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ABSTRACT: Thermal energy has been considered the exclusive driving force in thermochemical catalysis, yet associated lattice
expansion effects have been overlooked. To shed new light on this issue, variable temperature in situ high-resolution (scanning)
transmission electron microscopy (HR-(S)TEM) and electron energy-loss spectroscopy (EELS) were employed to provide detailed
information on the structural changes of an archetype nanoscale indium oxide materials and how these effects are manifest in reverse
water gas shift heterogeneous catalytic reactivity. It is found that with increasing temperature and vacuum conditions, an irreversible
surface lattice expansion is traced to the formation and migration of oxygen vacancies. Together, these changes are believed to be
responsible for the decreased activation energy and improved reaction rate observed for the reverse water gas shift reaction. Studies
of this kind provide new insight into how thermal energy affects thermochemical heterogeneous catalysis.

1. INTRODUCTION
It has long been known that in the field of physical science,
expansion of matter can be achieved by heat treatment.1 A
specific constant describes the degree of the expansion of solid-
state materials, namely, the coefficient of expansion.1 Based on
the thermally enhanced vibrations and induced displacement
of the constituent atoms, the heated substance usually expands
volumetrically. This rule has functioned well for centuries with
respect to bulk materials but is more of a challenge for
nanomaterials.2,3

Heterogeneous catalysis, involving the interaction of a
gaseous reactant with the surface of a solid to form a product,
is dominated by thermocatalysis, a process which is responsible
for producing commodity chemicals and fuels for society.4−9 In
a thermally enabled heterogeneous catalytic process, thermal
energy is typically considered as the sole driving force, and the
effect of temperature on changes in the structure−property
relations of the catalyst has essentially been forgotten.8,10,11

Since thermally driven reactions occur at surface-active sites of
a heterogeneous catalyst, it is expected that a thermally created
defect and corresponding expanded surface must somehow
influence surface chemical reactions and overall catalytic
performance.
With the emergence of in situ high-resolution surface

characterization techniques, detailed information can be

obtained on the surface structure of heterogeneous catalysts
under a wide range of operating conditions.12−15 Herein, an
archetype indium oxide reverse water gas shift heterogeneous
catalyst is studied by variable temperature in situ (scanning)
transmission electron microscopy ((S)TEM), electron energy-
loss spectroscopy (EELS), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). Informa-
tion obtained from these analytical techniques unveils the
strong correlation between thermally induced oxygen vacancy
formation and lattice expansion on the rates of the reverse
water gas shift reaction. These experimental findings are
further substantiated by density functional theory (DFT)
simulations, which provide structural information about the
effect of temperature on the surface and bulk domains of
indium oxide nanocrystals.
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Figure 1. Structural Analysis. (a) Schematic diagram of lattice matrix defined as surface, subsurface, and center (bulk). (b) Aberration-corrected
TEM image of In2O3 NP annealed at 450 °C under vacuum. Scale bar: 5 nm. The enlarged images are extracted from the regions labeled by yellow
rectangles in the corresponding HRTEM images. Scale bar: 2 nm. (c) EEL spectra of In-M edge and O-K edge collected from the surface and
center regions of the vacuum calcined In2O3 NP in panel (b). The dots are experimental data, and the solid lines are smoothed data using the fast
Fourier Transform only for guiding the eye. (d) In situ XRD patterns of In2O3 (222) planes annealed from RT to 450 °C under vacuum. (e) In situ
XPS In 3d and O 1s spectrum of In2O3 annealed from RT to 450 °C under vacuum. (f) DFT geometry optimization of (111) facet-exposed In2O3
model and corresponding simplified ball−stick models for (i) pristine sample and oxygen vacancy (dashed circle) on (ii) surface lower site, (iii)
upper site, and (iv) subsurface. S0 in model i represents the pristine lattice spacing between surface and subsurface In−O layers, while ΔS with their
values labeled in models ii, iii, and iv are the lattice expansion induced by the displacement (indicated by the orange arrow) of the surface In atom
vicinal to the oxygen vacancy.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c12985
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/jacs.4c12985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12985?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. RESULTS AND DISCUSSION
Aberration-corrected high-resolution TEM (HRTEM) imaging
is used to examine the structural changes of In2O3 nano-
particles (NPs) calcined at 450 °C under vacuum in a tubular
furnace (defined as “vacuum calcined” In2O3). To enhance
clarity in comprehending the various forms of In2O3
mentioned in this work, Table S1 was prepared. As
demonstrated in Figure 1a, the outermost lattice is defined
as the surface, and the second outermost lattice is defined as
“subsurface.” As shown in Figure S1a,b, the pristine In2O3 NP,
synthesized based on a previous report,16 has the cubic bixbyite
structure (Ia3̅) with a standard (222) lattice plane d-spacing of
2.91 Å at both surface and center regions at room temperature
(RT: 24 °C). As for vacuum calcined In2O3 NPs, it was
observed that the d222-spacing expanded by 6.8% to 3.11 Å for
both surface and subsurface lattice planes, whereas the d222-
spacing of the center (bulk) regions remained at 2.91 Å
(Figure 1b). It is notable that the theoretical thermal expansion
value for the (222) plane is ∼0.007 Å (i.e., the coefficient of
thermal expansion is 6.2 × 10−6 °C-1), which is negligible
compared to the lattice expansion measured in this work
(Table S2).17 To further investigate the mechanism of the
observed surface lattice expansion, STEM-EELS was used.
Figures S1c and 1c present energy-loss near-edge structures
(ELNES) of the O-K and In-M edges acquired from the
surface and center regions of the pristine and vacuum calcined
In2O3 NPs, respectively. Since the In-M edge (M5: 443 eV) is
difficult to be deconvoluted from the O-K edge, and the
indium ion is maintained at a valence state of 3+ (Figure S2c),
we focused on characterizing the O-K edge. The two peaks
(Peak A: 532 eV, Peak B: ∼537 eV) are ascribed to the
hybridization of O 2p and In 5s and In 5p states.18 Since the
peak intensity is sensitive to the electronic structure, the
intensity ratio between Peak A and Peak B is a strong indicator
of oxygen vacancy concentration ([Vö]) due to the formation
of a deep donor state.19 In the case of pristine In2O3, the
intensity ratios are calculated as 1.05 ± 0.01 and 1.046 ± 0.02
at the surface and center regions, respectively, which are similar
to the standard value extracted from stoichiometric In2O3.

20 By
comparison, for vacuum calcined In2O3, the intensity ratios
decrease to 0.849 ± 0.01 and 0.889 ± 0.008 at the surface and
center regions, respectively. Accordingly, it was determined
that more Vö are generated at the surface rather than the
center region.21

Moreover, in situ XRD and ex situ/in situ XPS were
performed to explore the structural changes of In2O3 NPs.
Figure 1d presents the in situ XRD results of In2O3 NPs
annealed from RT to 450 °C under a vacuum. Figure 1d
(inset) shows the peaks of the (222) plane at RT and 450 °C.
The peak located at 30.52° corresponds to a d-spacing of 2.92
Å, which is the standard d-spacing of the (222) lattice plane at
RT. As the temperature increased from RT to 450 °C, a small
peak appeared at the diffraction angle of 30.31°, which
corresponds to a d-spacing of 2.95 Å. Such an enlarged d-
spacing value indicates the presence of thermally induced
lattice expansion.22 Since the TEM results demonstrate that
the lattice expansion mainly occurs in the near-surface region,
in/ex situ XPS were used to analyze the surface changes of
In2O3 NPs. Figures 1e and S3 show the in situ XPS results of
In2O3 NPs annealed from RT to 450 °C under a vacuum.
Interestingly, slight negative energy shifts (lower binding
energy) were observed for both In 3d and O 1s peaks as the

temperature was increased from RT to 450 °C. For In 3d core
level, the decrease in binding energy may be related to lattice
expansion23 and/or the formation of oxygen vacancies
(Vö).24,25 To be specific, lattice expansion results in a larger
interatomic distance to make a “looser” structure, thereby
reducing the interaction between atoms and leading to a
decrease in binding energy.23,26,27 For the formation of Vö, the
O2− ligands will transfer more of their lone pair electron
density to In3+ in the coordinately unsaturated InOx, resulting
in a lower binding energy. On the contrary, for O 1s core level,
a positive energy shift will occur owing to the electron transfer
to In3+, causing a decrease in charge density of O2− when Vö
are formed.25,28 Therefore, such negative energy shifts of In 3d
and O 1s could be speculated to be dominated by lattice
expansion, and similar decreasing binding energy trends were
also confirmed by the ex situ XPS results of pristine and
vacuum calcined samples (Figure S2). In order to further
confirm the credibility of the above binding energy changes, we
also performed higher-resolution synchrotron radiation XPS
(SR-XPS) tests and reconfirmed similar shifts (Figure S4). On
the other hand, the changes in near-surface region Vö could be
detected by XPS as well. Typically, the peak at ∼529.5 eV
originates from lattice O in the matrix of metal oxide. The
generation of shoulder peak at higher binding energy (∼531.2
eV) could be attributed to various factors,29 and most reports
indicate that it is related to Vö in In2O3 systems.

30,31 Thus, we
tend to assign the ∼531.2 eV peak to the O-containing species
adsorbed on the surface Vö to reflect the intensity of the
Vö.32−35 It is hard to get real information about surface Vö due
to the escape of surface-adsorbed species during the vacuum
heating process in in situ XPS testing (Figure 1e). Fortunately,
ex situ XPS results can evidence that the surface Vö
concentration increases from 34.21 to 36.31% after the
vacuum calcination treatment process (Figure S2d and Table
S3). In addition, the color change and the red shift of the
absorption band in the optical spectrum of pristine and
vacuum calcined samples also confirm the increasing
concentration of Vö after the vacuum calcination process
(Figure S5).36 The above results reveal the existence of lattice
expansion and Vö formation at the surface region of In2O3 NPs
during the vacuum calcination treatment. However, the
correlation between lattice expansion and Vö formation is
still yet to be understood.
In this regard, spin-polarized density functional theory

(DFT) simulations were performed to provide mechanistic
insight into the Vö formation-induced geometric alteration.
The calculation is based on a (111)-facet-exposed cubic In2O3
model consisting of four In−O layers (Figures 1f and S6). The
distance between the surface and subsurface In−O layers in the
DFT model represents the lattice d-spacing observed in
HRTEM imaging. Thus, the correlation between lattice
expansion and Vö formation can be investigated by checking
the distance between surface and subsurface In−O layers with
and without Vö, specifically, the displacement of In atoms
along the [111] direction. While metal cations in a lattice tend
to relax to reach a free energy minimum when a vicinal defect
or vacancy is formed, the displacement of In is expected by the
introduction of a vicinal Vö.37 Guided by this idea, two types
of octahedral O atoms at upper and lower positions within an
In−O layer were identified by a lattice analysis. Therefore,
there are at least three types of Vö contributing to the surface
lattice expansion: the upper surface Vö (Vö-1), the lower
surface Vö (Vö-2), and the subsurface Vö (Figure 1f ii−iv).
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Geometry optimization suggested that respective In displace-
ments were 0.04, 0.20, and 0.40 Å along the [111] direction
after the introduction of Vö-1, Vö-2, and subsurface Vö into
the In2O3 lattice (Figure S7). This suggested the lattice
expansion is a consequence of the movement of surface Vö-
vicinal In atom toward the vacuum slab and that the Vö at the
subsurface can induce the largest lattice expansion among all
three possible sites. Furthermore, given Vö is typically dynamic
within an oxide lattice, the result also implied that an increased
lattice expansion would be expected, if Vö could migrate from
surface to subsurface.38 To check the feasibility of Vö
formation on the surface via In2O3 + vacuum = In2O3−x + x/
2O2 and Vö migration from the surface to subsurface in the
In2O3−x lattice, a free energy diagram of these processes was
computed. The result suggested that Vö formation at 1%
concentration should overcome energy barriers of 0.54 eV
(Vö-1) and 1.01 eV (Vö-2), respectively (Figure S8).
Interestingly, the migration of 1% Vö-1 and Vö-2 to subsurface
Vö was slightly “up-hill” (0.14 eV) and “down-hill” (−0.33
eV), respectively, suggesting the migration of Vö-2 to
subsurface is spontaneous upon formation. On the other
hand, doubling the concentration of [Vö-1] and [Vö-2] to 2%
should overcome much higher energy barriers of 2.09 and 2.17
eV, respectively. If these energies are met by thermal heating,
the formed [Vö] will spontaneously migrate from the surface
to the subsurface. These results suggested high temperatures
are needed to enrich Vö-1 and Vö-2 on the In2O3 surface,
while their migration to the subsurface is spontaneous once the
input is larger than 0.68 eV. Following the Vö migration from
surface to subsurface, lattice expansion of In2O3 will increase.

To understand the relationship between Vö formation and
lattice expansion during the vacuum calcination process, in situ
heating TEM was conducted under vacuum (∼10−4 Pa) to
reveal the dynamic structure evolution of Vö formation and
correlated surface lattice expansion at high resolution. As
shown in Figure S9, the particle size of the In2O3 NPs is
measured as 32 ± 6 nm at RT. During the heating process,
NPs retained the original particle shape and size (Figure S10),
and no phase transformation was observed (Figure S11).
Each set of HRTEM images in Figure 2 focused on the same

nanoparticle with overviews and lattice fringes in the surface
and center regions. As shown in Figure 2a−e, the exposed facet
is the (222) plane with measured d-spacings of 2.91 Å at both
surface and center regions under RT, which matches the XRD
results in Figure S1a. When the temperature increased to 300
°C, the surface and subsurface lattices expanded from 2.91 to
3.01 Å (3.4%), which is maintained at 400 °C. The expansion
value measured at these temperatures is significantly larger
than that of theoretical thermal expansion (Table S2). When
the temperature increased to 450 °C, the surface and
subsurface lattices expanded from 2.91 to 3.12 Å (6.8%) and
3.22 Å (10.7%), respectively. However, it is noticeable that no
obvious expansion was measured at the center region.
Interestingly, when the temperature decreased to RT, the
expanded surface and subsurface d-spacings were still
maintained as 3.11 and 3.21 Å, respectively. Meanwhile, the
d-spacing of the center region remained at 2.91 Å. The
intensity profiles applied to extract the d222-spacings of In2O3 at
different temperatures are shown in Figure S12, and the results
are summarized in Figure 2f. The error bars were generated

Figure 2. In Situ HRTEM Structural Analysis. (a−e) HRTEM images of In2O3 NP at RT, 300, 400, 450 °C, and back to RT, respectively. Scale
bar: 5 nm. The enlarged images are extracted from the regions labeled by yellow rectangles in the corresponding HRTEM images. Scale bar: 1 nm.
(f) Summarized trend of In2O3 d222-spacing changes at various temperatures at the surface, subsurface, and center regions.
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based on the measurements from five different particles and
several sets of experiments. The in situ HRTEM imaging
findings agree with the ex situ HRTEM and DFT results in
Figure 1 in that the Vö formation induces the surface lattice
expansion, well beyond the theoretical thermal expansion
(Table S2). In our work, electron-beam-induced effects were
evaluated and excluded (Figures S13−S15). The irreversible
changes of the expanded surface and subsurface d-spacings
caused by heating are novel compared with the traditional
thermal expansion effect. Accordingly, the oxygen vacancies
accommodating lattice expansion are of the nonequilibrium
(irreversible) vacancy type.
To understand the irreversible expansion of the surface and

subsurface d-spacings and the correlations to Vö formation, in
situ STEM-EELS analyses were conducted to investigate
surface chemistry or bonding signatures during the heating
and cooling process. Figure 3a−e shows the ELNES of the O-
K and In-M edges acquired from the surface and center regions
of the In2O3 NPs at RT, 300, 400, and 450 °C and back to RT,
respectively. The intensity ratios between Peak A and Peak B
at RT are calculated as 1.053 ± 0.009 and 1.048 ± 0.02 at the
surface and center regions, respectively, similar to the standard
value extracted from the ex situ pristine In2O3 (Figure S1) and

stoichiometric In2O3.
20 As shown in Figure 3b, at 300 °C, the

intensity ratios are 0.937 ± 0.002 and 1.02 ± 0.01 at the
surface and center regions, respectively, slightly decreasing but
still similar to those at RT. As the temperature increases to 450
°C (Figure 3d), the intensity ratios at the surface and center
regions drop to 0.865 ± 0.007 and 0.898 ± 0.014, respectively,
which are maintained when the temperature cools back to RT
(Figure 3e). Figure 3f summarizes the Peak A/Peak B intensity
ratio trend at various temperatures, and exact intensity ratios
are presented in Table S4. The decreasing intensity ratio
initiates at 300 °C, indicating the increasing [Vö] remains
unchanged when the temperature cools back to RT.21 It also
reveals that more Vö is generated at the surface rather than in
the center region. These in situ results are consistent with ex
situ EELS characterization (Figure 1c) and confirm the
existence of surface Vö formation, which is most likely related
to surface lattice expansion. Based on the in situ HRTEM and
EELS analysis, the temperatures of the irreversible Vö
formation agree with those of the surface lattice expansion,
matching the results obtained from DFT calculations that
surface lattice expansion is attributed to surface Vö formation.
To further understand the relationship between the Vö-

lattice expansion and catalytic performance, it is essential to

Figure 3. In Situ STEM-EELS of Vö Analysis. (a−e) EEL spectra of In-M edge and O-K edge at the surface region of In2O3 NPs collected from
different temperatures: RT, 300, 400, 450 °C, and back to RT, respectively. (f) Peak A/Peak B intensity ratio extracted from the O-K edge at the
surface In2O3 at various temperatures. For each spectrum, the dots are experimental data, and the solid lines are smoothed data using fast Fourier
Transform.
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Figure 4. Catalytic Performance and Mechanism Exploration. (a) CO rate of pristine and vacuum calcined samples at different temperatures.
Conditions: H2/CO2 ratio = 1:1 with a flow rate of 12 mL min−1. (b) Activation energy measurement of RWGS reaction of pristine and vacuum
calcined samples. (c) In situ DRIFTS spectra of CO2 adsorption of pristine and vacuum calcined samples at room temperature. Conditions: CO2/
He ratio = 1:9 with a flow rate of 20 mL min−1. (d) CO2-TPD profiles of pristine and vacuum calcined samples. (e, f) In situ DRIFTS spectra of
pristine and vacuum calcined samples at (e) 250 and (f) 450 °C. Conditions: H2/CO2/He ratio = 1:1:8 with a flow rate of 20 mL min−1. (g)
Schematic diagram of the proposed mechanism on lattice expansion effects promoting CO2 hydrogenation over the In2O3 surface.
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evaluate the thermally driven catalysis, such as CO2 hydro-
genation.39 The In2O3 NPs were chosen as the archetype
model for the RWGS catalytic reaction study. The vacuum
thermally treated sample exhibits superior CO activity at each
temperature compared to that of the pristine sample (Figure
4a). The increment in the catalytic activity of the vacuum
calcined sample over that of the pristine sample decreases
versus temperature increasing with the inflection point at 350
°C (Figure S16), which is similar to the apparent activation
energy (Ea) trend discussed below. Interestingly, the
corresponding Arrhenius plots of both samples present similar
two-stage convex plots with the inflection point at 350 °C
(Figure 4b), indicating that the increasing temperature may
overcome a specific energy barrier and enable a new reaction
pathway for RWGS.40 At lower temperatures (<350 °C), the
apparent activation energy of the vacuum calcined sample is
14.88% lower than that of the pristine sample. With increasing
temperatures (>350 °C), both samples exhibit similar
activation energies (87−88 kJ/mol). Such results indicate
that the remaining irreversible lattice expansion and/or Vö
formation on the vacuum calcined sample may reduce the Ea to
result in an obvious activity increment at lower temperatures.41

However, with an increase in temperature, the pristine sample
eventually exhibits lattice expansion with an increasing amount
of Vö, and the difference between both samples becomes
inconspicuous.
The CO2 adsorption/desorption behaviors of pristine and

vacuum calcined samples were studied to distinguish the role
of lattice expansion and/or Vö formation. Figure 4c represents
the in situ DRIFTS of the CO2 adsorption of both samples at
room temperature. Since Vö is the recognized active site for
CO2 adsorption, the adsorption capacity of CO2 is generally
positively correlated with the amount of Vö.25,42,43 After
exposure to CO2, the overall higher CO2 adsorption intensity
of the vacuum calcined sample demonstrates a richer Vö on its
surface than that on the pristine sample (Figure 4c), which is
consistent with the Vö results we mentioned before. In
addition, there are also some differences in the adsorbed
species of the two samples. For the pristine sample, only slight
mono- and bidentate bicarbonate (m-/b-HCO3

−)44,45 and
monodentate carbonate (m-CO3

2−)16,44,46 are detected due to
the little surface-adsorbed water and rare surface Vö. On the
contrary, besides the species mentioned above, we could also
find higher coordination CO2 adsorbed species, including
bidentate carbonate (b-CO3

2−)16,46,47 and polydentate carbo-
nate (p-CO3

2−).48,49 Such results indicate that more surface Vö
could promote CO2 strongly binding to the catalyst surface via
higher coordination species, which may be conducive to
further hydrogenation.49 Notably, the 5−10 cm−1 red shifts of
νas(OCO) (>1500 cm−1) of m-/b-HCO3

− (opposite shifts of
their νs(OCO) (<1500 cm−1)) are found between the vacuum
calcined sample and the pristine sample, which reveals that the
adsorption strength of CO2 on the vacuum calcined sample is
stronger than that on the pristine sample.50−52 This is
speculated to be due to the decrease in binding energy caused
by lattice expansion, allowing more electrons to be delivered to
the antibond orbital of CO2.

52 Moreover, the CO2 desorption
studies on CO2-temperature-programmed desorption (TPD)
profiles show similar results (Figure 4d). The overall higher
intensity of the vacuum calcined sample also indicates a
positive dependence of CO2 adsorption on surface Vö
concentration.53 The delay of the desorption peak to the
high temperature (∼10 °C) and the emergence of new

desorption peaks in the CO3
2−-related region illustrate the

improvement of adsorption strength and the increase of
adsorption species as well.49,54

Subsequently, in situ DRIFTS was also conducted to track
the surface-adsorbed species in order to study the difference in
the mechanism at 250 °C (Figures 4e and S17) and 450 °C
(Figures 4f and S18) of the pristine and vacuum calcined
samples. As shown in Figure 4e−f, the vacuum calcined sample
exhibits stronger signals of all species than the pristine sample
when the reaction equilibrium is reached, which is owing to the
more Vö active sites, as we mentioned above. These results
agree well with the catalytic performance trends (Figure 4a).
To be specific, the peaks at 2077 and 2055 cm−1 can be
assigned to diagnostic vibrational modes of adsorbed *CO
species, which leads to a direct CO2 dissociation pathway for
CO synthesis (Figure S17).55,56 The produced CO signal was
detected when the temperature was raised to 450 °C (Figure
S17), which confirms that *CO species are more easily
desorbed and produce gaseous CO at high temperatures.57,58

The absence of the gaseous CO signal at 250 °C is because the
gaseous CO signal is too weak and difficult to detect in a highly
diluted atmosphere and has low catalytic activity. Furthermore,
except for the *CO pathway, other reaction routes of RWGS
were observed on In2O3 NPs as well. For the pristine sample,
only b-CO3

2− and m-CO3
2− were found at 250 °C (Figure 4e),

which indicates that the carbonate route is another reaction
mechanism leading to CO synthesis.16,47

In sharp contrast, HCO3
−,59,60 b-CO3

2−,16,61 m-CO3
2−,16,61

and formate (HCOO*)16,58,61 were observed over the Vö-rich
vacuum calcined sample at 250 °C (Figure 4e). The HCOO*
is typically formed by further hydrogenation of carbonate, and
the presence of HCOO* in the vacuum calcined sample
indicates that stronger CO2 adsorption strength on its surface
makes more stable carbonate and enables further hydro-
genation.49 Furthermore, the same species, including
HCOO*,16,58,61 b-CO3

2−,16,61 and m-CO3
2−,16,61 were found

in the spectra at 450 °C of both samples (Figure 4f). Such
phenomena indicate that similar reaction pathways occur for
both samples at 450 °C, consistent with similar Ea results.
Therefore, the formation of surface Vö increases the
adsorption capacity of CO2, thereby improving the catalytic
activity. The stronger carbonate adsorption strength caused by
lattice expansion and the existence of multidentate carbonate
on the Vö-rich surface stabilizes the carbonate species to
further hydrogenate to form HCOO*. The schematic diagram
shown in Figure 4g presents how the formation of Vö and
lattice expansion alter the reaction pathways of the RWGS
reaction. It also summarizes the relationship between temper-
ature and the degree of surface lattice expansion, as well as the
correlation between lattice expansion, the CO rate, and the Ea
of the RWGS reaction. It is well known that the change of Ea
indicates the alteration of reaction mechanism or interactions
of surface-active sites on reactants/intermediates/products.62

In our case, the Ea decreased from 132.90 to 87 kJ/mol after
the temperature exceeded 350 °C. Though there is a significant
increase of oxygen vacancies in the In2O3 when the
temperature ramps from lower ones to exceed 350 °C,
increasing the number instead of the type of active sites cannot
explain the change in Ea. Further investigation revealed that
this was due to the irreversible lattice expansion that regulated
the electronic states of the surface sites with regard to the
promoted CO2 adsorption. Stronger CO2 adsorption strength
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was beneficial to stabilize the carbonate for further hydro-
genation to form a new formate pathway.
The structure of postreaction In2O3 was analyzed. Figure

S19a shows that the (222) lattice plane expansion can still be
observed as the surface d-spacing of 3.13 Å, expanded by 7.2%,
and the subsurface d-spacing of 3.06 Å expanded by 4.8%. In
addition, the results from the ELNES of the O-K edge confirm
the presence of the Vö at both surface and center regions
(Figure S19b). The intensity ratios between Peak A and Peak
B are 0.885 ± 0.01 for the surface and 0.921 ± 0.006 for the
center regions, respectively. These features indicate the
presence of Vö after the RWGS reaction. Furthermore, the
XPS 1s spectrum of the used In2O3 NPs presents a higher [Vö]
compared to that of a fresh sample (Figure S20).

3. CONCLUSIONS
The question of how lattice thermal expansion is manifest in
thermochemical heterogeneous catalysis has been addressed in
the work described herein using a combination of in situ
electron microscopy, diffraction, spectroscopy solid-state
characterization techniques, and DFT. Using nanocrystalline
indium oxide as a case in point, an irreversible thermally
induced surface lattice expansion is traced to the formation of
surface oxygen vacancies, which collectively enhances the
catalytic performance for the exemplary reverse water gas shift
reaction, an observation that receives support from DFT
simulations. Quantitative insights into the effect of temperature
on the structure, property, and chemical reactivity relations are
pivotal for deconvoluting the contributing effects of thermal
energy in heterogeneous catalysis.

4. EXPERIMENTAL SECTION
4.1. Synthesis of In(OH)3 Nanocrystals. The synthesis of

In(OH)3 nanocrystals referred to in this work has been reported
previously and involved the following synthesis steps: indium(III)
chloride (3.6 g, 16.2 mmol, 99.99%) was dissolved in a 3:1 solution
(72 mL) of anhydrous ethanol (Commercial Alcohols) and deionized
water.16 In a separate beaker, a 3:1 mixture of ethanol and ammonium
hydroxide was prepared by combining an aqueous ammonium
hydroxide (18 mL, 25−28%) with anhydrous ethanol (54 mL). The
solutions were rapidly combined, resulting in the immediate
formation of a white precipitate. The resulting suspension was then
immediately immersed in a preheated oil bath at 80 °C and stirred for
30 min. The suspension was then removed from the oil bath and
cooled to room temperature. The precipitate was separated via
centrifugation and washed five times with deionized water. The
precipitate was sonicated between washings to ensure adequate
removal of any trapped impurities and then dried overnight at 60 °C
in a vacuum oven.

4.2. Synthesis of Pristine In2O3 and Heat-Treated Samples.
The pristine In2O3 nanocrystal (pristine) was obtained via the thermal
treatment of the In(OH)3 nanocrystal in air at 700 °C for 5 h in a
muffle furnace with a ramp rate of 5 °C per minute. The vacuum
calcined sample was obtained via thermal treatment of pristine In2O3
at 450 °C for 1 h in a tubular furnace with a ramp rate of 5 °C per
minute under a vacuum pressure of ∼2.5 × 10−2 Pa (Rotary Vane
Vacuum Pump, R-8SN, WIGGENS).

4.3. In Situ TEM Imaging and EELS Analysis. The real-time in
situ (S)TEM observations were conducted by using a single-tilt
Hitachi Blaze heating holder in a Hitachi HF-3300 environmental
TEM/STEM operating at an accelerating voltage of 300 kV. The HF-
3300 is equipped with a cold field-emission gun. The STEM images
were acquired using a convergence angle of 18 mrad in high-
resolution mode. EELS results were recorded using an EELS
collection angle of 149 mrad. Energy dispersions of 0.25 eV/channel
were used to acquire In-M and O-K edges, respectively. The energy

resolutions in EELS, as measured by the full width at half-maximum of
the zero-loss peak, was 1.0−1.3 eV. The energy scale for the EEL
spectra of In2O3 NPs was calibrated by setting the edge maximum
point of the O-K edge to 532 eV. The Gaussian function was used to
deconvolute O-K peaks, whose results are shown in Figure S21.
During the in situ heating process, the temperature was increased in

steps from RT (24 °C) to each targeted temperature at a heating rate
of 1 °C/s. The holding time at each temperature was 20 min while the
beam valve was closed to avoid electron beam irradiation.

4.4. DFT Calculation. All spin-polarized calculations were
performed using the CASTEP package with the following
convergence criteria: energy 5.0 × 10−5 eV/atom, max. force 0.1
eV/Å, max. stress 0.2 GPa, max. displacement 0.005 Å, and SCF
tolerance 1.0 × 10−5 eV/atom.63 To understand the experimentally
observed lattice expansion, the (111) surface consisted of 1 × 1, four
In−O layers, and a vacuum slab of 15 Å. The oxygen vacancy ([Vö])-
laden surface was crafted by abstracting O atoms at different sites. The
GGA-RPBE functional was used for the exchange−correlation
potential, and the plane-wave pseudopotential approach and ultrasoft
pseudopotentials were employed for all of the atoms with a kinetic
energy cutoff of 260 eV. All models were first fully relaxed via
geometry optimization and then applied for the energy calculation.
The displacement of In, specifically along the [111] direction, can be
obtained by the change in atomic position between [Vö]-laden model
and the pristine model. For example, assuming (x1, y1, z1) and (x2, y2,
z2) represent the Cartesian atomic position of pristine and [Vö]-laden
indium oxide, then the [Vö]-induced displacement of In can be
computed by (z2 − z1) since the [111] direction is along the z
direction in our computation.
The [Vö] formation energies are defined as

E E EVo 1/2EOform Vo surf 2 surf[ ] = +[ ]

where [Vö]-surf represents the [Vö]-laden model and surf represents
the pristine model of indium oxide.

4.5. Catalytic Activity Measurements. Gas-phase flow reactor
measurements were carried out in a custom-built fixed-bed tubular
reactor (8 mm outer diameter and 6 mm inner diameter). Within the
reactor quartz tube, ∼20 mg of catalyst mixed with ∼150 mg of quartz
sand was packed between two portions of quartz wool, which
supported the packed catalyst bed in the center. External heating was
provided by no-contact conduction via four heated ceramic rods
surrounding the tubular reactor on two sides. A temperature
controller managed the temperature by utilizing a thermocouple
placed near the catalyst bed. During the reaction, H2 and CO2 flowed
in a 1:1 ratio at a total volumetric flow rate of 12 mL min−1. Product
gases were analyzed using the flame ionization detector (FID) and
thermal conductivity detector (TCD) installed in a gas chromato-
graph (Panna A91Plus, Changzhou Panna Instrument Co., Ltd.).

4.6. In Situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy Characterization. In situ DRIFTS spectra were
carried out in an in situ high-temperature reaction chamber (Praying
Mantis HVC-DRM-5, Harrick Scientific) with a Fourier transform
infrared spectrometer (Nicolet iS50, Thermo Fisher Scientific) and an
MCT detector. First, the samples were pretreated at reaction
temperature for 1 h in He at a 20 mL min−1 flow rate and then
cooled to room temperature. Subsequently, a background spectrum
was collected in He at the corresponding temperature before the
catalyst was exposed to the analysis gas. The catalysts would be
exposed to mixed gas (10% CO2, 10% H2, and 80% He) at a flow rate
of 20 mL min−1. During the testing, a list of spectra was collected by
64 scans at a resolution of 4 cm−1 in the range of 4000−1000 cm−1.
For the CO2 adsorption DRIFTS testing, the samples were

pretreated at 250 °C for 1 h in He at a 20 mL min−1 flow rate and
then cooled to room temperature. Subsequently, a background
spectrum was collected in He at the corresponding temperature
before the catalyst was exposed to the CO2 mixed gas. The catalysts
were exposed to mixed gas (10% CO2 and 90% He) at a flow rate of
20 mL min−1. During the testing, a list of spectra was collected by 64
scans at a resolution of 4 cm−1 in the range of 4000−1000 cm−1.
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4.7. In Situ X-ray Diffraction Characterization. In situ XRD
patterns were recorded using an X-ray diffractometer (SmartLab,
Rigaku) with a heating chamber under a vacuum pressure of ∼2 ×
10−3 Pa (EDWARDS Rotary Vane Vacuum Pump, RV3). The
diffractometer used Cu Kα radiation at 30 kV, and data were collected
in the range of 2θ between 20° and 70°.

4.8. In Situ/Ex Situ X-ray Photoelectron Spectroscopy
Characterization. XPS was performed using an X-ray photoelectron
spectrometer (Supra Axis+, Shimadzu Kratos) in an ultrahigh vacuum
chamber with a base pressure of 5 × 10−9 Torr (1 × 10−8 Torr for in
situ XPS). The spectrometer used an Al Kα X-ray source operating at
15 kV and 15 mA. The samples were coated onto carbon tape, and all
results were calibrated to a C of 1s 284.5 eV.

4.9. CO2-Temperature-Programmed Desorption. CO2-TPD
curves were carried out on a chemisorption apparatus (Auto Chem II
2920, Micromeritics) with a temperature-ramp rate of 10 °C min−1

from 50−700 °C after pretreatment at 250 °C for 2 h in Ar.
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