catalysts, had little or no effect on the WGS
activity at steam/CO ratio = 3.5. They exhibited the same activity as
Fe/Ce. Fig. 2 shows the WGS activity profiles of Fe/Ce and various
metal doped Fe/Ce catalysts at steam to CO ratio of 1.5. As expected,
by decreasing the steam to CO ratio from 3.5 to 1.5, a decrease in the
WGS activity of Fe/Ce, and Zr-, Hf-, and Mo-doped Fe/Ce catalysts
was observed. However, both Cr- and Co-doped Fe/Ce catalysts
keep their high WGS activity at steam/CO ratio = 1.5. Both Cr- and
Co-doped catalysts reached equilibrium conversions at the highest
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reaction temperature of 550 �C. Between the two dopants, Cr and
Co, Cr-doped Fe/Ce catalyst exhibited the highest WGS activity.
The activated ferrites were also tested for sulfur tolerance. Fig. 3
presents the WGS activity profiles of Fe/Ce and metal doped Fe/Ce
catalysts in the presence of 400 ppm of sulfur at steam/CO ra-
tio = 1.5. Interestingly, none of the catalysts show deactivation in
the presence of sulfur. All the catalysts exhibited excellent stability
toward 400 ppm of sulfur. In general, in the presence of sulfur, cat-
alysts become sulfided with Fe3O4 converting to FeS [30,31]. In the
present study, in the presence of sulfur, no formation of FeS was ob-
served from the XPS studies after the WGS reaction. This is probably
due to the resistance of ceria toward sulfurization. Ceria stabilizes
magnetite from the sulfiding during the WGS reaction. Thus, WGS
activity results suggest that both Cr- and Co-doping provide high
activity at low steam to CO ratios as well. Other dopants Zr, Hf,
and Mo have little or no effect on the WGS activity of Fe/Ce. Ceria
stabilizes the magnetite during the WGS reaction in the presence
of sulfur.

3.1. Structural and surface properties

To investigate the structural changes during calcination, activa-
tion, and the WGS reaction, XRD measurements were performed
over as-prepared, activated, and spent catalysts after the WGS reac-
tion at steam to CO ratio of 1.5 and in the presence of sulfur. XRD
patterns of as-prepared catalysts are presented in Fig. 4. The eight
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Fig. 4. X-ray powder diffraction patterns of Fe/Ce and various Fe/Ce/M (M = Cr, Co,
Zr, Hf, and Mo) fresh catalysts (� – Fe3O4, + – CeO2).
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Fig. 3. WGS activity results of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and
Mo) catalysts (WHSV = 60,000 h�1, Steam to CO ratio = 3.5, 400 ppm H2S).
major reflections centered at 21.38�, 25.48�, 30.38�, 35.68�,
43.58�, 53.98�, 57.28�, and 62.78� in the XRD pattern of the fresh
Fe/Ce catalyst correspond well to those of a-Fe2O3 structure [32].
In addition to these peaks, one more peak was observed at 2h =
29.2�. This peak is due to the cubic fluorite structure of ceria
[33]. Both Cr- and Co-doped Fe/Ce catalysts exhibit completely
amorphous patterns. On the other hand, Zr-, Hf-, and Mo-doped
Fe/Ce catalysts show intense peaks due to both hematite and ceria
in the XRD patterns. In the case of Zr- and Hf-doped Fe/Ce catalysts,
the peak due to ceria has been shifted to a higher 2h value. This is
due to the formation of solid solution between Ce and Zr/Hf as
reported by several authors [34]. No reflections corresponding to
any of the third doped metal oxide, i.e., Cr2O3, Co3O4, ZrO2, HfO2,
and MoO3 or compounds are observed. The activated Fe/Ce catalyst
(Fig. 5) exhibited seven reflections in its XRD pattern at 17.38�,
29.88�, 35.58�, 43.18�, 53.48�, 57.08�, and 62.58�, which we identi-
fied with those of Fe3O4 (magnetite) inverse cubic spinel. Magne-
tite crystallizes in an AB2O4 structure where A represents
tetrahedral sites that are occupied by 1/3rd of Fe3+ ions and B rep-
resents octahedral sites that are occupied by 2/3rd of Fe3+ and Fe2+

ions. The oxidation–reduction cycle of iron cations is responsible
for the catalytic activity. Hence, it is very important to convert
hematite to magnetite during the pre-reduction of catalysts with-
out any over-reduction. Interestingly, in the present study, there is
no evidence for the formation of Fe (metallic) or FeO phases due to
over-reductions, which are inactive phases for the WGS reaction.
The XRD results on spent catalysts after the WGS reaction (Fig. 6)
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Fig. 5. X-ray powder diffraction patterns of Fe/Ce and various Fe/Ce/M (M = Cr, Co,
Zr, Hf, and Mo) activated catalysts (� – Fe3O4, + – CeO2).
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Fig. 6. X-ray powder diffraction patterns of Fe/Ce and various Fe/Ce/M (M = Cr, Co,
Zr, Hf, and Mo) spent catalysts (tested at 550 �C) (� – Fe3O4, + – CeO2).



Table 2
Crystallite size values of the Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo)
fresh, activated, and spent catalysts after the WGS reaction at steam to CO ratio 1.5.

Sample Crystallite sizea

Fresh Activated Used*

Fe/Ce 9 15 23
Fe/Ce/Cr nd 6 6.8
Fe/Ce/Co nd 7.1 8.2
Fe/Ce/Zr 6.5 11 20
Fe/Ce/Hf 6 9 22.5
Fe/Ce/Mo 10 16 22

nd: Not determined due to amorphous nature.
a Calculated using Debye–Scheer equation The error in crystallite size is ±0.1.

* Samples activated at 400 �C in the presence of process gas and tested at 550 �C.
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at steam/CO ratio = 1.5 show reflections of magnetite phase only.
These data show that our catalysts are quite stable upon WGS reac-
tion. On the whole, XRD results demonstrate that the Fe/Ce and
metal doped Fe/Ce fresh calcined catalysts primarily crystallize in
the hematite phase and they are converted into the magnetite
phase upon activation. The phase retains its structure during the
WGS reaction without reducing into either FeO or metallic iron.

The lattice parameter of Fe3O4 phase was calculated using inter-
planar spacing to establish whether metal dopant ions enter into
the magnetite lattice upon activation [21]. The lattice parameters
of Fe/Ce and metal doped Fe/Ce activated and spent catalysts after
the WGS reaction at steam/CO = 1.5 and in the presence of
400 ppm of H2S appear in Table 1. Co-, Zr-, Hf-, and Mo-doped
Fe/Ce catalysts exhibit lattice expansion, whereas Cr-doped Fe/Ce
catalysts exhibit lattice contraction compared to the Fe/Ce catalyst.
All dopants except Cr possess a larger ionic radius than Fe3+ leading
to the lattice (cell volume) expansion. In contrast, Cr3+ replaces
Fe3+ ions at octahedral sites, and the distance between them is re-
duced, leading to the lattice (cell volume) contraction. A decrease
in magnetite lattice spacing is observed for the spent Fe/Ce and
Co-, Zr-, Hf-, and Mo-doped Fe/Ce catalysts after the WGS reaction
at steam/CO ratio = 1.5 and in the presence of sulfur compared to
the activated catalysts. This is due to the rearrangement of Fe ions
between the Oh and Td sites during the WGS reaction. These results
are well agreed with our previous results [9]. Our previous studies
also had shown the structural rearrangement of Fe2+ and Fe3+ ions
in both Fe3O4 and Fe/Cr (10:0.2) during the WGS reaction and
exhibited less WGS activity. On the other hand, Cr-doped Fe/Ce cat-
alyst exhibits no detectable change in the lattice parameter after
the WGS reaction. These data suggest that Cr dopant serves to sta-
bilize the magnetite structure during the WGS reaction.

Crystallite sizes of magnetite phase are determined using the
Debye–Scheer equation and used to elucidate the role of process-
ing such as activation and WGS reaction on the sintering of the
magnetite phase. The crystallite sizes of as-prepared, activated,
spent Fe/Ce and metal doped Fe/Ce catalysts after the WGS reaction
at a steam/CO ratio = 1.5 and in the presence of 400 ppm of sulfur
are presented in Table 2. Due to the amorphous nature of the pat-
terns, it is not possible to determine the crystallite sizes of Cr- and
Co-doped Fe/Ce as-prepared catalysts. On the other hand, the
remaining ferrites, i.e., Fe/Ce and Zr-, Hf-, and Mo-doped Fe/Ce fer-
rites, were nanocrystalline in as-prepared state. Zr, Hf, and Mo, as
dopants in Fe/Ce, neither decreased nor increased the crystallite
size of hematite in relation to the pristine Fe/Ce catalyst. After acti-
vation in a controlled atmosphere, the crystallite sizes of the Fe/Ce
and metal doped Fe/Ce catalysts increased [35]. Both Cr- and Co-
doped Fe/Ce catalysts exhibited smaller crystallite sizes compared
to the pristine Fe/Ce catalyst. Zr-, Hf-, and Mo-doped Fe/Ce cata-
lysts had little or no effect on the sintering of the magnetite phase
during activation and exhibited crystallite sizes similar to that of
the pristine Fe/Ce. On the other hand, both Cr and Co hindered
the sintering of the magnetite phase during the activation. A rapid
Table 1
BET surface area, pore diameter, and lattice parameter values of the Fe/Ce and various
Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo) catalysts.

Sample BET surface
area (m2/g)

Pore diameter (nm) Lattice parameter*

Activated Spent

Fe/Ce 98 81 8.44 ± 0.001 8.37 ± 0.001
Fe/Ce/Cr 150 75 8.39 ± 0.01 8.4 ± 0.01
Fe/Ce/Co 135 78 8.46 ± 0.01 8.4 ± 0.01
Fe/Ce/Zr 100 83 8.48 ± 0.001 8.38 ± 0.001
Fe/Ce/Hf 99 85 8.49 ± 0.001 8.38 ± 0.001
Fe/Ce/Mo 95 98 8.44 ± 0.001 8.37 ± 0.001

* Calculated following standard indexation procedures from the peaks (3 1 1).
increase in the crystallite size was observed in the spent Fe/Ce cat-
alyst at a steam/CO ratio = 1.5 and in the presence of 400 ppm of
sulfur. In the case of both Cr- and Co-doped Fe/Ce catalysts, no evi-
dence of sintering of the magnetite phase was observed upon WGS
reaction for 12 h. Other dopants Zr, Hf, and Mo had no or little ef-
fect on the sintering of the magnetite phase during the WGS reac-
tion; they exhibited similar crystallite sizes. XRD measurements
suggested formation of a solid solution between Ce and Zr/Hf.
But it is unable to prevent the sintering of magnetite phase during
the activation as well as during the WGS reaction. BET surface area
and pore diameter values of Fe/Ce and metal doped Fe/Ce catalysts
are presented in Table 1. Both Cr- and Co-doped Fe/Ce catalysts
exhibited higher surface areas compared to Fe/Ce, whereas other
dopants Zr, Hf, and Mo did not have any influence on the surface
area of the Fe/Ce. A narrow particle size distribution of
7.5–10 nm was observed in all cases.
3.2. TPR measurements

Temperature-programmed reduction measurements were per-
formed over Fe/Ce and metal doped Fe/Ce catalysts to examine
the effect of foreign metal on the reducibility of hematite and ceria.
The temperature maxima of each transition for various catalysts
are presented in Table 3. As reported in our previous studies
[36], Fe/Ce catalyst exhibits total four peaks in its TPR profile.
These peaks primarily belong to surface ceria reduction, hematite
to magnetite transition, magnetite to wustite transition, and wus-
tite to metallic iron transitions, respectively. In Fe/Ce, the hematite
to magnetite transition occurred at 300 �C, and surface ceria reduc-
tion occurred at 330 �C. The magnetite to wustite reduction
occurred at 566 �C. Cr-doped Fe/Ce catalyst exhibited surface ceria
reduction peak at 333 �C, hematite to magnetite reduction at
305 �C, and magnetite to wustite transition at 566 �C. Similarly,
Co-doped Fe/Ce catalyst also exhibited surface ceria, hematite to
magnetite, and magnetite to wustite transitions at 315 �C, 310 �C,
and 550 �C, respectively. These results suggest that doping of Cr/
Co-doping into Fe/Ce did not have any effect on the reducibility
of surface ceria, hematite to magnetite transition, or magnetite to
wustite transitions. In case of Cr-, Co-, and Mo-doped Fe/Ce
Table 3
Tmax (�C) values of various phase transformations of the Fe/Ce and various Fe/Ce/M.

Sample Fe2O3 to Fe3O4 Fe3O4 to FeO Surface ceria

Fe/Ce 300 566 328
Fe/Ce/Cr 303 566 310
Fe/Ce/Co 306 550 315
Fe/Ce/Zr 290 528 230
Fe/Ce/Hf 308 521 239
Fe/Ce/Mo 302 595 318

(M = Cr, Co, Zr, Hf, and Mo) catalysts.
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catalysts, hematite to magnetite reduction occurred earlier than
surface ceria reduction, whereas in case of Zr, Hf doped catalysts,
they occurred in opposite way. This is due to the formation of solid
solutions between Ce and Zr/Hf as revealed by XRD measurements.
But there is no change in the reduction temperature of either
hematite to magnetite or magnetite to wustite transitions. Hence,
formation of solid solution between Ce and Zr/Hf did not have
any effect on the reducibility of hematite to magnetite transition.
Like Cr and Co, doping Fe/Ce with Mo did not show any effect on
the reducibility of surface ceria or Fe2O3 ? Fe3O4 ? FeO transi-
tions. On the whole, our TPR results show that any of the doped
metal exhibits neither promotional effect nor inhibition effect on
the transition temperature of Fe2O3 ? Fe3O4 ? FeO
transformations.
3.3. Mössbauer spectroscopic measurements

X-ray diffraction is necessary but not a sufficient technique for
the structural characterization of powders of the Fe3�xO4 system.
Mössbauer spectroscopy is a particularly powerful probe to eluci-
date the Fe local structure and to understand the role of dopant
on stoichiometry in the present catalysts. The as-prepared,
activated, and spent Fe/Ce and metal doped Fe/Ce catalysts after
WGS reaction at steam/CO ratio = 1.5 and in the presence of sulfur
were therefore further characterized by using Mössbauer spectros-
copy at room temperature. These data provide invaluable insights
into the relative proportions of Fe2+ and Fe3+ in different local struc-
tures and oxygen coordination. XRD results suggest that all the cat-
alysts contain hematite phase in as-prepared catalysts and
magnetite phase in activated and spent catalysts. At room tempera-
ture, hematite exhibits one 6 line pattern due to Fe3+ ions at octahe-
dral sites in Mössbauer spectroscopy [9]. On the other hand,
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Fig. 7. Mossbauer spectra of Fe/Ce catalysts
magnetite exhibits two six line patterns; one pattern arises from
Fe3+ ions at tetrahedral sites, while the other from contributions
of both Fe3+ and Fe2+ ions at octahedral sites [37]. The Mössbauer
spectra of pure magnetite and Fe/Cr catalysts were reported in
our earlier publication [35]. The Mössbauer spectra of as-prepared,
activated, and spent Fe/Ce and the Cr-, Co-, and Zr-doped Fe/Ce cat-
alysts are presented, respectively, in Figs. 7–10. The isomer shift (d),
magnetic field (H), and quadruple splitting (D) values deduced from
these data are presented in Table 4. The fraction of super-paramag-
netic phase formed in these catalysts values is shown in Table 5. As
reported in previous studies, the as-prepared Fe/Ce before activa-
tion exhibits one six line pattern and a peak at zero velocity [9].
The six line pattern arises from the Fe3+ ions at octahedral sites of
Hematite. The peak near zero velocity is attributed to super
-paramagnetic phase formed in the catalyst. Super-paramagnetism
arises from Fe3O4 particles of <5 nm crystallite size. Fe/Ce catalyst
exhibits a 49% of super-paramagnetic fraction in the as-prepared
state. The activated and spent Fe/Ce catalyst exhibits two six line
patterns in the Mössbauer spectra (Fig. 7b and c). The pattern with
higher magnetic field arises from the Fe3+ ions at tetrahedral sites
while that pattern with the lower magnetic field from the Fe3+

and Fe2+ ions at the octahedral sites. The d, H, and D values pre-
sented in Table 4 agree well with earlier reports [38]. Interestingly,
the fraction of super-paramagnetic phase decreased from 49 to 18%
after activating the Fe/Ce catalyst, and it disappeared completely
after the WGS reaction at steam/CO ratio = 1.5 and in the presence
of sulfur. These results agree well with crystallite size consider-
ations, viz., an increase due to the sintering of the magnetite phase
upon activation and WGS reaction in the Fe/Ce catalyst. On the
other hand, Cr-doped Fe/Ce catalyst (Fig. 8) exhibited 95% of
super-paramagnetic phase in the as-prepared state, about 80% in
the activated, and 70% spent state. These results suggest that the
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Fig. 8. Mossbauer spectra of Fe/Ce/Cr catalysts: (a) fresh, (b) activated, and (c) spent.
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Table 4
Isomer shift (d), magnetic field (H), and quadrapole splitting (D) various Fe/Ce/M
(M = Cr, Co, Zr, Hf, and Mo) catalysts. Isomer shifts are quoted relative to a-Fe at room
temperature.

Sample Tetrahedral sites Octahedral sites

da (mm/
s)

kOe(T) D (mm/
s)

da (mm/
s)

kOe(T) D (mm/
s)

Fe/Ce 0.25 492 �0.01 0.43 458 0.18
Fe/Ce (spent) 0.25 493 0.04 0.42 466 �0.03
Fe/Ce/Cr 0.25 493 0.02 0.36 452 0.27
Fe/Ce/Cr

(spent)
0.26 483 0.02 0.35 459 �0.03

Fe/Ce/Co 0.25 499 0.01 0.38 473 �0.01
Fe/Ce/Co

(spent)
0.26 490 0.05 0.39 460 0.01

Fe/Ce/Zr 0.26 496 0.02 0.43 460 �0.02
Fe/Ce/Zr

(spent)
0.25 495 0.01 0.41 460 0.01

Fe/Ce/Hf 0.27 488 0.06 0.42 455 0.02
Fe/Ce/Hf

(spent)
0.25 490 �0.02 0.42 458 �0.02

Fe/Ce/Mo 0.26 495 0.02 0.43 460 �0.01
Fe/Ce/Mo

(spent)
0.26 486 0.04 0.42 457 0.07

The error in d is ±0.02 mm/s, in D is ±0.02 mm/s, and in H is ±5 koe.

Table 5
Super-paramagnetic fraction in Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo)
catalysts.

Sample Fraction of super-paramagnetic Nature (%)

Fresh Activated Used

Fe/Ce 49 18 0
Fe/Ce/Cr 95 80 70
Fe/Ce/Co 88 50 48
Fe/Ce/Zr 78 20 2
Fe/Ce/Hf 70 10 1.5
Fe/Ce/Mo 44 14 0

The error in fraction of super-paramagnetic nature is ±7.
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Cr-doped catalyst contains 70% of the Fe3O4 phase nanoparticles
even after the WGS reaction. This nanophase, most likely, is respon-
sible for the higher WGS activity. We note that the d and H values at
Td sites of Cr-activated catalyst (Table 4) are similar to those of the
activated Fe/Ce catalyst. On the other hand, both d and H values
for Oh sites in the Cr-activated catalyst decreased when compared
to the activated Fe/Ce catalyst (no Cr-doping). These results show
that Cr selectively enters at the octahedral sites of the magnetite
upon activation to replace equal amounts of Fe3+ and Fe2+ ions as re-
ported [39]. Co-doping in analogy to Cr-doping (Fig. 9) also leads to
a reduction in d and H values at Oh sites compared to the Fe/Ce cat-
alyst but to a lesser degree. Here also, Co-doping retains 48% of
super-paramagnetic phase after WGS reaction at steam/CO ra-
tio = 1.5 and in the presence of sulfur. On the other hand,
Mössbauer spectra of as-prepared, activated, and spent Zr-
(Fig. 10), Hf- (not shown), and Mo (not shown)-doped Fe/Ce cata-
lysts are similar to those of Fe/Ce catalyst. The d and H values at
both octahedral (Oh) and tetrahedral (Td) sites after activation and
after the WGS reaction in these metal doped catalysts are similar
to the d and H values of the Fe/Ce catalyst. The super-paramagnetic
phases of these metal doped catalysts also decrease after activation



Table 6
XPS core level binding energies of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and
Mo) catalysts.

Sample O1s Fe 2p Ce 3d Surface
Fe3+/Fe2+ ratio

% of Ulll

peak of Ce 3d

Fe/Ce 529.8 712.4 1.8 ± 0.1 10.96
Fe/Ce (spent) 529.7 711 1 ± 0.1 10.6
Fe/Ce/Cr 529.7 712 1.98 ± 0.1 4.82
Fe/Ce/Cr (spent) 529.6 711.1 2.18 ± 0.1 5
Fe/Ce/Co 529.7 711.9 1.9 ± 0.1 8
Fe/Ce/Co (spent) 529.7 711 2.1 ± 0.1 8.1
Fe/Ce/Zr 529.8 711.2 2.47 ± 0.1 9.31
Fe/Ce/Zr (spent) 530 712 2.15 ± 0.1 8.27
Fe/Ce/Hf 529.7 712.4 2.54 ± 0.1 8.7
Fe/Ce/Hf (spent) 530 711.4 1.89 ± 0.1 8.3
Fe/Ce/Mo 529.5 711.6 2.63 ± 0.1 10.9
Fe/Ce/Mo (spent) 529.9 710.8 1.13 ± 0.1 10.2
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and the fraction vanished completely after the WGS reaction. In
Mössbauer spectroscopy, super-paramagnetism usually leads to a
collapse of the hyperfine structure into a doublet feature near
v = 0 mm/s. In some of the catalysts, we observed such a doublet.
To check whether this doublet is due to super-paramagnetism com-
ponent or simply due to a quadruple doublet, we performed mea-
surements at 78 K and found the doublet feature to exhibit
Zeeman splitting. These results suggest that the doublet is due to
the super-paramagnetic component. On the whole, Mössbauer
spectroscopic measurements show that both Cr- and Co-dopants
preferentially replace iron ions at octahedral sites in magnetite
phase during activation and promote WGS activity. On the other
hand, Zr, Hf, and Mo apparently have no or little effect either the
structure or catalytic properties of magnetite upon activation and
upon WGS reaction.
3.4. XPS measurements

To verify the elemental oxidation states and to investigate
changes to surface structure upon activation and WGS reaction,
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on activated and spent catalysts after the WGS reaction at
steam/CO ratio = 1.5 and in the presence of sulfur. The photoelec-
tron peaks of O 1s, Fe 2p, Ce 3d of the activated and spent catalysts
after the WGS reaction are presented in Figs. 11–13Figs. 11. The
corresponding electron binding energies of O 1s, Ce 3d, Fe 2p pho-
toelectron peaks are shown in Table 6. The O 1s spectra of activated
Fe/Ce and metal doped Fe/Ce catalysts are broad and complicated
(Fig. 11a) due to overlapping contribution from iron and ceria in
Fe/Ce and iron, ceria, and other metal dopants in the case of metal
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Fig. 11. O1s XPS spectra of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo)
catalysts: (a) activated catalysts and (b) spent catalysts.
doped Fe/Ce catalysts [40]. The O 1s binding energies of Fe3O4 and
CeO2 are 529.7 and 530.2 eV, respectively [41]. The binding energy
of most intense peak in the case of Fe/Ce is observed at 529.8, and
it comes from oxygen atoms that are bound to Fe [42], as suggested
by electronegativity coordinations as well. An additional peak at
534 eV in Fe/Ce catalyst is identified with formation of carbonate
species in the activation process. Recall that during the activation,
we used process gas which is a mixture of CO, CO2, H2, and steam
to convert hematite into active magnetite. Carbonate formation oc-
curs via reaction of either CO or CO2. Upon Cr-, Co-, Zr-, Hf-, and
Mo-doping, there is not much change in the O1s binding energy
of Fe/Ce catalysts, which indicates that oxygen species on the sur-
face of the metal doped Fe/Ce catalyst mostly bond to Fe. Interest-
ingly, the peak due to the carbonate formation is not observed in
any of the metal doped Fe/Ce activated catalysts, clearly showing
that metal dopants in Fe/Ce catalyst preclude carbonate formation
during activation. The O1s spectra of Fe/Ce and metal doped Fe/Ce
spent catalysts after the WGS reaction are presented in Fig. 11b. As
represented in Fig. 11b and Table 6, the Fe/Ce spent catalyst after
the WGS reaction exhibits an intense peak at 529.7 with a satellite
at 534 eV in the O 1s spectra. The peak at 529.7 is due to the oxy-
gen atoms bounded to the iron, and the satellite is due to the for-
mation of carbonate species. All the metal doped Fe/Ce catalysts
also exhibit a peak at around 529.7 which conforms that after
the WGS reaction also, most of the surface was occupied by iron
species. Cr- and Co-doped catalysts did not exhibit any peak due
to carbonate formation at 534 after the WGS reaction; on the other
hand, Zr-, Hf-, and Mo-doped catalysts exhibit a less intense peak
at 534 due to the carbonate formation. These results confirm that
both Cr and Co prevent the magnetite from the carbonate forma-
tion during the activation and the WGS reaction, whereas Zr, Hf,
and Mo able to prevent the magnetite only during the activation
but not during the WGS reaction.

Fe 2p XPS spectra of Fe/Ce and various metal doped Fe/Ce acti-
vated catalysts typically show peaks (see Table 6, Fig. 12) due to
magnetite with contributions from both Fe2+ and Fe3+. Specifically,
peaks in the region 709–713 eV with a satellite around 725 eV
come from ionization from Fe 2p3/2 and Fe 2p1/2 states in magne-
tite, respectively [43]. Fe2+ exhibits peaks around 709–711 eV with
a satellite around 723 eV, while Fe3+ exhibits a peak around
712–713 eV with a satellite at 725–727 eV [43]. By deconvoluting,
the observed line shape as an appropriate super position of Gauss-
ian profiles of Fe2+/Fe3+ ratio on the surface of the magnetite phase
was established. The ratios for Fe/Ce and various metal doped Fe/
Ce catalysts are reproduced in Table 6. In magnetite, 2/3 sites are
occupied by Fe3+ ions and 1/3 sites by Fe2+ ions leading to a Fe2+/
Fe3+ ratio in the bulk. XPS results show that during the activation,
neither Ce nor a third metal dopant caused any surface structural
rearrangement of Fe3+ and Fe2+ ions. Fe2p XPS measurements were
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Fig. 12. Fe2p XPS spectra of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo) activated catalysts.
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also performed over spent catalysts after the WGS reaction at
steam to CO ratio of 1.5 and in the presence of sulfur. Similar
XPS profiles were observed for the spent catalysts after the WGS
reaction. It should be noted that all catalysts exhibited peaks due
to only magnetite but with different surface Fe3+/Fe2+ ratios. After
the WGS reaction, both Cr- and Co-doped Fe/Ce catalysts exhibited
a surface Fe3+/Fe2+ ratios close to 2, which is similar to the acti-
vated catalysts. On the other hand, Fe/Ce and Zr-, Hf-, and Mo-
doped Fe/Ce catalysts exhibited lesser surface Fe3+/Fe2+ ratios com-
pared to the corresponding activated catalysts. This is due to the
structural rearrangement of Fe3+ and Fe2+ ions during the WGS
reaction. Thus, XPS data show that both Cr and Co stabilize the
magnetite during the WGS reaction.

Typically, the Ce 3d XPS core level spectra exhibit three lobed
envelopes (around 879–890, 895–910, and 916 eV) such as those
depicted in Fig. 13 for Fe/Ce and metal doped Fe/Ce activated cata-
lysts, respectively. From these envelopes, the coexistence of both
Ce3+ and Ce4+ oxidation states is distinguishable, although the 4+
oxidation state is predominant. Because of the complex shape of
the spectrum for nonstoichiometric cerium oxide, it is postulated
that the Ce 3d spectrum arises from the partially oxidized surface
Ce species in the catalysts and can be approximated as a linear
combination of the spectra characterizing the stoichiometric oxi-
des with 3+ and 4+ valence states [44]. Further, it can be individu-
ally resolved into four sets of features grouped as u and v lines,
respectively, to denote the electronic transitions in the 3d3/2 and
3d5/2 levels, following the notation of Burroughs et al., the peaks la-
beled v and vI have been assigned to a mixing of Ce 3d9 4f2 O 2p4

and Ce 3d9 4f1 O 2p5 Ce(IV) final states, and the peak denoted as vIII

corresponds to the Ce 3d9 4f0 O 2p6 Ce(IV) final state [45]. On the
other hand, line vI is assigned to the Ce 3d9 4f0 O 2p6 Ce (III) final
states. The same assignment can be applied to the u structures,
which correspond to the Ce 3d3/2 levels. As represented in
Fig. 13, the Fe/Ce and metal doped Fe/Ce catalysts exhibit peaks
due to both the Ce4+ and Ce3+ oxidation states. Generally, the
Ce3+ content is determined by calculating the area under the peaks
u0 and v0. However, the v0 line always occurs along with the v00 con-
tribution and so can difficult to find out the area. The same phe-
nomena will be applied to u0, and it occurs along with u.
Therefore, the % of area of u000 peak to the total area is used to deter-
mine the surface concentration of Ce3+ in the mixed oxide in the
literature. In pure ceria, percentage of the uð000 peak is 14 [46]. As
represented in table 4, the percentage of the uð000 peak is 10.96
for the Fe/Ce catalyst after the activation. All the metal doped Fe/
Ce catalysts exhibit lesser values of percentage of the uð000 peak
compared to the Fe/Ce catalysts except Fe/Ce/Mo. The amount of
Ce3+ in various metal doped Fe/Ce catalysts follows the order
Fe/Ce/Cr > Fe/Ce/Co > Fe/Ce/Hf > Fe/Ce/Zr > Fe/Ce/Mo. Mossbauer
spectroscopic results revealed that both Cr and Co entered at octa-
hedral sites of the magnetite lattice along with the cerium during
the activation. During this process, some of the Ce4+ will be re-
duced to Ce3+. This could be the reason why both Cr- and Co-doped
Fe/Ce catalysts contain higher amount of Ce3+. The observed higher
amount of Ce3+ in both Fe/Ce/Zr and Fe/Ce/Hf catalysts is due to the
formation of solid solution between Ce and Zr/Hf in accordance
with XRD and TPR results. On the other hand, Mo-doped contains
same amount of Ce3+ as Fe/Ce, which conforms that Mo has no
effect on the structure of Fe/Ce catalyst which corroborating with
other characterization results. As represented in Table 6, there is
not much change in the amount of Ce3+ of the Fe/Ce and metal
doped Fe/Ce catalysts after WGS reaction.

3.5. Structure–activity relationship

Simultaneous precipitation of metal nitrates along with iron
and cerium nitrates leads to the formation of high surface area
Fe1.6Ce0.2M0.2 (M = Cr, Co, Zr, Hf, and Mo) type of spinels. After acti-
vation in a controlled atmosphere, these spinels converted into
either mixed or inverse spinels. All the catalysts exhibited equilib-
rium conversions at steam to ratio 3.5. Among the various dopants,
Cr- and Co-doped Fe/Ce catalysts exhibited equilibrium conver-
sions even at steam/CO ratio = 1.5. When we plot normalized CO
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Fig. 13. Ce 3d XPS spectra of Fe/Ce and various Fe/Ce/M (M = Cr, Co, Zr, Hf, and Mo) activated catalysts.
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conversion per unit surface area, both Co- and Cr-doped Fe/Ce cat-
alysts exhibited higher activity. These results suggest that the
higher activity of Cr- and Co-doped Fe/Ce catalysts is due to both
higher surface area and promotional effect of Cr and Co. We
observed that there is no decrease in WGS activity in any of the
catalyst in the presence of 400 ppm of sulfur. There is not much
change in the BET surface and pore diameter of Fe/Ce catalyst upon
metal doping. Mössbauer effect and lattice parameters suggest that
both Cr and Co dopants enter at octahedral sites in magnetite and
exhibit higher super-paramagnetic fraction even after the WGS
reaction. O 1s spectra results indicate that both Cr and Co dopants
prevent magnetite to carbonate formation during activation as
well as during WGS reaction. Other metal dopants, Zr, Hf, and
Mo, also inhibit carbonate formation during activation, but carbon-
ate formation is observed upon WGS reaction. Fe 2p XPS results
suggest that there is a structural rearrangement of Fe2+ and Fe3+

on the surface of magnetite during the WGS reaction in case of
Fe/Ce and Zr-, Hf-, and Mo-doped Fe/Ce catalyst. No such rear-
rangement appears in the case of Cr- and Co-doped Fe/Ce catalysts.
On the whole, both Cr and Co dopants selectively replace octahe-
dral sites of magnetite lattice during activation and prevent the
magnetite phase from sintering as well as structural rearrange-
ments during the WGS reaction to exhibit high WGS activity. Even
though there is a solid solution formation between Ce and Zr/Hf,
these dopants do not facilitate sintering of magnetite during the
WGS reaction.
4. Conclusions

High surface area Fe1.6Ce0.2M0.2O3 (M = Cr, Co, Zr, Hf, and Mo)
type of spinels was synthesised by ammonia assisted co-
precipitation method. After activation in the presence of process
gas, these spinels converted into mixed or inverse spinels. High
temperature WGS reaction was performed over the activated
spinels at steam/CO ratios of 3.5 and 1.5 in the 400 �C <
T < 550 �C. Both Cr- and Co-doped Fe/Ce catalysts exhibited excel-
lent WGS activity even at steam/CO ratio = 1.5. We observed no de-
crease in the activity for all the catalysts tested in the presence of
400 ppm of sulfur. XRD and lattice parameter results suggest the
substitution of dopant into the magnetite cubic lattice during the
activation. TPR results indicate that the dopants (Cr and Co) have
no effect on either the reducibility of hematite to magnetite, or
of magnetite to wustite. Addition of Zr and Hf to Fe/Ce lowers
the reduction temperature of surface ceria due to the formation
of solid solutions. Fe 2p XPS results establish that both Cr and Co
inhibit the structural rearrangement of Fe2+ and Fe3+ on the surface
of magnetite during the WGS reaction. Mössbauer spectroscopy
studies show local structural distortions in the magnetite phase
as the lattice contracts or expands. These distortions are observed
from changes in the internal magnetic field and isomer shift at
octahedral Fe sites upon Cr- and Co-doping in Fe/Ce catalysts.
Mössbauer spectroscopy also shows that both Cr and Co are able
to retain their super-paramagnetic fraction after the WGS reaction.
Our results show that both Cr and Co substitute at octahedral sites
in magnetite during the activation and prevent the magnetite
phase from sintering, and promoting the WGS activity of Fe/Ce.
Other dopants such as Zr, Hf, and Mo have little or no effect on
either the crystallographic structure or catalytic activity of Fe/Ce.
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