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ABSTRACT: The effect of Ce addition to the Cr-free Al-
promoted Cu−Fe oxide-based catalysts is investigated. Catalyst
characterization (X-ray diffraction (XRD), in situ Raman spectros-
copy, high-sensitivity low-energy ion scattering (HS-LEIS),
Brunauer−Emmett−Teller (BET) analysis), CO-temperature-
programmed reduction chemical probing, and steady-state WGS
activity reveal that (i) in the absence of Al, Ce addition via
coprecipitation has a detrimental effect on the catalytic activity
related to the poor thermostability and formation of less active
Ce−Cu−O NPs, (ii) the addition of Ce via coprecipitation also
does not improve the performance of the CuAlFe catalyst because
of the formation of a thick CeOx overlayer on the active Cu−FeOx
interface, and (iii) impregnation of Ce onto the CuAlFe catalyst exhibits significant improvement in catalytic performance due to the
formation of a highly active CeOx−FeOx−Cu interfacial area. In summary, Al does not surface-segregate and serves as a structural
promoter, while Ce and Cu surface-segregate and act as functional promoters in Ce/CuAlFe mixed oxide catalysts.
KEYWORDS: high-temperature, water−gas shift, iron oxide-based catalysts, Cr-free catalysts, cerium oxide, aluminum oxide

1. INTRODUCTION
The water−gas shift (WGS) reaction (CO + H2O ↔ CO2 +
H2) is an important step in the production of hydrogen from
hydrocarbons and generally follows the steam reforming
reaction for hydrogen enrichment and carbon monoxide
elimination.1−3 Industrially, the WGS reaction is performed
in two steps: a high-temperature shift (HTS) (∼320−450 °C)
reaction, followed by a low-temperature shift (LTS) (∼180−
250 °C) reaction to achieve maximum equilibrium conversion
for this equilibrated exothermic reaction.4−8 Iron oxide-based
catalysts containing 80−90 wt % Fe2O3, 8−10% Cr2O3, and
the balance promoters such as copper oxide are used for the
high-temperature water−gas shift (HT-WGS) reaction, and
Cu-based catalysts (Cu−ZnO−Al2O3) are used for the low-
temperature water−gas shift reaction.5
In situ/operando bulk and surface structural characterization

of the HT-WGS iron−chromium oxide-based catalysts
revealed the molecular structure and nature of the active site
during the HT-WGS reaction. In the freshly calcined
chromium−iron oxide-based HT-WGS catalysts, prepared by
coprecipitation of iron and chromium oxide precursors,
followed by calcination, iron oxide is present as the bulk
hematite (α-Fe2O3 or γ-Fe2O3) phase.

5 In situ Raman and
high-sensitivity low-energy ion scattering (HS-LEIS) measure-
ments reveal that Cr6+ oxide is mostly present on the surface of
the bulk Fe2O3 phase in the fresh catalyst.

9,10 After activation

of the catalyst under HT-WGS reaction conditions, the bulk
Fe2O3 phase transforms to the bulk Fe3O4 (magnetite) phase,
which is the bulk catalytic active phase of iron oxide during the
HT-WGS reaction.7 During the HT-WGS reaction, the surface
Cr6+ oxide also reduces to Cr3+ oxide and forms a solid
solution with the Fe3O4 lattice (Fe3−xCrxO4).

11−13 The
Fe3−xCrxO4 solid solution also stabilizes the iron oxide phase
from becoming reduced to metallic Fe0, which can form
undesired hydrocarbons, showing that chromium oxide serves
as a textural promoter.9,10

The chromium−iron oxide-based HT-WGS catalysts possess
several wt % Cr6+ when exposed to air in the fresh and spent
catalysts, which is problematic since hexavalent Cr6+ is a
carcinogen that threatens human health and the environ-
ment.8,14 Consequently, rigorous investigations have been
performed to find a suitable nontoxic replacement of
chromium exhibiting equivalent or better HT-WGS catalytic
performance. Some of the elements investigated as potential
replacements for Cr in the iron oxide-based HT-WGS catalysts
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are Al, Zn, Ca, Ni, Co, Ge, Mg, Ti, Si, Mo, Ce, Zr, and
Nb.8,15−28

Many of these studies use copper oxide as a chemical
promoter for iron oxide-based HT-WGS catalysts. Recent in
situ characterization studies show that in the fresh catalyst, Cu
is present as Cu2+ oxide in the lattice of the Fe2O3 phase. After
activation of the catalyst under the HT-WGS reaction
environment, Cu oxide reduces and segregates as metallic
copper nanoparticles on the surface of the Fe3O4 phase (in situ
X-ray absorption fine structure (XAFS), near-ambient-pressure
X-ray photoelectron spectroscopy (NAP-XPS), X-ray absorp-
tion near-edge spectroscopy (XANES)).10,29−31 Interestingly, a
fraction of the metallic copper nanoparticle surface was found
to have been covered by an FeOx overlayer (HS-LEIS and
transmission electron microscopy (TEM)).10 The copper
promotion is realized by the introduction of new catalytic
active sites, present as an interfacial area of the FeOx overlayers
and Cu nanoparticles that increases the activity of HT-WGS. It
was observed that the turnover frequency (TOF) value of
chromium−iron oxide catalyst (1.2 × 10−3 s−1) increased by
∼3× (3.5 × 10−3 s−1) upon the addition of copper.32

Recent findings from Cr-free iron oxide-based HT-WGS
studies15,21,22,33−38 confirm that aluminum is a very promising
substitute for the Cr promoter. The Al promoter exhibits
comparable structural stability, thermostability, and catalytic
activity as that of the Cr-promoted HT-WGS catalysts.19

Cerium, a rare earth metal, is another promising pro-
moter33,39−43 due to its high oxygen storage capability and
excellent redox ability to change oxidation states between Ce4+
↔ Ce3+.44 The combination of the Ce−Al33 and Ce−Zr39
promoters was found to enhance the thermal stability of iron
oxide-based catalysts, even after several HT-WGS reaction
cycles. Ceria promotion has also been suggested to have an
electronic effect on catalytic activity.40 Unfortunately, these
studies lacked critical direct in situ spectroscopic details about
the dynamics of the catalyst structure to determine the actual
promotion mechanism of Ce oxide, which is the motivation for
the current study.
The objective of the current work is to understand the

combined promotional effect of ceria and alumina promoters
on Cr-free copper−iron oxide-based HT-WGS catalysts. For
this purpose, coprecipitation and incipient-wetness impregna-
tion of the Ce oxide promoter in copper−aluminum−iron
oxide catalysts with varying Ce and Al loadings were done. The
Brunauer−Emmett−Teller (BET) surface areas of the fresh
and activated catalysts were measured in situ, without exposing
the pyrophoric catalyst to the atmosphere. The bulk structure
of the catalyst was determined with X-ray diffraction (XRD). In
situ Raman spectroscopy measurements provided information
about the bulk as well as surface structure of various metal
oxides present in the catalysts under different environmental
conditions. Additionally, the topmost surface layer of the
catalysts was characterized with HS-LEIS spectroscopy. The
catalyst reducibility was chemically probed by CO-temper-
ature-programmed reduction (TPR) experiments, and the
catalytic performance of various catalysts was compared via the
steady-state HT-WGS reaction. The current findings offer an
insight into the design of chromium-free iron oxide-based HT-
WGS catalysts.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. Cerium-, aluminum-, and copper-

doped iron oxide catalysts were prepared by using cerium(III)

nitrate hexahydrate (Ce(NO3)3·6H2O, Alfa Aesar), aluminum
nitrate nonahydrate (AlN3O9·9H2O, Sigma-Aldrich 99.99%
trace metal basis), copper(II) nitrate hemi(pentahydrate)
(CuN2O6·2.5H2O, Aldrich 99.99% trace metal basis), and
iron(III) nitrate nonahydrate (FeN3O9·9H2O, Sigma-Aldrich
99.99% trace metal basis) precursors. Two different methods
were followed for incorporation of the Ce promoter.
In the coprecipitation method, calculated amounts of all of

the metal oxide precursors were dissolved in 100 mL of
distilled water and mixed well. To this solution, ammonium
hydroxide solution (30%, m/v) was added dropwise under
constant stirring at room temperature until the pH reached 8.5.
At this point, the formation of a dark brown precipitate was
observed and was further aged for 24 h at room temperature,
followed by filtration. The filtered precipitate was then put in a
temperature-programmable oven. It was dried at 80 °C for 12
h and finally calcined at 400 °C for 4 h in a static air
environment. These catalysts contain 8 wt % Ce and/or Al
promoters, 3 wt % Cu promoter, and 89 wt % iron, in the
oxidized form. The catalysts synthesized using the coprecipi-
tation method are denoted as follows: 3Cu8AlFe, 3Cu8CeFe,
and 3Cu5Al3CeFe.
The Ce promoter was added via incipient-wetness

impregnation to the copper−aluminum−iron oxide catalyst,
prepared by the coprecipitation method (3Cu8AlFe). The
calculated amount of Ce oxide precursor aqueous solution was
added dropwise. The impregnated sample was then dried for
24 h at room temperature, followed by additional drying at 80
°C for 12 h and finally calcined at 400 °C for 4 h, under static
air environment. These catalysts are denoted by 3Ce/
3Cu8AlFe and 5Ce/3Cu8AlFe. In all preparation steps, the
final calcined catalysts were always ground to make a fine
powder.

2.2. BET Surface Area Measurement. The surface area
values of both fresh and WGS reaction mixture-treated
catalysts were measured by a 3-point flow BET method in
an Altamira Instruments system (AMI-200) equipped with a
TCD detector. After preconditioning of the catalysts and prior
to the BET measurements, all samples were degassed under He
flow at ∼150 °C. The N2 adsorption/desorption amounts were
measured at three different partial pressures (P/P0 = 0.14, 0.22,
and 0.30) for the calculation of surface area values. The fresh
catalysts were always dehydrated at 400 °C, under flowing 10%
O2/Ar (Praxair, for 1 h), prior to BET measurements. For
catalyst activation under HT-WGS reaction conditions, 10%
CO/Ar (Praxair, 10 mL/min) and He (Airgas, UHP certified
gas, 30 mL/min) gas mixture was passed through a water
saturator at room temperature to maintain a CO/H2O ratio
∼1. The catalysts were activated at 330 °C for 1 h and 500 °C
for 2 and 5 h. Any residual gases were flushed with He after the
HT-WGS reaction. The surface areas of the activated catalysts
were measured without exposing the catalysts to the ambient
atmosphere (in situ BET measurements).

2.3. X-ray Diffraction (XRD) Spectroscopy. Powder X-
ray diffraction patterns of fresh calcined catalysts were
measured by the Panalytical Empyrean X-ray Diffraction
Unit under ambient conditions. The Cu attenuator mask was
utilized for alignment. Full scans between 20 and 80° (2Θ) at a
rate of 5°/min were utilized. Additionally, the Fe2O3 (110)
peak in the range of 34.5−36.5° was scanned with a rate of 1°/
min.

2.4. In Situ Raman Spectroscopy. The Raman
spectroscopic studies were performed with a Horiba-Jobin
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Yvon LabRam High-Resolution instrument equipped with a
confocal microscope (50× long working distance objective,
Olympus BX-30-LWD). A laser excitation of 442 nm
(generated by a He−Cd laser, 110 mW maximum power)
and single-stage monochromator with 900 grooves/mm
grating were utilized for spectra collection. The scattered
light from the sample was passed through the monochromator
grating and collected with a visible sensitive liquid N2-cooled
CCD detector (Horiba-Jobin Yvon CCD-3000 V). Catalysts
were placed in a high-temperature reactor cell (Linkam
CCR1000) with a temperature controller (Linkam TMS94).
Spectra of the dehydrated samples were collected after removal
of any possible organic impurities and adsorbed moisture by
flowing of 10% O2/Ar (Praxair) with 30 mL/min flow rate at
400 °C for 1 h. For the collection of in situ spectra of the
activated catalysts during the reverse-WGS (RWGS) reaction,
the catalysts were further treated with a mixture of 30 mL/min
5%CO2/Ar (GTS-WELCO) and a 15 mL/min 10%H2/Ar
(Airgas, UHP certified gas) mixture at 400 °C for 1 h.

2.5. High-Sensitivity Low-Energy Ion Scattering (HS-
LEIS) Spectroscopy. The HS-LEIS surface analysis of the
catalysts was performed in an ION-TOF Qtac100 spectrometer.
Powder catalyst samples were compressed in a sample holder
for heat treatments within the HS-LEIS spectrometer. The
design of the HS-LEIS instrument allows one to directly
transfer the sample from the pretreatment chamber to the
analysis chamber without exposing to the ambient atmosphere.
The fresh catalyst samples were dehydrated in a ∼10 mbar
10% O2/Ar static gas environment at 400 °C for 1 h. The
RWGS reaction mixture-activated catalysts were conditioned
in the ∼10 mbar static gas mixture environment of CO2 + H2
(CO2/H2 ratio ∼1) at 400 °C for 1 h. After the desired
pretreatment, the topmost surface of the catalyst was analyzed
using 3 keV He+ (for lighter atomic weight elements like O and
Al) and 5 keV Ne+ (for heavier elements like Fe, Cu, and Ce)
ion probes. Further, to gain information about the composition
of subsurface layers, the topmost layer was sputtered with 0.5
keV Ar+ ions allowing for depth profiling. Charge neutraliza-
tion was invoked during spectral acquisition as well as
sputtering steps. The probes employed were 3 keV He+ (1 ×
1014 ions/cm2·cycle) and 5 keV Ne+ (1 × 1014 ions/cm2·
cycle), 1.5 × 1.5 mm2. For sputtering, 0.5 keV Ar+ (1.5 × 1014
ions/cm2·cycle, 2.0 × 2.0 mm2) was applied. A dose of 1 ×
1015 ions/cm2 corresponds to removal of approximately one
atomic layer from the catalyst surface.45

2.6. CO-Temperature-Programmed Reduction (TPR).
The CO-TPR experiments were performed using an Altamira
Instruments system (AMI-200) equipped with a Dycor
Dymaxion DME100MS online quadrupole mass spectrometer.
Dehydrated catalysts (under flowing 10% O2/Ar, Praxair, at

350 °C for 1 h) were activated via the HT-WGS reaction (10
mL/min 10% CO/Ar (Praxair), 30 mL/min He (Airgas, UHP
certified gas), flow through bubbler at room temperature) at
350 °C for 90 min. After the activation process, the reactor was
flushed by He and cooled down to 80 °C. The CO-TPR
experiments were then carried out by ramping up the
temperature under 10% CO/Ar (Praxair) at a rate of 10 °C/
min with simultaneous online gas analysis by a mass
spectrometer. The resulting CO2/CO-TPR spectra were
normalized by the MS signal for Ar that was used as the
internal standard.

2.7. Steady-State HT-WGS Reaction. The steady-state
forward water−gas shift reaction activity measurements were
carried out by using an Altamira AMI-200 instrument
equipped with a Dycor Dymaxion DME100MS online
quadrupole mass spectrometer. Approximately 10 mg of the
powder catalyst was loaded into a U-type quartz tube and held
in place with quartz wool. First, 10% O2/Ar (Praxair) was
passed with a flow rate of 40 mL/min at 400 °C for 1 h to
remove any possible adsorbed organics. Then, the system was
flushed with He for 10 min. Afterward, the reaction mixture
was introduced (10% CO/Ar (Praxair, 10 mL/min), He
(Airgas, UHP certified gas, 30 mL/min), and water vapor
introduced by flowing the gas through a water bubbler at room
temperature). The total flow rate was 40 mL/min for
approximately 10 mg catalyst. The GHSV equals 240,000
mL/h·gcat. This high GHSV maintains low conversion with
minimal transport limitations.46 The HT-WGS reaction was
performed at different temperatures (330, 350, 370 °C) for 90
min to ensure steady-state conditions. The following m/z
values were recorded during the experiment: H2, m/z = 2;
H2O, m/z = 18; CO (corrected for CO2 cracking), m/z = 28;
CO2, m/z = 44; and Ar, m/z = 40. Ar was used as an internal
standard.

3. RESULTS
3.1. BET Surface Area. The BET surface area values of

freshly calcined and activated catalyst samples exposed to the
WGS reaction are listed in Table 1. To compare the
thermostability of the catalyst samples, the HT-WGS reaction
treatment was conducted at multiple temperatures (330 °C for
mild reaction conditions and 500 °C for more rigorous
reaction conditions) and durations (1−5 h).

3.1.1. Fresh Catalysts. The coprecipitated 3Cu8AlFe
catalyst has a BET surface area of 86 m2/g. Replacement of
Al oxide with equivalent weight loading of a Ce oxide
(3Cu8CeFe) catalyst results in a decrease in the surface area to
74 m2/g. The mixture of coprecipitated Al and Ce oxides, with
equivalent total promoter loading of 8 wt % (3Cu5Al3CeFe),

Table 1. BET Surface Area of Various Cu−Al−Ce−Fe Oxide Catalysts after Dehydration: 10% O2/Ar at 400 °C for 1 h and
WGS Reaction: 10% CO/Ar (10 mL/min), He (30 mL/min), and Water Vapor (H2O/CO ∼1) at 330 (for 1 h) and 500 °C
(for 2 and 5 h)

BET surface area (m2/g)

sample composition (wt %) fresh 330 °C, 1 h 500 °C, 2 h 500 °C, 5 h
3Cu8AlFea 3% CuO − 8% Al2O3 − 89% Fe2O3 86 44 25 23
3Cu8CeFea 3% CuO − 8% CeO2 − 89% Fe2O3 74 34 23 20
3Cu5Al3CeFea 3% CuO − 5% Al2O3 − 3% CeO2 − 89% Fe2O3 97 43 27 25
3Ce/3Cu8AlFeb 3% CeO2/(3% CuO − 8% Al2O3 − 89% Fe2O3) 79 50 29 28
5Ce/3Cu8AlFeb 5% CeO2/(3% CuO − 8% Al2O3 − 89% Fe2O3) 73 48 28 26

aCoprecipitated. bCoprecipitation, followed by impregnation of Ce.
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however, increases the BET surface area of the catalyst to 97
m2/g. In contrast, impregnation of the 3 and 5% Ce onto the
coprecipitated calcined 3Cu8AlFe catalysts showed an
opposite trend in BET surface area values with the surface
areas decreasing to 79 and 73 m2/g, respectively. Overall, the
initial BET values only modestly varied (73−97 m2/g) with the
coprecipitated catalysts possessing slightly higher BET values.
3.1.2. HT-WGS-Activated Catalysts. After activation of the

catalyst samples under the HT-WGS reaction conditions, the
surface area of all of the samples decreased significantly (Table
1). Even after mild activation (330 °C, 1 h treatment), a 35−
55% decrease in the surface area of the catalyst samples
occurred. Under the milder HT-WGS conditions (330 °C, 1 h

treatment), the 3Cu8CeFe catalyst exhibited the lowest BET
surface area of 34 m2/g, and all of the other catalysts possessed
surface area values in a close range (44−50 m2/g) with the
3Ce/3Cu8AlFe catalyst having the highest surface area. After
the harsher treatment of the catalyst samples (at 500 °C for 5
h), all of the catalysts showed a significant decrease of ∼60−
75% in the surface area compared to their respective fresh
catalysts. Although the surface area values are close to each
other, the 3Cu8CeFe exhibits slightly poorer thermostability
and the catalysts that were impregnated with ceria or
coimpregnated with Ce and Al exhibited slightly better
thermostability. The more harshly activated catalysts, however,

Figure 1. XRD diffractograms of fresh calcined catalysts collected under ambient conditions as a function of 2Θ (A) full scan and (B) the Fe2O3
(110) peak region.

Figure 2. In situ Raman spectra of (A) 3Cu8AlFe, (B) 3Cu8CeFe, (C) 3Ce/3Cu8AlFe, (D) 5Ce/3Cu8AlFe, and (E) 3Cu5Al3CeFe catalysts
under dehydrated (10% O2/Ar) and RWGS reaction conditions (30 mL/min 5%CO2/Ar and 15 mL/min 10%H2/Ar) at 400 °C. RWGS_1 and
RWGS_2 denote spectra collection from two different points on the catalyst surface.
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possess very similar BET surface areas that are independent of
the composition and synthesis method.

3.2. XRD. The XRD diffractograms of the freshly calcined
catalysts under ambient conditions are presented as full scans,
and the main Fe2O3(110) peaks are shown in Figure 1. The
bulk phase of the initial promoted iron oxide catalysts is
crystalline α-Fe2O3 (hematite).47 The intensity of the
Fe2O3(110) peak decreases with Al and Ce addition, most
probably from a decrease in particle size and/or greater
disorder. The X-ray diffraction patterns of all catalysts do not
show any observable distinct nanoparticles of crystalline
Al2O3,

48 CeO2,
49 CuOx, or any compounds between Cu−

Ce−Al−Fe oxides. This observation suggests that these NPs
are either absent or are too small (<3 nm) to be detected by
XRD. The (110) hematite peak can be used to examine for
possible solid solutions of the promoters and the iron oxide
catalyst. The slight shift of (110) hematite peak in the XRD

indicated solid solution formation between Cr oxide and Fe2O3
in excellent agreement with prior studies.10 The slight, yet
opposite, shift of the Fe2O3(110) peak for both 3Cu8AlFe and
3Cu8CeFe catalysts, compared to the unpromoted Fe2O3
catalyst, indicates that a solid solution is formed between Al
oxide and Fe2O3 as well as Ce oxide and Fe2O3, respectively.
This is consistent with the smaller ionic radii of Al3+ (53.5
pm)50 than the ionic radius of Fe3+ (64.5 pm)50 and the larger
ionic radii of Ce4+ (87 pm)50/Ce3+ (101 pm)50 than the ionic
radius of Fe3+ (64.5 pm).50 Incorporation of ceria into the
alumina-containing catalysts has different effects. Coprecipita-
tion of alumina and ceria promoters (3Cu5Al3CeFe catalyst)
shows the dominant effect of larger ionic radii of the cerium
ion as the 2θ position of the main (110) peak slightly decreases
compared to the unpromoted Fe2O3 phase. On the other hand,
the amount of ceria loading determines the 2θ position of the
main (110) peak of the Fe2O3 phase of ceria-impregnated

Figure 3. HS-LEIS depth profile of O2 calcined (solid symbols) and RWGS reaction (CO2 + H2) activated (open symbols) catalysts after
pretreatments. The He+ ion is the probe for Al and the Ne+ ion is the probe for Ce and Cu (Cu: blue rectangle; Ce: black sphere; Al: red square).
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3Cu8AlFe catalysts. For the impregnated 3Ce/3Cu8AlFe
catalyst, the Fe2O3 110 peak remains the same as that of the
3Cu8AlFe catalyst. This suggests that 3 wt % loading of Ce
oxide by impregnation has a very limited effect on the solid
solution of Al with the Fe2O3 phase. An increase in the ceria
loading to 5 wt % reflects the effect of Ce incorporation into
the Al−Fe2O3 solid solution phase and is indicated by the shift
of the Fe2O3(110) peak compared to the 3Cu8AlFe catalyst.
Although the XRD spectra were not collected for the WGS-
activated catalysts, previous in situ XRD studies showed that
the bulk iron oxide Fe2O3 (hematite) phase transforms to the
Fe3O4 (magnetite) phase (see the Section 3.3 for confirma-
tion).19 Although the promoters formed solid solutions with
the Fe oxide phases, they did not affect the bulk structure of
the Fe oxide phase.

3.3. In Situ Raman Spectroscopy. The in situ Raman
spectra of the calcined catalysts are presented in Figure 2. The
Raman spectra of all of the dehydrated freshly calcined
catalysts exhibit the characteristic bands of the bulk α-Fe2O3
phase (hematite: 226, 245, 292, 411, 497, 612 cm−1).51 The
weak and broad new band at 620−700 cm−1 has been
attributed to crystal disorder caused by the solid solution of
Fe2−xMxO3 (M: Al and/or Ce) with small crystalline
dimensions.52

Under the RWGS reaction conditions, the bulk α-Fe2O3
(hematite) phase reduces to the bulk Fe3O4 (magnetite) phase
(306, 538, 668 cm−1).53 This is in agreement with literature
reports that the Fe3O4 phase is the dominant bulk phase of
iron oxide under HT-WGS reaction conditions.7 No additional
NPs from the Ce, Cu, and Al are observed for any of the Al-
containing catalysts. A new broad Raman band at ∼427 cm−1,
however, is observed for the 3Cu8CeFe catalyst and can be
assigned to the mixed oxide phase of Ce with Cu (Ce−Cu−O
solid solution).54 The spectra of the 3Cu8CeFe catalyst
collected from different spots, however, indicate that the Cu−
Ce−O mixed oxide phase, formed during the RWGS reaction,
does not uniformly cover the catalyst surface. This Raman
band, however, was not detected in the Raman spectra of any
of the Cu−Ce−Al−Fe oxide catalysts. The in situ Raman
spectra confirm that the same bulk Fe oxide phases are present
among all of the freshly calcined catalysts and among all of the
activated catalysts. The presence of a bulk CuxCe1−xO2 mixed
oxide phase was also detected for the activated 3Cu8CeFe
catalyst.

3.4. High-Sensitivity Low-Energy Ion Scattering (HS-
LEIS) Spectroscopy. Elemental compositional analysis of the
outermost surface layer and subsequent subsurface layers by
depth profiling of the synthesized catalysts, after dehydration
and activation under RWGS reaction conditions, were
measured with HS-LEIS and are presented in Figure 3. The
Fe signal is not shown in any of the HS-LEIS spectra because
previous investigations showed a significant increase in the Fe
signal intensity due to preferential sputtering of oxygen from
iron oxides.55,56 The intensity of the Al signal is relatively lower
than the intensity of the Cu and Ce signals because the Al
signals were collected with the lighter He+ ions and Cu/Ce
signals were collected with the heavier Ne+ ions.
3.4.1. 3Cu8AlFe Catalyst. In the dehydrated freshly calcined

catalyst (see Figure 3 solid symbols), the intensity of the Al
and Cu signals is relatively the same on the outermost surface
layer and throughout the subsurface region of the catalyst,
indicating that Al and Cu are uniformly distributed in the
outermost surface layers of this dehydrated catalyst. Upon

catalyst activation in the RWGS reaction environment, the
intensity of the Al signal remained constant and the intensity of
the Cu signal increased in the outermost surface layer (see
Figure 3 open symbols). After activation of the catalyst, the
intensity of the Al signal remains constant, suggesting uniform
distribution of Al with depth, but the intensity of the Cu signal
monotonically increased with depth profiling, reflecting the
covering of the Cu nanoparticles most likely with an FeOx
overlayer.19

3.4.2. 3Cu8CeFe Catalyst. For the dehydrated freshly
calcined catalyst (see Figure 3 solid symbols), the intensity
of the Ce signal remains relatively the same from the
outermost surface layer to the subsurface layers reflecting its
uniform distribution with depth. The corresponding intensity
from Cu mildly decreases with sputtering depth, suggesting
that Cu is slightly surface-enriched. Upon catalyst activation
under RWGS (see Figure 3 open symbols), the intensity of the
Cu signal decreased and the intensity of the Ce signal slightly
decreased at the outermost surface layer. Furthermore, the
intensity of both Cu and Ce signals decreases with catalyst
activation, reflecting surface enrichment of both Cu and Ce.

3.4.3. 3Ce/3Cu8AlFe Catalyst. For the dehydrated catalyst
(see Figure 3 solid symbols), the intensity of the Al and Ce
signals remains constant from the outermost surface layer and
subsurface layers of the catalyst. The Cu intensity, however,
decreases slightly with depth profiling. After activation under
RWGS (see Figure 3 open symbols), the intensity at the
outermost surface layer for Al slightly increases, Cu
significantly increases, and Ce remains constant. During
depth profiling, the intensity of the Al signal is constant, the
Ce signal slightly decreases and Cu signal increases up to 1−2
atomic layers and stays nearly constant after that, reflecting the
surface enrichment of Ce and surface depletion of Cu.
Furthermore, the Ce oxide NPs decorating the Cu surface
are ∼3−4 nm in size.

3.4.4. 5Ce/3Cu8AlFe Catalyst. For the dehydrated catalyst
(see Figure 3 solid symbols), during sputtering, the intensities
of the Al and Ce signals are relatively constant, indicating the
uniform concentration of Al and Ce from the outermost
surface layer to the subsurface layers. The intensity of the Cu
signal, however, initially increases and then decreases reflecting
the concentration of Cu peaking in the subsurface region. After
RWGS treatment of the catalyst (see Figure 3 open symbols),
the intensity at the outermost surface layer of Al does not
change, Ce increased, and Cu decreased. With depth profiling,
the intensity of Al remained the same, Cu increased, and Ce
monotonically decreased. The Cu signal intensity first
increased until ∼2 atomic layers and then remained constant.
These trends suggest that the Al makes a solid solution with
the Fe3O4 phase, and Cu NPs present on the catalyst surface
are decorated by ∼0.5 nm size Ce oxide NPs.

3.4.5. 3Cu5Al3CeFe Catalyst. In the dehydrated freshly
calcined catalyst, the Al signal has the same intensity for the
outermost surface layer and subsurface region. In contrast, the
intensity from Ce increases slightly with depth profiling. The
signal intensity from Cu first increases up to about a monolayer
and then decreases with depth profiling. After treatment of the
catalyst in the RWGS environment, no change in the Al signal
intensity is observed between the outermost surface layer and
the subsurface of the catalyst. The Ce signal intensity is
observed to decrease monotonically with depth profiling.
Finally, the signal from Cu increased for the initial 2−3 atomic
layers and then remained nearly constant. These trends suggest
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the formation of a thicker Ce oxide overlayer on the Cu NP
surface.

3.5. CO-TPR. The reducibility of the WGS reaction-
activated catalysts was examined with CO-TPR since CO
oxidation represents a key reduction step in the WGS reaction.
The normalized CO2 MS signals, obtained by using Ar as an
internal standard, as a function of the catalyst bed temperature,
are presented in Figure 4. The formation of CO2 at the lower

temperatures is assigned to the removal of oxygen from the
surface region of the catalyst, and the CO2 formed at higher
temperatures is associated with the reaction of CO with oxygen
from the bulk lattice.10 The strong consumption of CO starts
at ∼260 °C due to the deep reduction of the bulk Fe oxide
phase.
The 3Cu8AlFe and 3Cu8CeFe catalysts possess only one

low-temperature CO2/CO-TPR reduction peak at 155 and 197
°C, respectively. For reference, the 3Cu8CrFe catalyst exhibits
only one low-temperature CO2/CO-TPR reduction peak at
153 °C that is similar to that of the 3Cu8AlFe catalyst. The
3Cu5Al3CeFe mixed oxide catalyst, however, has two distinct
low-temperature CO2/CO-TPR reduction peaks at 151 and
198 °C. The ceria-impregnated xCe/3Cu8AlFe catalysts show
two CO2/CO-TPR reduction peaks in the similar temperature
ranges as that of the 3Cu5Al3CeFe catalyst. This observation
suggests that the origin of the CO2/CO-TPR reduction peak at
∼150−155 °C is related to the effect of Al, while the 195−200
°C CO2/CO-TPR reduction peak is associated with the Ce
promoter.
The areas under the low-temperature CO2/CO-TPR curves

were used to quantify the number of redox catalytic active sites
(Ns) present in each catalyst, and the values are listed in Table
2. It is assumed that the overall catalytic activity is dominated
by the active sites available at the lowest temperature for CO
oxidation.20 An Al-free 3Cu8CeFe catalyst has the highest Ns
value. While coprecipitation of the Ce promoter in the Cu−
Al−Fe catalyst slightly increases the Ns value, the Ns value of
the 3Cu8AlFe catalyst is slightly decreased by the impregna-
tion of the Ce promoter. The numbers of reducible active sites
of the two ceria-impregnated catalysts are similar but
somewhat lower than those of the other catalysts. Impregna-
tion of cerium oxide apparently decreases the number of the

catalytic active sites, whereas the cerium-coprecipitated
catalysts have a higher number of active sites.

3.6. Steady-State WGS Reaction. The steady-state
catalytic activity values of the catalysts (based on the CO
conversion) at 330 °C are presented in Table 2. Although the
catalytic activity of 3Cu8CeFe is lower than the activity of
3Cu8AlFe, replacement of some amount of alumina with ceria
by the coprecipitation method (3Cu5Al3CeFe catalyst)
increases the activity. The main effect of ceria promotion is
seen on the catalytic activity of the catalysts that are prepared
by impregnation of ceria into 3Cu8AlFe catalysts. Impregna-
tion of 3 wt % ceria dramatically increases the activity of the
3Cu8AlFe catalyst. Higher loadings of impregnated ceria result
in a decrease in activity, which is still higher than the activity of
the 3Cu8AlFe catalyst. The 3Ce/3Cu8AlFe catalyst is the most
active, and the 3Cu8CeFe catalyst is least active. The steady-
state activity follows the order 3Ce/3Cu8AlFe > 5Ce/
3Cu8AlFe > 3Cu5Al3CeFe ∼ 3Cu8AlFe > 3Cu8CeFe.
The TOF values (Table 2) were calculated by dividing the

values of the steady-state catalytic activity by the number of
participating surface redox oxygen atoms. The TOF values vary
from 3.5 × 10−3 to 8.1 × 10−3 s−1 with the order of 3Ce/
3Cu8AlFe > 5Ce/3Cu8AlFe > 3Cu5Al3CeFe ∼ 3Cu8AlFe >
3Cu8CeFe, which is the same as the steady-state catalytic
activity trend.
Differences in the catalytic activities are further examined by

generating Arrhenius plots, shown in Figure 5. The

Figure 4. CO-TPR spectra of catalysts activated under the WGS
reaction conditions at 350 °C.

Table 2. Number of Active Sites (Ns), Catalytic Activities
Based on the CO Consumption Rate [(10−6 mol/s/g) (10%
CO/Ar (10 mL/min), He (30 mL/min), and Water Vapor
(H2O/CO ∼ 1)) (T = 330 °C)], Turnover Frequencies
(TOFs), and Activation Energies of Cu−Al−Ce−Fe Oxide
Catalysts

catalyst

catalytic
activity
(10−6

mol/s·g)

number of active
sites from CO-TPR
(Ns) (10−3 mol/g)

TOF
(10−3

s−1)

activation
energy
(Ea)

(kJ/mol)

3Cu8AlFe 4.1 ± 0.2 0.87 4.7 56
3Cu8CeFe 3.7 ± 0.2 1.05 3.5 63
3Cu5Al3CeFe 4.3 ± 0.3 0.93 4.6 56
3Ce/3Cu8AlFe 6.5 ± 0.4 0.80 8.1 41
5Ce/3Cu8AlFe 5.2 ± 0.3 0.79 6.6 41

Figure 5. Arrhenius plots for steady-state WGS reaction rates for Cu−
Ce−Al−Fe oxide catalysts.
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corresponding activation energy (Ea) values are listed in Table
2. The Ea values follow the trend: 3Cu8CeFe > 3Cu8AlFe ∼
3Cu5Al3CeFe > 3Ce/3Cu8AlFe ∼ 5Ce/3Cu8AlFe. The
general trend is that catalysts with higher Ea values correspond
to lower TOF values.

4. DISCUSSION
4.1. Catalyst Structure. 4.1.1. Fresh Catalysts. The

freshly calcined catalysts possess the bulk Fe2O3 (hematite)
phase (XRD and Raman), which is in agreement with previous
literature reports.47,57 The Al and Ce promoters form solid
solutions with the Fe2O3 phase (shifts in the XRD and Raman
band positions). Additional crystalline NPs of promoters are
not observed (XRD and Raman). The Al is uniformly
distributed between the outermost surface layer and subsurface
region of the catalysts (HS-LEIS). Except for the 3Cu5Al3-
CeFe catalyst, all of the other catalysts also exhibit uniform
distributions of Ce between the outermost surface layer and
subsurface region of the catalysts. For the 3Cu5Al3CeFe
catalyst, the Ce is more concentrated in the subsurface region.
In contrast, the Cu promoter is surface-enriched or segregated
in all catalysts (HS-LEIS). A schematic of the initially calcined
catalyst structures is shown in Scheme 1 (left).
4.1.2. RWGS-Activated Catalysts. Dynamic changes are

observed after treatment of the catalysts with the RWGS
reaction mixture. The bulk Fe2O3 phase of iron oxide

transforms to the bulk Fe3O4 phase (XRD and Raman). This
bulk phase transformation is associated with a significant
decrease in the catalyst surface area (Table 1). Except for the
3Cu8CeFe catalyst, the other catalysts do not exhibit any
crystal phase other than Fe3O4 (XRD and Raman). The Al is
still uniformly distributed between the outermost surface layer
and subsurface region of the catalysts after the RWGS
treatment, whereas Ce surface-segregated (HS-LEIS). The
Cu has been shown to form metallic Cu0 NPs on the catalyst
surface during the WGS reaction.10 With the exception of the
3Cu8CeFe catalyst, the metallic Cu0 NPs are decorated by
secondary metal oxides (HS-LEIS). For the 3Cu8CeFe
catalyst, the formation of the Ce−Cu−O mixed oxide phase
is observed after the RWGS treatment (in situ Raman).
Furthermore, it is observed that the Ce−Cu−O phase is
present near the surface region of the catalyst (HS-LEIS), but
it is not uniformly distributed (in situ Raman). A schematic of
the activated catalyst structures is shown in Scheme 1 (right).

4.2. Structural Promotion. The uniform distribution of Al
in the surface region, as opposed to surface segregation of Ce
after the RWGS treatment (compare 3Cu8AlFe and
3Cu8CeFe catalysts in Figure 3), results in higher thermo-
stability (Table 1). The Al promotion is also apparent in other
Cu−Al−Ce−Fe catalysts (uniform Al distribution, Figure 3),
exhibiting a higher surface area than the 3Cu8CeFe catalyst
without Al promotion. Furthermore, the thermostability is
even greater (lower decrease in surface area, Table 1) when Ce
is added via impregnation of the precalcined 3Cu8AlFe
catalyst, as opposed to coprecipitation in the 3Cu5Al3CeFe
catalyst. These observations indicate that Al acts as a better
structural promoter than Ce.

4.3. Functional Promotion. The Al is distributed
uniformly throughout the surface and subsurface regions of
the iron oxide-based catalysts after activation with the RWGS
treatment (HS-LEIS) and, consequently, does not promote the
catalytic active sites (FeOx−Cu interfacial sites). In contrast,
Ce is surface-segregated after RWGS treatment (HS-LEIS).
Surface segregation is enhanced for the Ce-impregnated
catalysts, where a higher ceria loading results in a thicker
overlayer formation on the Cu NPs (compare Cu HS-LEIS
signals in RWGS-treated 3Ce/3Cu8AlFe and 5Ce/3Cu8AlFe
catalysts). This observation suggests that some CeOx is most
probably also decorating the surface of the Cu NPs forming a
CeOx−FeOx−Cu interface. Thus, CeOx serves as a functional
promoter that is better than AlOx.

4.4. Catalyst Structure−Activity Relationships and
Role of Promoters. 4.4.1. 3Cu8AlFe Catalyst. The Al
promoter provides good structural stability, and the Cu−
FeOx interface provides very good functional promotion,
resulting in moderate Ea and SS activity.

4.4.2. 3Cu8CeFe Catalyst. In the absence of the Al
promoter, the catalyst exhibits poorer thermostability and the
presence of the Ce−Cu−O mixed oxide phase hinders the
formation of a highly active Cu−Fe3O4 interfacial sites.

10,19

Hence, despite possessing the highest number of the reducible
active sites, the catalyst exhibits the highest Ea, low SS activity,
and lowest TOF.

4.4.3. 3Cu5Al3CeFe Catalyst. The combination of Al with
Ce promoters provides good structural stability, and the
absence of the Ce−Cu−O mixed oxide phase allows for the
formation of the CeOx−FeOx−Cu interfacial sites. The thick
oxide overlayer on the Cu NPs, however, results in only minor

Scheme 1. Structures of (A) 3Cu8AlFe, (B) 3Cu8CeFe, (C)
3Ce/3Cu8AlFe, (D) 5Ce/3Cu8AlFe, and (E) 3Cu5Al3CeFe
Catalysts before (Left) and during (Right) the WGS
Reaction
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improvement in SS activity and similar TOF and activation
energy values.
4.4.4. 3Ce/3Cu8AlFe Catalyst. The Al provides excellent

thermostability, and impregnation of a small amount of the Ce
promoter results in a greater amount of the CeOx−FeOx−Cu
interfacial sites. This results in the lowest Ea and the highest
catalytic activity. This catalyst shows the synergistic effect of
Ce and Al promotion toward the WGS/RWGS reaction.
4.4.5. 5Ce/3Cu8AlFe Catalyst. The higher loading of the Ce

promoter results in a slightly thicker CeOx overlayer on the Cu
NPs (lower number of active sites) compared to the 3Ce/
3Cu8AlFe catalyst. Overall, low Ea, very good catalytic activity,
and higher TOF are observed.

5. CONCLUSIONS
Several Cr-free copper−iron oxide-based high-temperature
water−gas shift catalysts were prepared with the Al promoter
(3Cu8AlFe), Ce promoter (3Cu8CeFe), and copresence of
both promoters (3Cu5Al3CeFe, 3Ce/3Cu8AlFe, and 5Ce/
3Cu8AlFe). The 3Cu8CeFe catalyst exhibits the additional
presence of a Ce−Cu−O mixed oxide phase in the RWGS-
treated sample that was not detected from the Cu−Ce−Al−Fe
oxide catalysts due to low ceria loading.
The Al promoter uniformly distributes through the outer-

most surface layer and subsurface layers of the catalyst and
serves as a structural promoter that provides improved catalyst
thermostability. The Ce promoter is surface-segregated and
appears to decorate the Cu NPs to form a CeOx−FeOx−Cu
interfacial area. The copresence of the Al and Ce promoters
results in higher catalytic activity than the corresponding
individual promotion because of the presence of a highly active
Ce−Cu−Fe oxide interface. The impregnation of Ce onto the
3Cu8AlFe catalyst, as opposed to coprecipitation, results in the
formation of a CeOx overlayer on the Cu NPs with a higher
Cu−CeOx interfacial area leading to ∼50% increase in catalytic
activity. The molecular level understanding from this study can
guide the rational design of Cr-free HT-WGS catalysts.
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