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Atomically dispersed cerium species, anchored to high-area alumina
by unsaturated penta-coordinated aluminum, strongly interact with
atomically dispersed Cu species to provide active centers for water—
gas shift reaction (WGSR). The alumina-anchored Ce®* species stabi-
lize atomically dispersed Cu* to form Cu*—Ce>* active complexes and
they work synergistically to enhance low-temperature WGSR activity.
This work offers alternative approaches to developing low-cost
catalysts for the WGSR process.

The water-gas shift reaction (WGSR) is a highly valuable indus-
trial process for manufacturing hydrogen, ammonia, methanol,
and hydrocarbons. For example, WGSR plays an important role
in the production of hydrogen via steam reforming of methane
or other types of hydrocarbons." The copper-ceria catalytic
system has exhibited remarkable efficiency in low-temperature
WGSR.>® The strong interaction between copper species and the
ceria support, leading to modifications of the copper chemical
state at the copper-ceria interfaces, is considered to be key to
the notable catalytic performance.”® The perimetric boundaries
between copper particles and crystalline ceria support surfaces
are proposed to be the active centers for WGSR.>°

Anchored metal atoms, due to their strong interaction with
the support, function as effective active centers for a variety of
catalytic reactions,” including WGSR.® Recently, atomically dis-
persed Cu species, supported on crystalline CeO,, demonstrated
higher activity than copper clusters/particles for WGSR, primar-
ily due to strong interactions between atomic copper and
selected facets of crystalline ceria.” Specifically, the CeO, {111}

“School for Engineering of Matter, Transport and Energy, Arizona State University,
Tempe, Arizona 85287, USA

b Department of Chemical and Biomolecular Engineering, National University of
Singapore, Singapore 117585, Singapore

¢ Joint School of NUS and TJU, International Campus of Tianjin University, Fuzhou
350207, China

 Department of Physics, Arizona State University, Tempe, Arizona 85287, USA.
E-mail: Jingyue.liu@asu.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cc01023j

This journal is © The Royal Society of Chemistry 2024

Yiwei Yu,? Tie Wang,"® Ning Yan

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

High-area alumina supported Cu—Ce atomic
species for water—gas shift reactiont

© and Jingyue Liu (2 *¢

facets stabilize more atomically dispersed copper species, and
therefore increase the number of active sites for low-temperature
WGSR.? Such strong electronic interactions between Cu atoms/
clusters and surface Ce®" species on crystalline CeO, maintain
stable Cu" species during the WGSR.” The interfacial Cu*-Oy~Ce**
complexes are considered to serve as active sites, where the Cu"
adsorbs a CO molecule and the neighboring O,~Ce™" site dissocia-
tively activates H,0.> The adsorbed CO is either oxidized by a
reactive oxygen on the CeO, surface to form a CO, or it reacts with
surface OH groups to form an intermediate which subsequently
decomposes to H, and CO,."°"* Abundant surface OH groups
from water dissociation and their intimate contacts with adsorbed
CO molecules at the copper—ceria interfaces are critical to high
WGSR activity."® It is not clear whether crystalline CeO, is
required for developing highly active Cu-based catalysts for
low-temperature WGSR.

In this work, we demonstrate that atomically dispersed Ce
species not only stabilize atomically dispersed Cu but also
modify their electronic structure to form stable Cu*-Ce*" active
centers that significantly enhance the activity of low-
temperature WGSR. Commercially available, high-area y-Al,0;
was used to support the atomically dispersed metal species.
Experimental results showed that atomically dispersed Ce
atoms have a major effect on the catalytic behavior of atom-
ically dispersed Cu species: the grafting of Ce atoms onto y-
Al,O; surfaces increased the WGSR rate of Cu atoms by nine
times at a reaction temperature of 200 °C. The WGSR activity of
the atomically dispersed Cu-Ce/y-Al,O; catalyst, with Cu and
Ce loading levels of only 1.2 wt% and 2.2 wt%, respectively, is
comparable to that of the Cu/CeO, catalysts reported in the
literature.”* We propose that the intimate contact between Cu
and Ce atoms induces strong electronic interaction and the Cu-
Ce species act synergistically to provide enhanced WGSR activ-
ity: the Ce®*" adsorbs and dissociates H,0 whereas the adjacent
Cu' adsorbs CO. The activated OH species react with the CO
molecules on the Cu’ sites, which are stabilized by neighboring
Ce*", forming intermediate species and subsequently decom-
posing to CO, and H,.
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An electrostatic-adsorption-assisted deposition method was
used to disperse the Ce and Cu species onto high-area y-Al,O;
(see ESIt for details). The content of the Cu and Ce in the as-
synthesized Cu-Ce/y-Al,Oj; catalyst was measured to be 1.2 wt%
and 2.2 wt%, respectively. Catalysts with lower Cu content were
synthesized and evaluated as well (Table S1, ESIT). Cu/y-Al,O3,
containing 1.4 wt% of atomically dispersed Cu species, was
synthesized as a control catalyst. The XRD patterns of the Cu/
v-Al,0; and Cu-Ce/y-Al,O; catalysts (Fig. S1, ESIt) did not
provide recognizable diffraction peaks of Ce- or Cu-related crystal-
line phases. Although low levels of metal loading complicate the
interpretation of the XRD patterns, these catalysts did not contain
large crystals of Ce and Cu compounds as evidenced by SEM and
STEM examinations.

Because of its high sensitivity to particles of heavy elements,
the backscattered electron (BSE) imaging method was used to
screen the catalyst samples to optimize our synthesis processes
(Fig. S2, ESIt). BSE images of the Cu-Ce/y-Al,O; (Fig. S2(c and
d), ESIt) and Cu/y-Al,O; (Fig. S3(a and b), ESIt) catalysts show
the absence of large particles/agglomerates of Cu- or Ce-
containing species. High-angle annular dark-field (HAADF)

Fig. 1 (a) Representative low-magnification HAADF-STEM image of Cu—
Ce/y-Al,O3 showing the absence of metal clusters/particles. (b) Repre-
sentative atomic resolution HAADF-STEM image displaying atomically
dispersed metal species uniformly distributed on the y-Al,Oz support.
Atomically dispersed Cu atoms could not be reliably distinguished from
the Ce single atoms.
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images, which provide atomic number (Z) contrast, of the
Cu/y-Al,O3 catalyst show the absence of Cu particles/clusters
(Fig. S4a, ESIt) and the presence of atomically dispersed Cu
species (Fig. S4b and c, ESIt). A representative HAADF image of
the Cu-Ce/y-Al,O; catalyst (Fig. 1a) confirms the absence of
detectable Cu-/Ce-related particles. The atomic-resolution HAADF
image (Fig. 1b) unambiguously shows the spatial distribution of
the atomically dispersed Ce and Cu atoms on the y-Al,O3 support.
Reliable information on the elemental mapping of individual Ce
and Cu atoms is beyond the current instrumentation limit.'>

The X-ray photon spectroscopy (XPS) method was used to
characterize atomically dispersed Cu/Ce species in the reduced
(300 °C for 1 h in 5 vol% H,/He) Cu/y-Al,05 and Cu-Ce/y-Al,O3.
The wide-scan spectra of Cu/y-Al,03 and Cu-Ce/y-Al,O; (Fig. S5,
ESIY) indicate the presence of Cu, O, C and Al in both catalysts
and Ce in the Cu-Ce/y-Al,0O; catalyst. The Ce 3d XPS spectrum
of the Cu-Ce/y-Al, O3 (Fig. 2a) shows all the characteristic peaks
(Vo, V', uo, and u’) of ce®t species and absence of the peaks
representing Ce”" species,'® in agreement with literature
reports.””*° The Cu 2p XPS spectra of the Cu/y-Al,0; and
Cu-Ce/y-Al,O3 catalysts (Fig. 2b) show peaks at 932.7 eV and
952.4 eV, corresponding to Cu 2ps/, and Cu 2py ,, respectively.”®
The Cu 2p;/, peak can be deconvoluted into two distinct peaks:
Cu®" at 933.8 eV and Cu’/Cu’” at 932.4 €V.>° The Cu Auger LMM
region (Fig. S6, ESIT) suggests characteristic peaks of Cu” and
Cu** but not the characteristic peaks of the Cu® species.”® The
percentage of Cu' to the total Cu species (Cu* + Cu®*) was
estimated to be ~57% in the Cu/y-Al,O; and ~82% in the
Cu-Ce/y-Al,0;.

We conducted in situ diffuse reflectance infrared Fourier
transform (DRIFT) experiments to study the dynamic behaviour
of CO adsorption on the metal species. All catalysts were first
pre-treated in H, at 300 °C for 1 h, then CO molecules were
allowed to adsorb on the metal species at 25 °C to saturation,
and finally the CO desorption experiment was carried out with
flowing argon (Fig. S7, ESIT). Fig. 2c displays the CO absorption
spectra after argon purging: no detectable CO adsorption
on Ce/y-Al,O; and a distinct IR band at 2108 cm™ ' on the
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Fig. 2 The XPS spectrum of the Ce 3d region of Cu—Ce/y-Al,O5 (a) clearly reveals characteristic peaks of the Ce®* species and XPS spectra of the Cu 2p
region of Cu/y-Al,O3 and Cu-Ce/y-Al,O5 (b) show higher Cu™ content in Cu-Ce/y-Al,Os. Catalysts were reduced at 300 °C in 5 vol% H,/He for 1 h prior
to the acquisition of the XPS spectra. In situ DRIFT spectra of CO adsorption at 25 °C on Ce/y-Al,Os, Cu/y-AlL,Os3, and Cu—Ce/y-AlLOs (c) show no CO
adsorption on Ce/y-Al,O3 and CO adsorption on the Cu™ sites in Cu/y-Al,O3 and Cu-Ce/y-Al,Os. Prior to the CO adsorption—desorption experiment, all
catalysts were reduced by 5% H, at 300 °C for 1 h. The spectra were collected after 60 min purging with Ar for Cu/y-Al,Oz and Cu—Ce/y-Al,Os, and 20
min purging with Ar for Ce/y-Al,Os.
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Fig. 3 Plots of WGSR specific activity vs. temperature over Ce/y-Al,Oz, Cu/y-Al,O3, and Cu—-Ce/y-Al,O3 catalysts (a) clearly show significantly enhanced
activity of the Cu—Ce/y-Al,O5 catalyst. Arrhenius plots for WGSR over Cu/y-Al,Oz and Cu—-Ce/y-Al,Os3 (b). Long-term stability tests over Cu/y-Al,Oz and
Cu-Ce/y-Al,Os3 catalysts at 300 °C (c) demonstrate the stability of both catalysts during low-temperature WGSR. Reaction conditions: 1% CO + 10% H,O
+ He balance, SV = 74400 ml g~* h™%. The Cu-Ce/y-Al,O5 catalyst contains 1.2 wt% Cu and 2.2 wt% Ce; the Cu/y-Al,Os3 catalyst contains 1.4 wt% Cu.

Cu/y-Al, O3, assignable to linear CO adsorption on single Cu"
species.”™**> The red-shifted, prominent band at 2102 cm™"' on
the Cu-Ce/y-Al,0; catalyst demonstrates strong Cu' interaction
with Ce*" species.>***

It has been reported that under oxidative conditions, atom-
ically dispersed Cu species maintain a +2 valence state while
under reducing conditions some of the anchored Cu®" species
can be reduced to Cu*.*® However, variations in the reducibility of
copper species in the Cu/y-Al,0j; catalyst have been reported.>*
Previous studies showed that the atomically dispersed Cu®*
species in a 0.5 wt% CuO/y-Al,O; catalyst could not be reduced
in H, at temperatures up to 700 °C.>° Some of the strongly
anchored Cu®" species in our Cu/y-Al,O; catalyst might not have
been reduced after the mild reduction treatment in H, at 300 °C.
The increased amount of Cu' species in the reduced Cu-Ce/y-
Al Oj; catalyst suggests that the atomically dispersed Ce** species
facilitated the reduction of the Cu species, in agreement with
those reported in the literature."””””° Our XPS and DRIFTS
results confirmed that the presence of alumina-anchored Ce®*
species increased the amount of Cu' species after mild H,
reduction at 300 °C. Modification of the alumina support may
increase the maximum loading level of the atomic Ce species and
subsequently enhances the number of active Cu’ species in the
reduced Cu-Ce/y-AL,O; catalyst.

The CO conversion (Fig. S8, ESIT) and the specific reaction
rates (Fig. 3a) as a function of temperature over the Ce/y-ALO;, Cu/
v-Al,O3 and Cu-Ce/Al,O; catalysts show that at WGSR temperatures
< 300 °C, the Ce/y-AL,O3 (2.2 wt% Ce) did not convert much CO at
all. The Cu-Ce/y-Al,0; (~ 1.2 wt% Cu and 2.2 wt% Ce), on the other
hand, gave a reaction rate of 1.4 pmolco gcafl st at 200 °C, about
nine times higher than that (1.6 x 10™" pmolco g " s~ ) over the
Cu/ALLO; (~1.4 wt% Cu) control catalyst. Kinetic experiments
(Fig. 3b) showed an apparent activation energy (E,) of 28.1 k] mol "
for WGSR on the Cu-Ce/y-Al,0;, much lower than the 35.5 k] mol *
of the Cu/y-Al,O;. The impact of possible residue Na ions in the Cu-
Ce/y-Al,O; catalyst on the WGSR activity was negligible (Fig. S9,
ESIT). The fact that the specific activity of WGSR almost linearly
increases with the total number of Cu atoms in the Cu-Ce/y-Al,O3
catalysts (Fig. S10, ESIt) suggests that the Cu species were most
probably atomically dispersed or isolated from each other. The
activity of the atomically dispersed Cu-Ce/y-Al,O; catalyst is

This journal is © The Royal Society of Chemistry 2024

comparable to those of the CeO, supported Cu catalysts
(Table S2, ESIt). Our atomically dispersed Cu-Ce/y-Al,O; catalyst,
however, contained only 2.2 wt% Ce and 1.2 wt% Cu, significantly
lower than those of the traditional Cu/CeO, catalysts reported in the
literature. The long-term WGSR tests at 300 °C (Fig. 3c) showed that
both the Cu/Al,O; and Cu-Ce/y-Al,O; catalysts were stable. Atomic
resolution HAADF images of the used Cu/y-Al,O; (Fig. S11, ESIY)
and Cu-Ce/y-Al,O; (Fig. S12, ESIf) catalysts (after 8 hours of
continuous WGSR reaction) did not show sintering of the atomically
dispersed Cu and Ce species.

Isolated Cu" sites are active for CO adsorption.
reducible oxides, water adsorption/dissociation is generally con-

9,25,30,31 1

sidered to occur on the neighboring sites of the Cu’ species (i.e.
Ti**, Ce**-0,, Cu®);>**>* competitive adsorption of both CO and
H,0 molecules, and slow H,O dissociation, on individually iso-
lated Cu" sites pose limitations on the WGSR on atomically
dispersed Cu/y-Al,O; catalysts.>® Experimental and computational
results revealed that single Ce atoms adsorb water molecules and
facilitate their dissociation process.***® Furthermore, the electro-
nic interaction between highly active Ce species and transition
metals might modulate the adsorption strength of intermediate
species and expedite the reaction kinetics.”” Although we could not
unambiguously identify the individual atomic arrangements of the
Cu and Ce atoms at this stage, our microscopy and spectroscopy
characterization results strongly suggest that the Cu® and Ce®**
species are in intimate contact with each other. Therefore, we
propose that the active centers of the Cu-Ce/y-Al,O; catalyst
consist of Cu'~Ce®" complexes and that the Cu and Ce cations
work synergistically toward the WGSR (Scheme 1): the Ce®*

CO +H,0 CO, +H,

% ¢~

Scheme 1 Schematic diagram illustrating the synergistic effect of the
intimate contact between the Cu* and Ce** on the adsorption of the
reactant molecules to facilitate the water—gas shift reaction.
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adsorbs and dissociates H,O and the Cu" adsorbs CO. The close
proximity of activated CO and OH species facilitates the formation
of intermediates (e.g., carboxyl) and their subsequent decomposi-
tion to CO, and H,. We could not rule out the presence of a small
amount of Cu,’-Ce,”" species at this stage. Further elaborate
synthesis experiments and full catalyst characterizations are
needed to provide a fundamental understanding of the atomically
dispersed Cu-Ce/y-Al,O; catalyst systems.

In summary, atomically dispersed Ce and Cu species were
grafted onto commercially available y-Al,O; to fabricate Cu-Ce/
v-Al,O; catalysts. The introduction of atomically dispersed Ce
species led to a remarkable enhancement of the WGSR rate. We
proposed that the intimate contact between Cu’ and Ce**
species and their synergistic effect are responsible for the
experimentally observed reaction rate enhancement. Although
the atomically dispersed Cu-Ce/y-Al,O; catalyst contained very
low levels of the Ce and Cu metals, its performance is compar-
able to those of the best Cu/CeO, catalysts reported in the
literature. These findings highlight the synergetic effects among
atomically dispersed metal species and open a new route to
develop low-cost WGSR catalysts. The catalyst design strategy is
general and can be extended to a variety of atomically dispersed
catalysts for the transformation of important molecules.
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