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Controlling the intrinsic activity and long-term stability of active sites is
essential to advance the formulation of catalysts. The hydrogenation of CO, to
methanol over indium oxide (In,03) is believed to proceed at oxygen vacancies
(Vo~) formed in situ. Here, we study how the structural dynamics of c-In,O5 are
altered through doping with Sn or Zr, affecting the local structure, catalytic
activity, and stability. We find that V" sites in Sn-doped c-In,05 are unreactive
towards their replenishment by CO,, leading to catalyst deactivation by the
formation of In® and Sn°. Conversely, V™ sites in Zr-doped c-In,O5 show a high
reactivity towards CO,, translating into a high catalytic activity and stability
against over-reduction-induced deactivation. The diverging properties origi-
nate from the distinct defect dynamics in these two materials. The balance
between V" formation and its replenishment during CO, hydrogenation is the

key characteristic for both activity and stability of In,O3-based catalysts.

The selective conversion of carbon dioxide (CO,) to methanol
(CH3OH) is a vital chemical reaction for the transition to a sustainable,
circular carbon economy*?. The current industrial process for metha-
nol production uses a copper-based catalyst (Cu-ZnO-Al,O5) and a
CO,-containing synthesis gas as the feedstock; the latter is obtained
from fossil resources®. However, the copper-based catalyst is also
highly active for the competing reverse water gas shift reaction (RWGS,
i.e., the hydrogenation of CO, to CO and H,0), promoting its steam-
induced deactivation in CO,-rich gas feeds®. In recent years, reducible
metal oxides have emerged as attractive alternatives for directly
hydrogenating CO, to CH;0H (ref. 5). A particularly promising catalyst
family is based on indium oxide®’. Theoretical and experimental stu-
dies have suggested oxygen vacancies, Vo™, as the active sites in cubic
indium oxide (c-In,03), more precisely, In-Vy-In sites®’. Operando
X-ray absorption spectroscopy (XAS, In K-edge) revealed In,05_,, with
an average oxidation state of In between +2 and +3, in the active state'’.
However, the long-term stability of In,O5 is limited by the formation of
metallic In during CO, hydrogenation that leads to the deactivation of

the catalyst, driven by the precipitation of In-Vy"-In sites once a suf-
ficiently large oxygen non-stoichiometry in In,Os_, is reached (deac-
tivation due to over-reduction). Thus, controlling the concentration of
Vo sites in the working catalyst is critical to maintain its stability ™.
The activity and stability of In,O5 have been improved through its
interaction with a monoclinic zirconia (m-ZrO,) support’'*¢, Using
operando XAS, this improvement has been rationalized by the migra-
tion of In* ions into the m-ZrO, structure, leading to the formation of
active and stable In-Vo"-Zr sites"”. However, a theoretical study
provided an alternative explanation and linked the increased activity
of aIn,03/m-ZrO, material to a lower degree of reduction of dispersed
In,03, owing to its interaction with ZrO, (ref. 18). The presence of an
In,05-Zr0, interface in multi-phase In-Zr oxide catalysts, combined
with their structural dynamics under CO, hydrogenation conditions,
introduces additional complexity in identifying the descriptors for
catalyst activity and stability (Fig. 1a). Further, it has been shown that
the abundance of V™ sites in In,O5 can be altered by, for example, its
doping with Al or Cr ions, resulting in an improved catalyst stability'**.

TETH Zirich, Department of Mechanical and Process Engineering, CH Ziirich, Switzerland. 2Delft University of Technology, Department of Chemical Engi-
neering, HZ Delft, The Netherlands. . e-mail: abdalap@ethz.ch; fedoroal@ethz.ch; muelchri@ethz.ch

Nature Communications | (2026)17:6435


http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0002-2011-1707
http://orcid.org/0000-0002-2011-1707
http://orcid.org/0000-0002-2011-1707
http://orcid.org/0000-0002-2011-1707
http://orcid.org/0000-0002-2011-1707
http://orcid.org/0000-0001-9814-6726
http://orcid.org/0000-0001-9814-6726
http://orcid.org/0000-0001-9814-6726
http://orcid.org/0000-0001-9814-6726
http://orcid.org/0000-0001-9814-6726
http://orcid.org/0000-0003-2234-6902
http://orcid.org/0000-0003-2234-6902
http://orcid.org/0000-0003-2234-6902
http://orcid.org/0000-0003-2234-6902
http://orcid.org/0000-0003-2234-6902
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-72876-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-72876-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-72876-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-72876-w&domain=pdf
mailto:abdalap@ethz.ch
mailto:fedoroal@ethz.ch
mailto:muelchri@ethz.ch
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-72876-w

a Previous work:
supported In,0,/m-ZrO,

In,O In23+

« electronic interactions
V" atIn,0,/m-Zr0O, interface

m-ZrO,:In surface solid solution

Y21
4

In-V,"~Zr sites

b This work:
doped c¢-In,O, nanocrystals

local structural
doping

oo

m-ZrO,

SniZr

dyep €a. 10 nm

Fig. 1| Previously studied In,03/m-Zr0, and m-ZrO,:In materials and the catalysts developed in this work. a In-Zr oxide catalysts for CO, hydrogenation to methanol
and their proposed activity descriptors”*', b Doping In,O3 nanocrystals to alter the local structure of the ¢-In,O5 host.

Yet, a link between the defect structure of In,O3 and its catalytic
properties has not been established.

Herein, we use c-In,03 nanocrystals to demonstrate that the cat-
alytic properties of the active oxygen vacancy sites are tunable by
manipulating the material's defective structure through doping®-*.
The incorporation of Sn** or Zr** cations into the c-In,O3 host via a
colloidal synthesis route”** leads to solid solutions® " with distinct
local structures in the vicinity of the dopant (Fig. 1b). The nature of the
dopant determines the dynamics of the oxygen vacancies under CO,
hydrogenation conditions, resulting in diverging catalytic properties.
Specifically, Sn-doped c-In,O5 shows a low initial activity and poor
stability due to rapid over-reduction. In this catalyst, In-Vo"-Sn/In sites
form readily, but are poorly reactive toward CO,, resulting in their
facile clustering and formation of metallic In and Sn. In contrast, Zr-
doped c-In,03 contains Vo~ sites that react readily with CO,, allowing
to refill the Vo~ sites and to close the catalytic cycle, leading to CH;0H
or CO. For this catalyst, excessive formation of Vo~ is avoided because
the rate of Vo~ generation is balanced or exceeded by the rate of Vo~
healing, ensuring stability against deactivation under CO, hydro-
genation conditions. Our experimental results, aided by periodic
density functional theory calculations, show that the activity and sta-
bility of In,05-based catalysts are closely interconnected and depend
on the ability of Vo™ sites to be replenished through their interaction
with CO,, which in turn depends on the oxygen-vacancy mobility and
the extent of charge delocalization around Vo~ sites, both parameters
that can be controlled by the type of dopant. More generally, our study
establishes fundamental relationships between the local defect struc-
ture and the catalytic properties of the active oxygen vacancy sites,
providing design principles for reducible metal oxide catalysts for CO,
hydrogenation.

Results

Synthesis and structural analysis

In,03 nanoparticles (NPs) doped with Sn or Zr were prepared using a
colloidal route, i.e., via thermal decomposition of the metal precursors
in oleylamine, followed by calcination of the resulting precipitate at
650 °C (see Experimental Section for details). In what follows, the
calcined, doped materials containing ca. 5 atom-% of dopant are
denoted as In; 9Sng 103 05 and Iny 9Zrg ;05 o5 (assuming a stoichiometric
oxygen content). These compositions are the primary focus of this
study, as for such doping level Sn and Zr are incorporated into the c-
In,03 structure without phase segregation®, thereby allowing us to
assess the intrinsic effect of doping on the catalytic activity and sta-
bility of the material. This selection of dopant concentrations is made
based on the results of a structural characterization of additional In,O5
NPs that contain higher nominal loadings of Sn or Zr (10, 20, and 30
atom-%); the characterization and catalytic data of such materials are
presented in the Supplementary Information file. Undoped In,O3 NPs
prepared using the identical method (denoted as nano-In,05) are used
as a reference material to evaluate the effect of the dopant on the
catalytic performance of c-In,03. As calcination of nano-In,05 at 650 °C

induced sintering (Supplementary Fig. 3), nano-In,03 was calcined at
400 °C to ensure comparable surface areas to that of the (doped)
In,05-based catalysts (a catalytic test of nano-In,O3; was performed
after calcination at 650 °C to ensure that the higher calcination tem-
perature does not alter the trends of catalyst stability, Supplementary
Fig. 13). In,O5 prepared by precipitation of In(OH); from an In(NOs);
solution and subsequent calcination at 1400 °C (denoted as bulk-
In,03) is used as reference material for the structural analyses.

The specific surface areas of In;9Sng 10305, IN;9Zrg ;0505 and
nano-In,05, determined by N, physisorption, are 38, 50, and 58 m? g™
(Supplementary Table 1). From inductively coupled plasma-optical
emission spectrometry (ICP-OES), the Sn and Zr content in
In; 9Sng 105,05 and Ing9Zrg;10305 is 5.0 and 5.5 atom-%, respectively
(Supplementary Table 1). The spatial distribution of In and Sn, as well
as that of In and Zr, within the nanoparticles is uniform according to
the energy-dispersive X-ray (EDX) mapping (Supplementary
Figs. 1 and 2).

The crystal structure of ¢-In,O5 (cubic bixbyite-type, space group
la3, ICSD #14387, Fig. 2a, left) features two inequivalent In sites in
octahedral coordination with oxygen, i.e., b- and d-sites (Fig. 2a, right);
the number of d-sites is three times that of the b-sites®. Oxygen
(positioned at the e-site) is tetrahedrally coordinated with In. This
structure results in a network of tetrahedral interstitials, also referred
to as structural vacancies (Fig. 2a, middle)*~°. The bixbyite structure of
¢-In,03 is an oxygen-vacancy-ordered derivative of the fluorite struc-
ture (refs. 29-31). When In** cations are substituted with a tetravalent
dopant M (Zr** or Sn*'), there is a charge imbalance, which is com-
pensated by additional oxygen occupying the tetrahedral interstitials,
as described in Eq. (1) using the Kréger-Vink notation, with the symbols
(), (»), and (') representing neutral, positive, and negative defects,
respectively®. This mechanism is well studied for Sn-doped c¢-In,05
and, under oxidizing conditions, neutral defect associates are formed,
expressed as (2M;,07)" (refs. 30,33,34).

2MO In,0, . X ” o A/ X x (1)
, 57 2Mp +305 +0] < (2M;,0)* +30;

To probe the incorporation of either Sn or Zr into ¢-In,O5 and the
induced structural modifications, we turn to complementary techni-
ques that allow us to assess both the local and the periodic structure of
a material. Analysis of powder X-ray diffraction (XRD) patterns con-
firms that Iny9Sng 103,05 and In;9Zrg 103 o5 crystallize in a c-In,05 type
structure, with no additional phases being observed (Fig. 2b). The
materials have similar average crystallite sizes (dxrp = 8-9 nm), which
are slightly smaller than the average particle sizes observed by STEM
imaging (dstem=12-13nm, Supplementary Fig. 1b, 2b). Rietveld
refinement of the XRD data reveals that the lattice parameter increases
from 10.119 A in nano-In,05 t0 10.124 A in In; oSN 103,05 and to 10.125 A
in In 9Zro 103 05, confirming the incorporation of the dopant ions into
the structure of In,05 (Fig. 2¢ and Supplementary Table 2)*. XRD
signatures of secondary phases (rutile SnO, and tetragonal ZrO,) are
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Fig. 2 | Structural analysis of c-In,0; and the doped In,0; NPs. a Visualization of
the c-In,05 unit cell (left), the connectivity of the structural vacancies (middle), and
the coordination of the two inequivalent metal sites with oxygen (right). b Long-
range order analysis by Rietveld refinement of the XRD patterns of phase-pure
In;.9SN( 103 05, IN1.9Zr( 103 05, and nano-In,05 (c-In,03 structure). ¢, Lattice con-
stants (grey shaded areas are uncertainties) of the (doped) NPs and bulk-In,O3
obtained from the Rietveld analyses shown in b (details are given in Supplementary
Table 2). d Local to mid-range order analysis by fitting the PDFs of In; 9Sng ;05 os,

Iny 9Zro 103 05, and nano-In,0;. e The isotropic ADP (grey shaded areas are uncer-
tainties) in doped In,O5; NPs and the reference materials nano- and bulk-In,O5
(obtained from the fits shown in (d); see Supplementary Table 3). f Local structure
analysis in real space by PDFs (gmax =22 A™). The difference plot was obtained by
subtracting the PDF of bulk-In,O3 from the PDFs of In; 9Sng 103 05, Iny.9Z10 103,05,
and nano-In,03. The highlighted area marks where dopant-induced disorder is
evidenced. g EXAFS analysis at the dopant K-edges of In; 9Sng 103 o5 and

In; 9Zr 10305 (see Supplementary Fig. 6 and 7 for the analysis of In K-edge data).

observed only for the NPs containing 30 atom-% of Sn or Zr (Supple-
mentary Fig. 4a,b). In addition, there is a gradual expansion of the
lattice with increasing amounts of Sn or Zr for up to 20 atom-% (Sup-
plementary Fig. 4c), which confirms the formation of solid solutions in
this compositional range and agrees with literature reports for Sn-
doped In,05 (ref. 35).

The local-to-mid-range structure of In;oSng;039s and
In;9Zrp;030s was examined by analyzing the pair distribution

functions (PDFs) of the materials derived from X-ray total scattering
data (Fig. 2d)*. The data reveal a similar atomic arrangement in all
three materials, which aligns with the XRD analysis. To describe the
structure of the materials quantitatively, we fitted the c-In,O; model to
the experimental PDFs over the range r=1.5-30 A (Supplementary
Table 3). The structural disorder induced by the dopants is evidenced
by an increase in the isotropic atomic displacement parameter (ADP)
of the metal sites in In;9Sng ;0305 and In; 9Zrg ;05 o5 With respect to
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nano-In,O3 (Fig. 2e). This observation of increased disorder upon
doping complements the increase of the lattice constant from Rietveld
analysis of the Bragg peaks (Fig. 2c). We further note that the increase
(and the associated error) in ADP for the doped materials is slightly
more pronounced for the b-site cations than the d-site cations, which is
in line with the preference of Sn to occupy b-sites in Sn-doped In,05
(ref. 30). In the local structure region of the PDFs, i.e., for r=2-4 A
(Fig. 2f, top), we observe three distinct peaks. The first peak centered
atr=2.16 A corresponds to the nearest average metal-oxygen distance,
while the two additional peaks at r=3.3 and 3.8 A are due to metal-
metal distances of the nearest d-b and d-d sites, respectively. To
further unveil differences in the PDF data with respect to the ideal c-
In,05 structure, we use a difference PDF (d-PDF) approach. Here, the
d-PDF was obtained by subtracting the PDF of the bulk-In,O3 reference
material from the PDFs of In; 9Sng 103 05, In;.9Z1 103 05, and nano-In,05
(Fig. 2f, bottom). The incorporation of Sn or Zr into the c-In,O5
structure leads to a noticeable change in the local structure when
compared to nano-In,03, i.e., the d-PDF curves of In; 9Sng ;10305 and
Iny.0Zr0105.0s exhibit a peak at r=3.5 A, while this peak is not observed
in the d-PDF of nano-In,0s. This indicates local strain due to the pre-
sence of the respective dopant in the crystal structure, while excluding
nano-sizing effects as the structural origin of the peak.

To gain a better understanding of the local structure around the
dopants in the prepared catalysts, we utilized XAS at the Sn/Zr and In K-
edges. The Sn K-edge X-ray absorption near edge structure (XANES) of
In;.oSng 105 o5 exhibits a prominent white line feature at 29209 eV and
shows a subtle shift in the absorption edge energy (£Eo=29204 ¢V,
defined as the maximum of the first derivative of the XANES) to lower
energies compared to the rutile SnO, reference (Eo=29205 eV, Sup-
plementary Fig. 6b). Further, the post-edge features of In; 9Sng 10305
are different from those of Sn0O,, reflecting a different geometric
configuration of Sn*" in In; ¢Sng ;03 o5 compared to SnO,. The In K-edge
XANES of In; 9Sng 105 05 is very similar to that of the bulk-In,O5 refer-
ence material. Only a slight shift of £, to higher energies (visualized as a
negative peak at 27945eV in the XANES difference curve, Supple-
mentary Fig. 6a) is observed, which reflects subtle changes in the
electronic structure of In due to the presence of Sn. Similarly, the Zr K-
edge XANES of In; 9Zry 10505 shows an Eq of 17998 eV that is compar-
able to tetragonal or monoclinic ZrO,, but differs in the white line
features (at 18002 and 18011eV) and in the post-edge region, sug-
gesting a local environment around Zr*" in In; 9Zro 103 o5 that is distinct
from that in ZrO, (Supplementary Fig. 7b). The In K-edge XANES of
Iny.9Zr 103,05 is very similar to the XANES of bulk-In,03, showing only a
slight shift of Ey to higher energies (negative peak in the XANES dif-
ference curve to bulk-In,03 at 27945 eV, Supplementary Fig. 7a).

The Kk*weighed, Fourier-transformed (FT) extended X-ray
absorption fine structure (EXAFS) signals (not corrected for phase
shift) obtained at the dopant and In K-edges for In;oSng ;0505 and
Iny.9Zr103.05 (Fig. 2g and In K-edge data in Supplementary Figs. 6c,e
and 7c,e) exhibit two prominent shells. The first shell is due to metal-
oxygen (M-0), and the second shell is due to metal-metal (M-M)
scattering. The EXAFS data were fitted for both the dopant and the In
K-edges separately, yielding quantitative information of the M-O and
M-M distances (R), the coordination numbers (CN), and the Debye-
Waller factors (6% (Supplementary Tables 4-6).

In InioSno10s0s, the Sn-O distance (Rsn-o=2.07A) is con-
siderably shorter than the In-0 distance (R, =2.16 A). The latter is
identical within error to Rin_o in bulk-In,05 (2.16 A). Notably, the Sn-O
distances in the materials containing higher Sn contents show a further
decrease, approaching Rs,_o =2.05 A in SnO,, while the Sn-O coordi-
nation number reduces from ca. 6.8 in In; 9Snp ;0305 to 6.2 in SN0,
(although the lower values of CNs,,_o fall within the uncertainty of the
analysis, their variation with the Sn contents reveals a clear trend;
Supplementary Fig. 9 and Supplementary Table 7). This trend high-
lights the tendency of Sn-O bonds to be shorter than In-O bonds,

resulting in local strain within the structure. These results align with
the propensity of Sn to associate with interstitial oxygen, forming
defect associates (2Sn;,0/)" (refs. 30,34). Further, the Sn dopant
affects the local structure around In sites, evidenced by a shortening of
Rin-o, an increase in ADP obtained from PDF, and a decrease in the
EXAFS magnitude of the In-M shell for increasing Sn contents (Sup-
plementary Fig. 9¢), consistent with literature reports on Sn-doped
In,03 (refs. 35,37,38). The M-M coordination In;¢Sng ;0305 is char-
acterized by two Sn-In distances (Rsn-in =3.36 and 3.85 A), which are
similar in length to the In-M distances (Rjn_m =3.37 and 3.84 A).

In Iny0Zro103.0s Rzro (214 A) is only slightly shorter than R0
(2.16 A) and shorter than the average Rz_o in m-ZrO, (2.18 A). In this
material, we observe a single average Zr-In distance (Rz,_in=3.42A)
while there are two In-M distances (Ry,_m=3.37 and 3.84 A). Impor-
tantly, the difference in atomic numbers between In and Zr enables us
to clearly identify a Zr-In shell (no Zr-Zr), unequivocally demon-
strating the incorporation of Zr into c-In,O5; (Supplementary Fig. 8).
The presence of a single Zr-In distance contrasts the two nearest M-M
distances in c-In,03 (due to the b and d cation sites; Fig. 2a), and the
relatively high Debye-Waller factor of the Zr-In shell (¢>=0.012 A%
suggests a fluorite-like arrangement around Zr. Note that the bixbyite
¢-In,05 structure is closely related to the fluorite structure.

To conclude, both the local and long-range structure analysis of
In;.9Sng 105,05 and In; 9Zrg 103,05 show that the dopants are incorpo-
rated into c-In,03, inducing in turn lattice strain in the materials, as
evidenced by PDF and XRD analyses. EXAFS analysis reveals a distinctly
different local environment around Sn and Zr dopants. In
In;.oSng 10505, the Sn-O bonds are markedly shorter than the In-O
bonds, and (2Sn;,0/)” defect associates are formed. In contrast, the
cation coordination around Zr is more distorted compared to the ideal
bixbyite c-In,O5 structure, resembling the local arrangement of a
defective fluorite-type (F-type) structure. In the fluorite structure,
there are no ordered structural vacancies. Hence, the transitioning of
the local environment around Zr in Iny9Zrg 0505 to a fluorite-like
arrangement is expected to influence the mobility of oxygen vacancies
(Figs. 2a, 3)*.

Operando XANES-EXAFS-XRD-PDF study
The structural evolution of In; ¢Sng ;03 95 and Iny 9Zr ;05 o5 during CO,
hydrogenation to methanol (7=300 °C, p=20 bar, H,/CO»/N,=3/1/1,
Frotai=30 mL min, SV=400-500 L (g.,. h)™) was studied using XAS,
XRD, and PDF analyses, and compared to undoped nano-In,Os. The
off-gas composition was analyzed by a gas chromatograph using a
thermal conductivity detector (TCD; for H,, CO,, and N, quantifica-
tion) and a flame ionization detector (FID; for CH;0H quantification)
and, additionally, using mass spectrometry (MS) to follow the
methanol-related ion current with a high time resolution. The oper-
ando experiments were conducted in a quartz capillary reactor
(1.5mm in outer diameter) filled with ca. 4 mg of sieved catalyst
(diluted with SiO, for optimized X-ray absorption; 1:1 mass ratio).
Figure 4a displays the surface area-normalized methanol forma-
tion rates (i.e., areal rates obtained from the GC data) for In; 9Sng 10305,
In; 9Zro 103,05, and nano-In,03 for 4 h time-on-stream (70S) during the
operando experiments. In; 9Sng 103 o5 yields a low initial (TOS of up to
0.5h) areal rate of 0.01 mmolyeon Meac > h™, corresponding to a
methanol space-time-yield (STY) of 0.02 gyieon (Ecar h)™. Additionally,
this catalyst undergoes rapid deactivation, and at TOS=1h, the areal
rate is close to the detection limit of the GC. In sharp contrast,
In; 9Zr( 105,05 shows an initial activity of 0.21 mmolyeoy Mea 2 h™ (STY
of 0.33 gmeon (8cac h)™), which increases by 10 % after 4 h TOS. The
reference catalyst nano-In,05 has an areal rate of 0.14 mmolyeon Meat
h™? (STY of 0.27 gmeon (8car h)™) during the stable activity period
(TOS =0-0.5 h), which is followed by deactivation, as also observed in
our previous study™. It is noted that the activity trends of the operando
experiments performed in a capillary reactor match the results of the
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laboratory packed bed experiments (Supplementary Fig. 12 and Sup-
plementary Table 10). A comparison of the catalytic activity data
recorded in this work with literature reports shows that In; 9Zry 105 05
outperforms In,05-ZrO, catalysts®. Yet, a direct comparison is difficult
because the In contents in the catalysts reported in the literature differ
from those in this work; in addition, our experiments use higher space
velocities, which are known to result in higher methanol formation
rates (see Supplementary Table 11 for details)*.

We tracked changes in the oxidation state of the metals in
ln1.9$n0.103.05 and |n1.92r0.103_05 as a function of TOS by I‘eCOl‘ding XANES
at the In, Sn, and Zr K-edges (Fig. 4b). Our previous operando XAS-XRD
experiments on nano-In,0O3 associated the active catalyst state (In,O5-,)
with an average In oxidation state between +2 and +3; the appearance of
molten In with increasing 70S was linked to catalyst deactivation'®. Here,
we use nano-In,03 as a benchmark to assess the effect of the dopants Sn
and Zr on the oxidation state of In under CO, hydrogenation conditions.
In the analysis presented below, TOS=0h defines the catalysts’ states
after thermal pretreatment (5 bar N, at 300 °C for 60 min, followed by
increasing the N, pressure to 20 bar) but before introducing the reactive
gas mixture containing H, and CO, (Supplementary Fig. 11).

Thermal treatment of In; ¢Sng 10305, IN1.9Zrp105.05, and nano-
In,05 in N, results in a slight decrease of the white line intensity in the
In, Sn, and Zr K-edge XANES spectra (at 27950, 29209, and 18003 eV,
respectively; Supplementary Fig. 14), attributed to a thermally-
induced formation of Vo~ (refs. 7,10,40). Upon switching from N,
to the reactant mixture, there is a strong decrease of the white line
intensity, and a shift from Eo=27945 to 27941eV in the In K-edge
XANES spectra of In; 9Sng 103 05 between TOS = 0 and 4 h, indicating a
decrease of the oxidation state of In (Fig. 4b). Further, there is also a
decrease of Eq in the Sn K-edge XANES from 29204 to 29199 eV and a
reduction of the white line intensity, indicative of the reduction of
Sn. The In K-edge XANES spectra of nano-In,03 show a similar shift of
Eo from 27945 to 27941 eV during 4 h TOS (Supplementary Fig. 15a).
In contrast, no significant changes in the In K-edge XANES spectra are
observed for In; 9Zr 103,05 during 4 h TOS except for a slight, initial
decrease of the white line intensity and a shift of Eq to lower energies
after switching from N, to the reactant mixture (Supplementary
Fig. 14a). We ascribe the subtle decrease in the white line intensity
and the decrease of Eq to the H,-induced formation of Vo™ sites (vide
infra). The Zr K-edge XANES spectra do not show any changes during
TOS (Fig. 4b and Supplementary Fig. 14c). Our XANES observations
indicate that the oxidation state of In in In; 9Zrq ;05 g5 is significantly

more stable under CO,
In;.0SNp 103 05 and nano-In,0;.

The evolution of the metal species in the catalysts with TOS is
quantified using linear combination fitting (LCF) analysis. LCF models a
XANES spectrum as a weighted average of reference spectra, which we
chose as the catalysts’ states at 7TOS = 0 and 4 h. We assign the state of
In in IngoSng 105,05, IN19Zrg1050s, and the nano-In,O3 reference at
TOS=0h as In** (based on a comparison of the respective XANES
spectra to that of bulk-In,05). Further, Snin In; 9Sng 10505 at TOS =0 h
is assigned as Sn** (based on a comparison of the respective XANES
spectrum with that of rutile SnO,), and Zr in In; 9Zrg ;0395 at TOS=0h
is assigned as Zr** (based on a comparison of the respective XANES
spectra to that of m- and -ZrO,). These assignments neglect the oxy-
gen non-stoichiometry induced by the thermal pretreatment of the
materials because this effect is minor (Supplementary Fig. 14a). The
states of In and Sn in In; Sng 1053 o5 at TOS =4 h are assigned as In® and
Sn° by comparing the respective XANES spectra to that of the metal
references (Supplementary Fig. 16). A previous study, based on mul-
tivariate curve resolution with alternating least squares analysis,
modeled the evolution of the XANES spectra of nano-In,O3 by using
three components, i.e., In 03, In,05_, (with a In?** mixture of states),
and In° (ref. 10). However, due to the high similarity of the XANES
spectra of In,05 and In,0s_,, the fast rate of reduction of In; 9Sng 103 o5,
and the additional complexity when studying doped materials, we
decompose the In K-edge XANES spectra into two components, In,O3
(In*) and metallic In (In°).

The LCF results of In; ¢Sng ;0305 at the Sn K-edge reveal that the
reduction of Sn*" starts immediately after switching the gas atmo-
sphere from N, to H,/CO,/N, (3/1/1; Fig. 4c), and after 1h TOS, LCF
yields a composition of 50% Sn*" and 50% Sn°. The reduction of In in
In; 9Sng 105 05 is delayed with respect to the reduction of Sn, yielding
50% In* and 50% In° after 1.5h TOS, and follows a sigmoidal curve,
which is characteristic of a nucleation and growth process (clustering
of Vo~ sites and precipitation In®)'>"®. This demonstrates that in
In;.0Sng 105 05, SN** reduces faster than In**, which may be due to the
formation of oxygen vacancies in the vicinity of Sn and favored by
lattice distortions due to shorter Sn-O bonds. After 2.5h TOS, the In
and Sn K-edge XANES spectra of In;9Sng ;03 05 are well described by
their TOS = 4 h spectra (In® and Sn°), correlating with a complete loss of
catalytic activity (Fig. 4a). The reference material nano-In,O3 reaches a
composition of 50% In** and 50% In° after 2 h TOS (Fig. 4c, red trace),
i.e., doping c-In,03 with Sn accelerates the reduction of In. The stable

hydrogenation conditions than in
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Fig. 4 | Operando XANES-EXAFS-XRD-PDF results. a Areal methanol formation
rates over In; 9Sng 103 o5, Iny 9710103 05, and nano-In,03 obtained by GC-FID during
the operando experiments. b Simultaneously recorded In and dopant (Sn, Zr) K-
edge XANES. c LCF analysis of the In and dopant K-edge XANES spectra for
In;.9SNg 103,05 and Iny 9Zrg 103 05. The In K-edge data of nano-In,O; (red trace) is
provided for reference. d Comparison of the EXAFS FT data of In; 9Sng ;03 o5 at the
In and Sn K-edges and of In; 9Zro ;05 os at the In K'and Zr K-edges at TOS=0 and 4 h.

e Normalized XRD intensities at TOS = 0 and 4 h of In; 9Sng 103 o5 and In; 9Zro 105 5.
The diffuse scattering halo centered at ¢=1.5 A is due to the diluent SiO, and the
capillary reactor. The insets show PDFs extracted from X-ray scattering data
(@rmax = 8 A for Iny 0Zr0 103 .05: Gmax = 20 A™) at TOS = 4 h. Reaction conditions were
T=300 °C, p =20 bar, Fioxa =30 mL min™, Hy/CO»/N, =3/1/1, SV =400-500 L

(8ca ).

In and Zr K-edge XANES spectra of In;9Zrg 103,05 during TOS are well-
modeled using only the TOS = 0 h state (Supplementary Fig. 14a; in this
analysis, the subtle decrease of the In K-edge white line intensity due to
H,-induced formation of Vg~ sites is omitted).

The evolution of the local structure of the catalysts as a
function of TOS is tracked by analyzing the EXAFS region of the
XAS data. At TOS =0 h, the FT-EXAFS spectra of In; 9Sng 103 05 and
In;.9Zrg 103,05 (Fig. 4d) show M-0 and M-M shells, similar to their
respective ex situ data (Fig. 2g and Supplementary Figs. 6 and 7).
Due to the increased thermal disorder at the reaction tempera-
ture (300 °C) and a lower available k-range in the operando XAS
data, the splitting of the Sn-In shell is not resolved in the Sn K-
edge data. The Zr K-edge EXAFS data of In; 9Zrg 103,05 at TOS=0
and 4 h are well-modeled using the identical EXAFS model as for
the ex situ analysis (Supplementary Fig. 17 and Supplementary
Table 6). The excellent agreement of the operando with the
ex situ EXAFS data confirms that both In;¢Sng;030s and
In;.9Zrg 103,05 retain their doped c-In,O5 structure at TOS=0h
and, for In; 9Zrg 105,05, also at TOS=4h.

While the In and Zr K-edge EXAFS FTs of In;9Zrg 10305 remain
largely unchanged during TOS, the In and Sn K-edge EXAFS FTs of
In;.oSng 105 05 show a reduction of the magnitude of the M-O and M-M
shells after TOS =4 h with respect to 70S = 0 h. Additionally, at TOS =
4 h, new peaks, centered at 2.7-2.8 A, appear in both the In and Sn K-
edge EXAFS FTs of In; 9Sng 103 os. We assign these new peaks to M°-M°
shells of In® and Sn° (molten at the reaction temperature of 300 °C
(ref. 41), as supported by XANES analysis. Similarly, also in nano-In,O3,
the state of In at TOS=4h is In°. The presence of molten metals in
In; 9Sng 105,05 and nano-In,O; at TOS=4h is further evidenced by a
qualitative analysis of the EXAFS oscillations in k-space. Using a pre-
viously reported reference experiment of metallic In (ref. 10), the In K-
edge EXAFS signals of In; 9Sng 103,05, nano-In,05 (at TOS =4 h) and the
In® reference (also at 300 °C) are nearly identical (Supplementary
Fig. 18). Further, the Sn K-edge EXAFS signal of In;oSng 0305 at
TOS =4 h closely matches the respective In K-edge data. As In and Sn
have similar photoelectron back-scattering amplitudes and phase
shifts, this analysis confirms the presence of molten Sn° and In° in
In; oSng 10305 at TOS=4 h.
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The M-O CNin In1.9SNo 103 05, determined by EXAFS mOde"ng at
the In and Sn K-edges, are plotted as a function of TOS in Supple-
mentary Fig. 19a (see Supplementary Table 12 for the fitted para-
meters). The M-O coordination numbers decrease with TOS, whereby
CNsn-o decreases faster than CN,_o, Which is in line with the faster
reduction of the Sn** than the In** sites as observed from XANES ana-
lysis. Thus, both the EXAFS analysis and the LCF analysis of the XANES
data show that doping In,O5; with Sn accelerates Vo~ formation and
precipitation of In°® and Sn° under CO, hydrogenation conditions. This
behavior of the CNy-o in Iny9Sng 103 o5 differs appreciably from that in
In; 97110505 as the EXAFS-derived values of CNj,_o and CNz_o are
stable with TOS, viz., the values of CN,_o range between 5.8(4) and
6.0(4), and CNz,_o between 6.0(7) and 6.2(7) (Supplementary Fig. 19b
and Supplementary Table 13).

Figure 4e plots X-ray total scattering data of the catalysts at
TOS=0 and 4h. At TOS=0h, the diffraction peaks originate from
¢-In,03 for all catalysts, in line with the respective ex situ character-
ization. For Iny 9Sng 103 05, the diffraction peaks due to c-In,O; almost
disappear at TOS =4 h and instead a diffuse scattering feature centered
at ¢=2.3 A appears. A similar change is observed for nano-In,0;, yet
the X-ray scattering data collected at TOS=4h do not show low-
intensity diffraction peaks due to residual c-In,O; (Supplementary
Fig. 15¢). In line with XANES and EXAFS analyses, the operando X-ray
total scattering data collected from Iny9Zro;030s remain almost
unchanged between TOS=0 and 4 h.

To further interpret the total scattering data, PDF analysis
was performed (the G(r) curves in the insets in Fig. 4e). The PDF
of In;oZrg105,05 at TOS=4h displays identical features as the
ex situ data of the fresh material (Fig. 2d), confirming the high
stability of the Zr-doped c-In,05 phase during CO, hydrogenation.
In the PDF of In; ¢Sng 103,05 (and nano-In,03) at TOS=4 h, a peak
at r=3.2 A appears, in combination with a significant attenuation
of the PDF at higher r-values. The strong dampening evidences a
lack of long-range order at TOS =4 h, consistent with the presence
of an amorphous (molten) phase. We note that these PDFs of
deactivated In; oSng ;0305 and nano-In,O5 closely resemble the
PDF of liquid indium**2. When cooling down In;¢Sng 0305 and
nano-In,05 after 4 h TOS, sharp diffraction peaks corresponding
to metallic indium (tetragonal phase) appear (Supplementary
Fig. 21a). In Iny9Snp 103,05 (measured at 50 °C) such diffraction
peaks have a g-shift compared to those obtained from deacti-
vated nano-In,0s3, which is due to the formation of an In-Sn alloy
upon cooling down the In°/Sn® melt (Supplementary Fig. 21b,c)*.

Based on the combined operando XAS-total scattering experi-
ments conducted here, several conclusions can be drawn. Deactivated
In; oSN ;05 05 is characterized by the presence of molten In° and Sn°,
due to an over-reduction of the initial In; 9Sng ;03 o5 phase; this beha-
vior is similar to that of undoped nano-In,Os. The rapid reduction of
Sn** sites is likely facilitated by the strained Sn-O bonds, which
accelerate the formation and clustering of Vo™ sites near Sn. Notably,
the In** sites in In;.9Sng ;05 o5 reduce to In® faster relative to undoped
In,05. This observation is explained by Sn-induced local strain weak-
ening In-0 bonds in the vicinity of the Sn sites (see Supplementary
Fig. 9c and the Raman analysis below). On the other hand,
Iny9Zr 103,05 Shows a ca. 20 times higher initial areal methanol for-
mation rate than In; 9Sng ;03,05 and undergoes a mild activation with
TOS. Given that the local and long-range order in In; 9Zr ;05 05 do not
change during the 4 h TOS period, this mild activation is likely related
to surface effects such as the reconstruction or redistribution of In and
Zr sites (see below). The average oxidation state of In in the working
In;.9Zro 103,05 is only slightly lower than that at 70OS = 0 h, explained by
an instant generation of H,-induced Vo~ sites when switching from N,
to H,/CO,/N, (3/1/1). We attribute this stable, low concentration of Vg™
sites in the active In;9Zrg;030s5 to their rapid replenishment of
Iny.9Zro 103,05 under reaction conditions, supported by the observation

of stable CNy,_o and CNz,_o with TOS. It is conceivable that the random
distribution of oxygen vacancies in In; 9Zrq ;03 o5 (see Fig. 3) facilitates
oxygen migration, increasing the rate of Vo™ replenishment*. In what
follows, we present experiments elucidating the reactivity of Vo™ sites
with CO; as the underlying reason for the drastically different catalytic
properties and structural evolution of In; ¢Sng ;03,05 and In; 9Zrg 103 o5
under CO, hydrogenation conditions.

Interaction of Vg~ sites with CO,

Since the most active and stable In; 9Zrg ;0505 has the lowest (obser-
vable) concentration of Vo sites, we hypothesized that the interaction
of the Vo sites in In; 9Sng 103,05 and In; 9Zrg 103 05 with CO, is notably
different and that this difference critically affects the catalytic prop-
erties and structural stability. Hence, we used operando diffuse
reflectance UV-vis spectroscopy (DRUVS), in situ Raman spectroscopy,
and temperature-programmed reaction/reduction experiments under
H, and CO, atmospheres to test our hypothesis.

DRUVS is sensitive to the presence of charge carriers that are
linked to the formation of point defects, such as Vo~ sites*. More
specifically, we use two spectral regions (the band gap region,
250-450 nm, and the visible range, >400 nm) to describe the elec-
tronic structure of In; oSng 10305 and In; 9Zrg 105 o5 (refs. 46-48). It is
known that the band gap of In,O; decreases with temperature*’; in
addition, Sn-doping of In,05 affects the band gap due to both the
Burstein-Moss effect (band gap widening due to n-type doping) and
dopant scattering (this leads to narrowing of the band gap)*’. Figure 5a
compares the DRUV absorbance of In; 9Sng ;0305 and In; 9Zrg10505
under pretreatment in N, and CO, hydrogenation conditions (i.e.,
conditions as described above except for the use of a lower space
velocity of 80-100 L (g, h)™) while simultaneously tracking the for-
mation of methanol by mass spectrometry (see Supplementary
Table 15 for details). The DRUV spectra of untreated In; 9Sng ;05 05 and
In;.9Zrg 105,05 show an absorbance maximum at ca. 250 nm (state 1,
grey solid traces in Fig. 5a); in the visible range (>400nm), the
absorbance of In; 9Sng 03 05 is higher than that of Iny 9Zr ;105 o5, rela-
ted to a higher density of free carriers in the untreated In; 9Sng ;05 05
(refs. 50,51). Therefore, the electronic structures of untreated
Iny.oSng 10505 and In; Zr ;05 o5 are clearly different.

At TOS=0h (i.e., at 20 bar N, at 300 °C after treatment at 5 bar N,
at 300 °C for 60 min; state 2 in Fig. 5a), In;.9Sng 105 o5 displays a slightly
lower absorbance in the band gap region (increased band gap, see also
Supplementary Fig. 22) and an absorbance increase for excitation
wavelengths above 400 nm, compared to its untreated state at 50 °C.
When comparing the untreated state of In; 9Zr ;0505 to TOS=0 h, the
spectral region indicative of the band gap does not change as sig-
nificantly as for In; 9Sng 105 o5 (although the band gap of In; 6Sng 10305
increases, it remains lower than that of In, 9Zrg039s at TOS=0h),
while also an increase of absorbance in the visible range is observed.
For both catalysts, the spectral changes occurring between the
untreated and TOS =0 h states are ascribed to the thermally induced
formation of Vo~ sites, complementing the observations in the oper-
ando XANES experiments (see Supplementary Fig. 22 and discussion).

Under CO, hydrogenation conditions for 2 h TOS (state 3 in
Fig. 5a), there is a notable increase in absorbance in the region above
400 nm for In; oSng ;05 o5 compared to TOS = 0 h, while this increase is
less pronounced for In; 9Zro 103 0s. This implies that the concentration
of Hy-induced Vo~ is significantly higher in In;oSng;050s than in
In; 9Zr1030s5. The high absorbance over the entire visible range for
In; 9Sng 105 o5 further indicates that H,-induced Vo~ sites are filled with
electrons (thus forming neutral Vo°). Such vacancy states are localized
within the band gap and therefore excitable with visible light. The
presence of filled (neutral) VP is in line with their rapid clustering and
precipitation of Sn° followed by In° in In; oSng 0505, as observed by
operando XANES (Fig. 4)'>*2. To quantitatively correlate the DRUV
absorbance features related to Vo~ sites with methanol production, we
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Fig. 5 | Formation, reactivity, and stability of Vo™ sites in Iny.9Sng 10305 and
Iny 9Zr 103.05. @ DRUV spectra collected from the untreated catalysts (1), at

TOS =0 h (Ny-pretreated state) (2), at TOS =2 h (3), and after removing H, from the
feed gas (i.e., re-oxidation by CO,, 4). b Correlation between methanol formation
and the magnitude of absorbance at 700 nm (log(1/R)700). ¢ In situ Raman spectra
(Aexe =532 nm) obtained after exposure to the specified gas atmospheres.

d Temperature-programmed reaction/reduction profiles using 5 vol-% H, in Ar as

the reducing gas, with and without 0.1 vol-% CO,. e Shift in the peak maximum of
the TCD curves between the two runs using 5 vol-% H,/Ar with and without 0.1 vol-%
CO.. f Areas under the mass-normalized TCD curves in (d). g Intensity of the
m/z =28 signal due to CO formation (highlighted area) upon pulsing 5 vol-% CO, in
He over H,-treated In; 9Sng ;03 05 (blue triangles) and In; 9Zrg 105 o5 (purple circles).
Reaction conditions for the operando DRUVS experiment were 7=300 °C,
p=20bar, Fyr =30 mL min™, Hy/CO»/N, =3/1/1, SV=80-100 L (gca h) ™

compared the absorbance at 700 nm, log(1/R);00, With the (surface
area-normalized) ion current attributed to methanol (m/z=31) during
TOS (Fig. 5b; the appearance of the Hy-related MS signal, m/z=2, is
used to define the point of TOS=0h for the MS data, see Supple-
mentary Table 15). Both In; ¢Sng 103 05 and In; 9Zrg 103,05 Show a nota-
ble increase in both log(1/R);00 and the methanol MS signal up to ca.
TOS=1h. For In;oSng 0505, this is followed by a further increase in
log(1/R)700 (from 0.88 to 0.92 during TOS =1-2 h) and a plateauing of
the methanol signal, indicating the generation of V™ sites that do not
contribute to the catalytic turnover. For In; 9Zro 103 05, We observe the
opposite during TOS=1-2h, ie., a plateauing of log(l/R);00
(0.57-0.58) and a gradually increasing methanol MS signal.

The higher methanol productivity (and its slight increase
with TOS) for In; 9Zry 103 o5 in the operando DRUVS experiment is
consistent with the catalytic data obtained in the capillary and
laboratory plug-flow reactors. The absence of deactivation in
In;.9Snp 103,05 during operando DRUVS is attributed to the sig-
nificantly lower space velocity in such experiments compared to
that used during operando X-ray-based studies (however, when
increasing TOS further, deactivation becomes evident, see Sup-
plementary Fig. 23). Hence, in In;oSng;0305 the continuous
increase of log(1/R);00 while maintaining stable methanol pro-
duction is explained by the presence of an initial stage of over-
reduction in In;¢Sng 103,05, Which proceeds significantly more
rapidly under the conditions of the experiment shown in Fig. 4.

After TOS =2 h, the gas flow was switched from H,/CO,/N, (3/1/1)
to COy/N; (1/4, state 4 in Fig. 5a), which leads to a decrease in the ab-
sorbance in the visible range for both In; 9Sng ;05 o5 (10g(1/R)500 = 0.86)
and Iny 9Zro 103,05 (10g(1/R)700 = 0.51). The exposure of In; 9Zrg ;05 o5 t0
CO, yields a DRUV spectrum with a slightly higher absorbance in the
visible range compared to TOS =0 h. However, for In; 9Sng 10305, the
absorbance in the visible range after CO, exposure is notably higher
than that at 70S = 0 h. This observation confirms that exposure to CO,
reduces the Vo~ concentration in In; 9Zr ;0305 to a value close to its
TOS=0h state (i.e., CO, almost fully replenishes the H,-generated
Vo"). Thus, featuring Vo™ sites that can be replenished rapidly is cor-
related with a high catalytic activity. On the other hand, a high con-
centration of Vo™ sites in In;oSng 0505 is formed during CO,
hydrogenation conditions, and these Vo~ cannot be replenished
(healed) in a CO, atmosphere in the absence of H,. Notably, the
absorbance in the visible range of untreated In; ¢Sng ;0305 remains
nearly unchanged after treatment in 8 vol-% O,/N, at 400 °C, indicating
that even in the presence of O, at 400 °C some oxygen defects in
In; 9Sng 10505 are not replenished (either Vo~ or O;”; Eq. (1) and Sup-
plementary Fig. 22)***'. We correlate such unreactive Vo™ sites with an
inferior catalytic performance.

The analysis of the electronic structure by DRUVS was supple-
mented by in situ Raman spectroscopy, which is sensitive to the
material’s near-surface structure®. Previous studies have linked the
partial, reversible reduction of In,O3 to changes in its characteristic
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Raman bands™*. We probed the extent and reversibility of such
changes in In;oSng 10305 and In;eZrg 0305 under pretreatment,
reaction, and CO, reoxidation conditions. Here, the catalysts
were exposed to gas flows (30 mL min™) of N, (60 min), followed by
H,/CO,/N, =3/1/1 (120 min) and eventually CO,/N,=1/4 (30 min) at
ambient pressure and 300 °C. After exposure to the respective
conditions in the reaction cell, samples were cooled down and kept
under N, flow. Raman spectra were collected at 50 °C to reduce
undesired absorption and fluorescence effects (Fig. 5c and Supple-
mentary Table 16).

Untreated In; 9Sng 105,05 and In; 9Zrg 105,05 show the characteristic
Raman bands of c¢-In,O5 (for bulk-In,O5 at 129, 303, 362, 492, and
624 cm’; Fig. 5¢, Supplementary Fig. 24 and Supplementary Table 17).
Compared to the bulk-In,O5 reference material, the Raman bands of
In; oSN 105 o5 are broadened and show a shoulder at 330 cm™ as well as
a broad feature at 410 cm™ The respective Raman spectrum of
untreated In; 9Zrg ;03,95 Shows very similar changes to bulk-In,03, yet
less pronounced than those in untreated In; Sng ;03 0s. In addition to
peak broadening, the In-O vibration, observed for bulk-In,O; at
128.5 cm™, is shifted to lower wavenumbers for In; 9Zrq 03 s, and this
shift is even more notable for In; 9Sng ;05 o5 (Supplementary Fig. 24c).
The broadening and shift of the In-O Raman bands is due to defects in
In,05 (ref. 48), i.e., phonon confinement effects due to Vo™ and dopant
point defects™. Given that the In-O vibration exhibits the greatest red
shift for In;.Sng 105 s, such further shift could be due to the presence
of weaker M-O bonds in this material (compared to In-O in bulk-
In,03). This is in line with our EXAFS analysis that shows strained (and
thus more reactive) Sn-O and In-O bonds. This strain facilitates the
removal of oxygen not only around Sn but also around In in the
In-O-Sn linkages, explaining the accelerated reduction of In* in
In;.0Sn 10505 during CO, hydrogenation compared to In®* in the
undoped nano-In,03.

Thermal treatment in N, at 300 °C (to mimic the state at 70S=0h
in the operando XAS-XRD-PDF and DRUVS experiments) leads to an
increase in the intensity of the Raman features between 330 and
410cm™ for both In;oSng;030s and In;9Zrg;030s. The changes
between the untreated and N, pretreated state are more pronounced
for In; 9Zry 10505 (similar observation as in the DRUVS experiments).
The Raman bands at 330 and 410 cm™ have been observed previously
in Hy-treated In,05, yet their structural assignment needs to be
refined™. Exposure of the catalysts to H,/CO,/N,=3/1/1 at 300 °C
results in a strong attenuation of the Raman bands in both
In;.9Sng 103 05 and Iny 9Zro 103 0s. This decrease in signal intensity is due
to an Hy-induced generation of Vo sites, shortening the phonon cor-
relation length (phonon confinement effect)*®**. When exposing the
catalysts to a CO, atmosphere (CO,/N,=1/4) at 300 °C, distinct dif-
ferences are observed between In; 9Sng ;0505 and In; 9Zrg 103 0s. Spe-
cifically, while the characteristic Raman bands of the N, pretreated
state are restored for In;oZry;050s5 this is not the case for
In;oSng 105 0s. Thus, Raman spectroscopy yields additional experi-
mental evidence that the partially reduced In;9Zro;0305 can be re-
oxidized effectively in a CO, atmosphere at 300 °C, while such re-
oxidation of In; 9Sng ;03 o5 is very sluggish, if not even impossible.

Our DRUVS and Raman experiments suggest that the differing
reactivity of Vo~ sites towards CO, determines the reducibility of the
materials during CO, hydrogenation. We probed this effect further by
temperature-programmed reaction/reduction (TPR) experiments
(Supplementary Table 18), using either 5 vol-% H,/Ar or 5 vol-% Hp/Ar
containing also 0.1 vol-% CO, (at atmospheric pressure) while analyz-
ing the off-gas with a TCD and MS (Fig. 5d). When using H,/Ar, the
consumption of H,, tracked by TCD, shows low-temperature features
at 182 and 147 °C (Supplementary Fig. 25), and reaches a maximum at a
temperature (Tma) of 577 and 591 °C for InyoSng;030s and
In;9Zr9 103,05, respectively. The minor low-temperature peaks have
been ascribed previously to the surface reduction of In,03, generating

Vo~ sites’. When adding 0.1 vol-% CO, to the gas feed, the minor H,
consumption feature appears at a temperature of 173 °C for
In; 9Sng 105,05 and at 159 °C for Iny9Zr1030s. Importantly, the max-
imum H, uptake is shifted only moderately to 598 °C for In; oSng 105 05
and, more notably, to 630 °C for In; 9Zrg ;0395 when compared to TPR
experiments performed without the addition of CO,. The appreciable
shift of Tmax for IngoZrg 10505 is correlated with the evolution of the
m/z =44 MS signal (due to CO,) with temperature during the TPR runs
when 0.1 vol-% CO, was co-fed. For In; 9Zrg 105, os, there is a decrease in
the m/z=44 intensity for T7>260 °C, reaching its lowest intensity at
395 °C, i.e., at the temperature that coincides with the onset of the
main reduction peak. Further, for In; 9Zrq ;03 05 when adding 0.1 vol-%
CO, to the Hy/Ar feed, the area under the TCD curve (reflecting H,
consumption) increases by ca. 13 % compared to the experiment when
only H,/Ar was used (Fig. 5f). In contrast, the consumption of CO, over
In; oSN 105 o5 is minimal (subtle feature centered at ca. 564 °C), while
also the mass-normalized areas under the TCD curves are very similar
with or without the addition of CO,.

Lastly, experiments were performed by subjecting the catalysts to
atreatment in 5 vol-% H,/Ar at 300 °C for 60 min, followed by pulses of
diluted CO, (5 vol-% CO, in He, at 300 °C) while monitoring the
intensity of the m/z =28 signal by MS (due to CO and a background of
CO,, Supplementary Table 19). During the first CO, pulses, we observe
the production of CO for H-treated In; 9Zrg 103 05, confirming that CO,
is an effective oxidant for this material (Fig. 5g). On the other hand, no
production of CO is observed for In; 9Sng ;05 0s. Hence, an increase of
Tmax and in H, consumption during the TPR experiment, and the for-
mation of CO when Hy-treated In; 9Zro 10305 is exposed to pulses of
CO,, can be rationalized by the effective healing of Vo~ sites by O from
CO; in Iny9Zrg;050s, while such refilling of Vo~ is not possible in
In; oSng 105 0s. The results of the DRUVS, Raman, and TPR experiments,
therefore, imply that the high stability (and activity) of In;.9Zrg103.05
relative to In; 9Sng ;05 05 (and nano-In,03) in CO, hydrogenation con-
ditions is strongly linked to the CO, concentration in the gas feed. The
role of Vo generation and catalyst re-oxidation dynamics for the
activity and stability of In; 9Zr ;05 o5 is studied further in the following.

Relating Vo~ dynamics and catalytic performance

We probed the oxidation state of In in In;9Zrg;03 05 when gradually
changing the CO, concentration in the feed gas using transient XAS
experiments at the In and Zr K-edges combined with XRD-PDF ana-
lyses. The production of methanol was monitored simultaneously by
GC and MS (Fig. 6 and Supplementary Table 20). We used LCF to
obtain the average oxidation state of In at each point in the experiment
by considering each spectrum as a weighted average of the T0OS=0h
state (equivalent to Fig. 4) and the In metal reference, assigned as In*
and In®, respectively; see Supplementary Table 21. Catalyst state 1 was
prepared by subjecting In; 9Zro 103 05 to CO, hydrogenation conditions
for 4 h TOS (identical to TOS=4 h in Fig. 4). As discussed above, the
minor decrease of the In K-edge white line intensity and Eq at 1 relative
to TOS=0h is explained by the rapid formation of Hy-induced Vo",
leading to a slight reduction of In*" under reaction conditions (average
In oxidation state of +2.9, Supplementary Table 21 and Supplementary
Fig. 26a). Decreasing the CO, concentration in the gas feed from 20 to
1.7 vol-% (90 min exposure time, state 2) results in a slight decrease of
the average oxidation state of In to +2.8 (Fig. 6a). However, the
increase in the H,/CO, ratio leads to an increase of the STYeon from
0.36t0 0.43 EZMeOH (gcat h)_l.

This remarkable resistance of In;¢Zrg;030s against over-
reduction of In, even at high H,/CO, ratios (>10 times higher than
the standard conditions using H,/CO, = 3/1), led us to decrease the CO,
concentration further to 0.08 vol-% (for 90 min). Following this
treatment, the standard reaction conditions (identical to those in 1)
were re-established for 90 min. In this state 3, the methanol formation
rate is 0.28 gueon (8cac h) 7, i.€., lower than the rates observed at states 1
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exposure to H,/N, without CO, for 270 min (see Supplementary Table 20 for
details). b, c XANES at the In and Zr K-edges at 1-5. d, e The magnitude of the EXAFS
FT at the In and Zr K-edges. f XRD patterns (the highlighted area marks diffuse
scattering from molten In), and g PDF of In;Zr 105,05 at 5 (Gmax = 16 A™). Standard
reaction conditions were T=300 °C, p =20 bar, Fioa =30 mL min™, Hy/CO»/N, =3/
/1, SV=419L (gcae )™

or 2. The decrease of catalytic activity in 3 correlates with a pro-
nounced decrease of the In K-edge white line intensity (at 27950 eV),
reflecting a decrease in the average In oxidation state to +2.4 (Fig. 6b).
At the same time, EXAFS analysis reveals a decrease of the In-O
coordination number from CNy,-o0 =5.8(4) at 2 to 4.9(3) at 3 (Fig. 6d
and Supplementary Table 22). No evident changes are observed in the
XANES or EXAFS data at the Zr K-edge (Fig. 6c, e and Supplementary
Fig. 26¢). XRD of In;9Zrg 10305 at 3 shows a discernible increase of a
broad scattering intensity centered at ¢ =2.3 A™ (Fig. 6f). The position
of this broad feature is similar to that in reduced In; 9Sng ;0305 and
nano-In,O; (Fig. 4e), and is indicative of an over-reduction of
In;9Zrp 103,05 When exposed to a H,/CO, mixture containing a CO,
concentration of only 0.08 vol-%. Thus, we conclude that the high
stability of In;¢Zry;0505 in typical CO, hydrogenation conditions is
related to the rapid replenishment of V" sites by oxygenates (CO, and,
likely, also H,0 formed during CO, hydrogenation)*>.

We probed whether In; 9Zro ;0305 in 3 is amenable to reoxidation
by CO, in the absence of H,, for which we exposed In; 9Zr 10305 to a
flow of 20 vol-% CO, in N, (for 75 min), followed by switching back to
the standard reaction conditions (H,/CO,/N,=3/1/1, for 90 min),
yielding state 4. In; 9Zr 105 o5 in state 4 shows an increase in the In K-
edge white line intensity, corresponding to an average In oxidation
state of +2.9, i.e., identical to state 1 (Fig. 6a). The EXAFS analysis of
In;9Zrg 10305 in state 4 yields CNy,-0=5.7(4), which is equivalent,
within error, to CNj,,-0=5.8(4) in state 1 (Fig. 6d). Indeed, the over-
reduced In; 9Zrp;05 05 at 3 can be re-oxidized by CO, if H, is absent.
Yet, the catalyst activity in 4 is lower compared to 1 (0.32 vs. 0.36 gmeon
(gcac ). To explain the decreased activity, we compared the full
width at half maximum (FWHM) of the main XRD peak at g =2.1 A" and

observed a decrease (from 0.050 to 0.044 A™), which implies an
increase in the size of the crystalline domains of c¢-In,03; when transi-
tioning from state 1 to 4 (Supplementary Fig. 27a). Re-oxidation of
molten In%InO, to In,05 by CO, has previously been shown to induce
crystallite growth, which is linked to a decrease in the catalyst’s active
surface area and consequently a lower methanol formation rate'®. An
alternative explanation for the reduced activity of the CO,-re-oxidized
catalyst may be the segregation of In,O; and ZrO, phases, i.e., (par-
tially) forming Zr-free In,O; with a lower catalytic activity than
Iy 9Zr103.05. Such Zr-free In,05 is expected to deactivate with TOS,
which is not observed in state 4 (Supplementary Fig. 28), making this
scenario less likely. Further, we note that there are only minor changes
in the Zr K-edge XANES white line features at 18002 eV and 18011 eV
compared to the TOS=0h state, and the available quality of the
operando Zr K-edge EXAFS data does not allow us to explicitly identify
a modified local environment around Zr (Fig. 6¢, e and Supplementary
Fig. 26b, c).

The extent of reduction of In; 9Zry 10505 under H, in the absence
of CO, was also probed. Here, the CO, flow was discontinued at a H,
pressure of 12 bar (at 300 °C), and the catalyst was exposed to this
condition for 270 min (5). This treatment strongly reduces the average
In oxidation state to +0.3 (Fig. 6a). Further, state 5 is characterized by a
very pronounced decrease of the magnitude of the M-O and M-M
shells in the In K-edge EXAFS FT, and an increase of the broad scat-
tering feature at ¢=2.3 A™ (Fig. 6d, f). The PDF of 5 (Fig. 6g) reveals a
peak at r=3.2 A, due to molten In® (300 °C), in agreement with the
PDFs observed for over-reduced In;oSng;030s and nano-In,O3
(Fig. 4e). It is worth noting that low-intensity diffraction peaks related
to c-In,O3 are still observable in 5 and yield contributions to the
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respective PDF (Supplementary Fig. 29b). Comparing the Zr K-edge
white line features in the range 18002-18011eV of In; ¢Zry ;0505 at
T0S =0 h with that in 5 reveals a significant change (Fig. 6¢ and Sup-
plementary Fig. 26b). These features are sensitive to the local structure
around Zr, allowing to differentiate between Zr incorporated into
In,03 and other local Zr structures (Supplementary Fig. 10b). Further,
the second peak in the EXAFS FT (Zr-M shell) in 5 is distinct from that
in 1-4, showing both a reduced magnitude and a shift to a lower radial
distance, which is a further proof of a change in the local structure
around Zr (Fig. 6e). Hence, the XANES and EXAFS analyses suggest that
in state 5, at least part of the Zr is no longer structurally incorporated
into In,05 due to the over-reduction of the doped c-In,05 phase, likely
yielding ZrO,-rich clusters that coexist with molten In® and a minor
fraction of c-In,O5 (that may also contain some Zr). When comparing
the In K-edge XANES spectrum of nano-In,05 at 70S =4 h with that of
In;9Zrg 10305 at 5, Eq at 5 is slightly higher, which is explained by the
contribution from the residual c-In,05 phase (Supplementary Fig. 29a).
The presence of a small fraction of unreduced c-In,05 is very similar to
In;.oSnp 10505 at TOS =4 h (Supplementary Fig. 29b), in line with the
presence of irreducible dopant-oxygen units**,

To summarize, while Iny9Zro;030s is significantly more stable
than In;9Sng 10305 and nano-In,O3 under CO, hydrogenation condi-
tions, even at very low CO, partial pressures, In in In; 9Zrg ;05 o5 also
reduces to mostly molten In° (alongside ZrO,-rich clusters and residual
¢-In,03) in CO,-free H,. The reason behind the increased stability of
In;9Zrg 103,05 against over-reduction during CO, hydrogenation is
linked to the high reactivity of its Vo™ sites with CO, that continuously
refills Vo~ sites with oxygen, re-oxidizing the catalyst during the cata-
Iytic cycle. To further elucidate the experimentally observed local and
electronic structure differences between Sn- and Zr-doped In,03, we
have performed periodic density functional theory (DFT) calculations
described below.

Computational study

Using DFT (r’SCAN for geometry optimization and HSEO6 for calcu-
lating the density of states, DOS**°), a series of structural models was
constructed to represent doped and undoped In,0s. Undoped In,05
was modeled using the c-In,O3 structure (bixbyite-type). Doped
models were generated by substituting two In atoms with either Sn or
Zr. Two structural motifs were considered: bixbyite-type and fluorite-
like, resulting in four models denoted as Sn-bixbyite, Sn-fluorite, Zr-
bixbyite, and Zr-fluorite. As EXAFS analysis indicated that Sn-bixbyite
and Zr-fluorite represent local coordination environments around the
respective dopants, we modeled those coordination environments
and, to distinguish the effects of the specific local structure and dopant
type on oxygen vacancy formation, and also included two hypothetical
models, i.e., Sn-fluorite and Zr-bixbyite.

The Sn-bixbyite and Zr-fluorite models were validated by com-
paring the respective interatomic distances (presented in Fig. 7a) with
the corresponding EXAFS results (Supplementary Tables 4-6). In the
Sn-bixbyite model, the Sn-O distance obtained from DFT
(Rsn-o = 2.08 A) matches well with the experimental value (2.07 A, Sn K-
edge EXAFS), and is notably shorter than the corresponding In-O
distance (Ri-o=2.21A in DFT and 2.16 A by In K-edge EXAFS). Addi-
tionally, the Sn-bixbyite model captures the two distinct Sn-In dis-
tances (Rsp-in=3.37 and 3.88A), as well as the two In-In distances
(Rin-1n=23.41and 3.90 A), in excellent agreement with the experimental
results (Rsn_in=3.36 and 3.85A; Ri_in=3.37 and 3.84 A). In the Zr-
fluorite model, both Rz_o and Ri.—o values (2.17 and 2.20 A) are also
consistent with the experiment (2.14 and 2.16 A, respectively). Differ-
ent to the Sn-bixbyite or undoped In,03 systems (see Supplementary
Fig. 31 for the DFT results of undoped In,03), the M-M distances in the
Zr-fluorite model range from 3.39 to 4.33 A for Zr-In and from 3.15 to
4.41A for In-In, with an average of 3.66 A for both Zr-In and In-In.
These results align with the Zr K-edge EXAFS results that yield an

average distance of Ry ;,=3.42 A (accompanied by a relatively large
disorder parameter of 0%z, =0.012 A2). However, the DFT results
differ from the In K-edge EXAFS data, which show two distinct
In-In(Zr) distances. This apparent discrepancy arises because the Zr-
fluorite model assumes a periodic fluorite-like crystal structure,
whereas the In;9Zry;03 s material is better described as a periodic
bixbyite-type (c-In,03) structure containing a localized fluorite-type
environment around Zr dopants. However, modeling such a local
fluorite-type region within a bixbyite structure is computationally
prohibitive. Nonetheless, both Sn-bixbyite and Zr-fluorite models
reproduce the experimentally relevant local environments at the
respective dopant sites.

Next, we compare the formation energies of oxygen vacancies in
all four models (Sn-bixbyite, Zr-fluorite, Sn-fluorite, and Zr-bixbyite). In
our modeling, the first vacancy, Vo"(1), is created by removing the
charge-compensating oxygen atom O;” (shown in green in Fig. 7a; see
Supplementary file for details). The second vacancy (Vo"(2)) is formed
upon the removal of an additional oxygen either in the vicinity (labeled
as near-Vo"(2)) or further away from a dopant site (labeled as far-
Vo~(2)). Figure 7b plots the formation energies for Vo~ (1), near-Vo"(2)
and far-Vo"(2) sites for all the four models. With regard to V(1) sites,
all formation energies are negative except for Zr-fluorite (+1.4eV),
indicating that the healing of Vo"(1) sites is exothermic only in Zr-
fluorite. The formation of near-Vy"(2) is endothermic across all models
(4.1-5.4 eV). Notably, generating far-Vo"(2) in Zr-fluorite requires only
+0.9 eV, making both vacancy formation and replenishment energe-
tically accessible within the bulk. This behavior differs markedly from
that of the other models, for which far-V5"(2) formation is significantly
more endothermic (3.6-4.9 eV).

We next carried out Bader charge analysis to assess the impact of
oxygen vacancy generation on the oxidation states of the ions at near-
Vo~ (2) sites (Fig. 7c). In the case of Sn-bixbyite, the positive charge on
Sn decreases by ca. 31% upon the generation of a near-Vy"(2) site,
indicating that excess electrons are localized mainly at the Sn dopant.
In contrast, the average change in Bader atomic charges across all In
atoms is small (-0.59% per In; see Supplementary Fig. 33). Comparing
the Sn-bixbyite model with a hypothetical Sn-fluorite model allows for
isolating the geometric from the dopant effect. In Sn-fluorite, the
reduction of Sn is strongly suppressed (from 31% to 3% change of the
Bader charge) with respect to Sn-bixbyite, while the average reduction
of the In atoms increases (ca. 0.6-2%). For both the Zr-fluorite and Zr-
bixbyite structures, there is no significant reduction of the
dopant. Nevertheless, there is a suppression of the reduction of the
Zr dopant in addition to an increase in In contribution upon near-
Vo~(2) formation when comparing the Zr-bixbyite with the
Zr-fluorite model.

Taken together, these DFT results show that the combined effects
of dopant nature and local geometric structure lead to a delocalization
of Vo~ sites in In; 9Zr ;05 os. This interpretation is corroborated by the
density of states (Fig. 7d), which shows negligible Zr contribution to
the highest-occupied band in both bixbyite and fluorite-type motifs. In
contrast, Sn exhibits a significant contribution to the highest-occupied
band, particularly in the Sn-bixbyite model. In addition, in the fluorite-
type models compared to the bixbyite counterparts the contribution
of the dopant on the formation of Vo sites is reduced, while
increasing the contribution of In. This is consistent with a more delo-
calized electronic structure of the oxygen vacancies in fluorite-type
structures. Detailed electron density mapping and atomic Bader
charges supporting this interpretation are provided in the
Supplementary file.

To summarize, DFT calculations clarify the origin of the dopant-
induced defect dynamics in c-In,O5: the combined effects of the Zr
dopant and the local geometric structure (i.e., fluorite-like around Zr
sites) are required to make V(1) healing exothermic (Zr-fluorite is the
only model with a positive energy for Vo"(1) formation (+1.4 eV)), and
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Fig. 7 | DFT results for Sn-/Zr-doped In,0; models. a Structural characteristics of
the four Sn/Zr doped models (Sn-bixbyite, Sn-fluorite, Zr-fluorite, and Zr-bixbyite).
The green atom denotes the charge-compensating interstitial oxygen (removed for
V(1) formation). The additional oxygen atoms that are removed to create near-

and far-Vo"(2) sites are also marked. b Formation energies of V(1) and Vo™(2) sites.
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c Relative changes in Bader charges of the different elements upon generation of
near-Vo"(2) with respect to Vo"(1). For In and O, the average change in Bader
charges is shown. d Element-resolved DOS of the four different models after near-
Vo“(2) formation.

further promote vacancy formation in the bulk of the material (the
formation energy for a far-Vo"(2) site is much lower for Zr-fluorite
(+0.9 eV) than in all other cases). These thermodynamic characteristics
are consistent with the experimentally observed long-term stability of
the Iny9Zro 103,05 catalyst and the stable oxidation states of In and Zr
during TOS (Fig. 6). For Sn-bixbyite, the endothermic formation of
Vo"(2) does not directly reflect the experimentally observed high
concentration of vacancies in In; 9Sng 03 os. Instead, the 31% decrease
in Sn Bader charge upon generation of a near-Vo"(2) site indicates that
excess electrons are localized mainly at Sn, in line with the experi-
mental observation that Sn reduces prior to In in In;9Sng ;05 0s. The
present calculations describe bulk thermodynamics and the funda-
mental differences between the two doped systems. In real catalytic
materials, the actual oxygen vacancy concentration also depends on

oxygen mobility and kinetic factors, which are beyond the scope of
bulk DFT models.

Discussion

The characterization of well-defined, doped In,O; nanocrystals
demonstrates that the defect structure of c-In,O5 can be altered by the
substitution of In>* by either Sn*" or Zr*", with direct consequences for
the catalytic properties in the hydrogenation of CO, to methanol. For
both dopants, the charge mismatch between the host and dopant ion
is balanced by additional oxygen in the structure. However, the
resulting defect structures and vacancy dynamics differ profoundly. In
In; oSng 105 05, 0Xygen preferentially fills the structural vacancies in the
In,0; host adjacent to Sn atoms, forming (2Sn;,0/)” defect associates.
The short Sn-O bonds within the c-In,O; host (shown by EXAFS
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localized generation of Vo™ sites around Sn in In;9Sng 103,05, combined with their
sluggish replenishment, leads to over-reduction. b The combination of the Zr
dopant and the local fluorite-like atomic arrangement in In; 9Zr ;03 o5 facilitates
bulk Vo™ generation, enhances the oxygen-vacancy mobility compared to undoped
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bixbyite In,05 that contains ordered structural vacancies and induces a delocalized
electronic structure of Vo™ sites. Through these mechanisms, the rate of Vo~
replenishment increases, which mitigates over-reduction, explaining the high sta-
bility of this catalyst.

analysis) introduce local lattice distortions, in particular around Sn.
Under CO, hydrogenation conditions, the strained and weakened M-O
bonds facilitate rapid and excessive formation of Vo~ (according to
operando DRUVS). The resulting strong localization of excess electron
density at Sn sites (as revealed by DFT Bader charge analysis), desta-
bilizes the In; 9Sng ;03,05 structure by over-reduction, yielding molten
Sn° and In° This process accounts for the low initial activity of
In;.oSng 10505 and its accelerated overreduction relative to undoped
nano-In,O3. These observations are supported by periodic DFT cal-
culations that indicate pronounced Sn*" reduction when forming Vo~
near Sn sites.

In contrast, In;9Zry;0505 exhibits a fluorite-like arrangement
around Zr, as evidenced by Zr K-edge EXAFS data. While the presence
of ordered structural vacancies characterizes the c-In,O; structure, the
Zr-induced fluorite-like arrangement disrupts this ordering and pro-
duces a more random distribution of Vg~ sites. Such a disorder is
expected to enhance oxygen mobility****, enabling rapid exchange
between the bulk and surface. In addition, our computational results
show that the healing of Vo~ sites is exothermic only for the local Zr-
fluorite arrangement due to combined dopant and structure effects.
Furthermore, DFT results show that the Zr dopant leads to favorable
energetics for Vo~ formation at distant sites, indicating a beneficial
effect of Zr on bulk Vo~ formation. These observations rationalize the
rapid healing of Vo~ sites in In; 9Zrg 103,05 by CO,, as evidenced by the
CO, reactivity studies shown in Fig. 5 and further explain the low
degree of In** reduction under operating conditions observed in the
transient experiments (Fig. 6). This mechanism of rapid Vo™ replen-
ishment through the combined effects of the Zr dopant and the unique
defect structure in In;oZrg 0305 rationalize the superior catalytic
activity and stability of this catalyst. The different Vo™ dynamics are
summarized in Fig. 8.

To conclude, we have developed Sn- and Zr-doped c-In,05
nanocrystals as model catalysts to study the interplay between a
material’s defect structure and catalytic performance. Our study
demonstrates that the dynamics of oxygen vacancy formation and
replenishment that allow for reversible reduction/re-oxidation cycles
at the active site of the catalyst during each turnover are key for both
high activity and stability during CO, hydrogenation. The oxygen
vacancy dynamics are tunable via doping of In,O5 with either Sn** or

Zr*" as distinct local and electronic structures are obtained, leading to
contrasting catalytic behaviors. The inferior catalytic activity and sta-
bility of In;9Sng 10305 are related to strained Sn-O bonds within the
In,05 structure, which promote the generation of oxygen vacancies in
the vicinity of Sn. The localization of electron density at Sn sites occurs
upon vacancy formation, which leads to the reduction of Sn** followed
by In* to molten Sn° and In°, explaining the low reactivity of oxygen
vacancies towards their replenishment through the surface reaction
with CO,. In contrast, Zr induces a local fluorite-like atomic arrange-
ment that facilitates a more random distribution of Vg~ sites in
In; 9Zr 10305, increasing the oxygen-vacancy mobility. Further, the
electronic structure of Vg™ sites in In; 9Zry 103,05 is more delocalized
compared to In;9Sng 10305 and Vo™ healing is exothermic. The com-
bination of both effects explains the rapid replenishment of Vo~ sites,
which is key to maintaining a stable redox cycle during each catalytic
turnover. This results in an overall lower average concentration of Vo~
sites in the active In;oZrg;030s5 catalyst and is the underlying
mechanism that allows for both a high activity and long-term stability.
Our findings emphasize the dynamic nature of the active Vo~ sites in
In,05 catalysts and demonstrate how doping is a suitable approach to
alter the oxygen vacancy dynamics, a phenomenon likely applicable to
a wider range of reducible oxide-based catalyst formulations.

Methods

Catalyst preparation and reference materials

In the synthesis protocols, commercially available chemicals were used
as received unless noted otherwise. In(acac); (>99.99 % metals basis),
Sn(acac),Cl, (98 %), oleylamine (=98 % primary amine), ZrOCl, « 8H,0
(98 %, reagent grade), and m-ZrO, were purchased from Sigma Aldrich.
Zr(acac), (>98 %) and metallic In powder were purchased from Strem
Chemicals. In(NO3); « xH,0 (99.99 % metals basis), SnO, (99.9 % metals
basis), and a-Al,03 (99.9 %) were purchased from Thermo Scientific.
LaB¢ and CeO, were NIST standard reference materials (SRMs).

We used a colloidal synthesis protocol adapted from litera-
ture to obtain crystalline nanoparticles of nano-In,03,
ln1_95n0.103.05, and |n1.92r0.103_05 (refS. 25—27) In a typlcal
experiment to obtain In;oSng ;05,05 indium(lll) acetylacetonate
(In(acac);, 1000mg, 2.4mmol) and tin(IV) acetylacetonate
(Sn(acac),Cl,, 49.5mg, 0.1 mmol) were added to a 50 mL three-
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neck flask equipped with a reflux condenser, followed by the
addition of oleylamine (10.1 mL, vacuum-degassed at 150 °C for
2h and stored under N, before use). The suspension was evac-
uated (107'-10" mbar) and purged with N, twice before it was
heated up to 250 °C within ca. 10 min under N, flow. The reaction
mixture was refluxed under continuous N, flow for 5h before
naturally cooling down to room temperature. Dichloromethane
was added to the viscous crude mixture, and the residue was
separated by centrifugation (3500 rpm, 5 min). The crude product
was purified by washing with ethanol (1 x 100 mL) and repeated
redispersion in toluene and flocculation by ethanol (2 x 100 mL)
steps were performed. Drying (100 °C, 5h) and subsequent cal-
cination (650 °C for 20 h under static air, heating rate of 3 °C
min™) yielded the as-synthesized (fresh) In; ¢Sng1030s. The EDX
spectra of a representative batch did not show significant quan-
tities of Cl from the Sn precursor in the calcined sample.

To synthesize In; 9Zrg 103,05, In(acac); was dissolved in CHCI; (ca.
5gin 30 mL) to give a cloudy suspension, which was filtered over a bed
of Celite®, after which the solvent was outgassed. The purified
In(acac); (1000 mg, 2.4 mmol) and zirconium(IV) acetylacetonate
(Zr(acac)y, 62.3mg, 0.1mmol) were added to a three-neck flask
equipped with a reflux condenser, followed by adding 10.1mL of
vacuum-degassed oleylamine. The mixture was heated under vacuum
to 120 °C until a clear solution was obtained (ca. 10 min). Next, under
N, flow, the reaction mixture was heated to 250 °C (ca. 25 min) and
held at this temperature for 5 h before being left to cool down to room
temperature naturally. The purification procedure and subsequent
calcination were identical as for In; Sng 103 0s.

Nano-In,O; was synthesized using the procedure used for
In; 9Snp 10505 (except for omitting the Sn precursor). Post-synthesis
calcination was performed at 400 °C for 3 h under static air. This
treatment has previously been shown to be sufficient to remove the
remaining organic ligand". Diffuse reflectance infrared Fourier trans-
form (DRIFT) spectroscopy confirmed the complete removal of the
ligand in the calcined catalysts (see Supplementary Fig. 30). A catalytic
performance test of nano-In,O5 calcined at 650 °C (20 h) confirmed
that the higher calcination temperature did not stabilize the catalyst
against deactivation with TOS (Supplementary Fig. 13).

The reference material bulk-In,O; was obtained as follows.
Indium(lll) nitrate hydrate (In(NO3);+xH,0, 6 g) was dissolved in a
mixture of EtOH and deionized H,O (15mL, 3:1v/v). An aqueous
solution of diluted NH,OH (40 mL of a 1:3v/v mixture of w=35%
NH4OH and deionized H,0) was added dropwise under vigorous stir-
ring. The resulting slurry was aged for 20 min, followed by washing
with deionized H,O (5 x 100 mL). The solid was dried at 100 °C over-
night and calcined at 400 °C for 3 h. The In,O3 obtained was sintered at
1400 °C for 3 h in static air. To yield the reference material rutile SnO,
for XAS, SnO, (rutile) was calcined at 400 °C for 3 h. The reference
material ¢ZrO, for XAS was synthesized following a literature
method®. In brief, zirconyl chloride octahydrate (ZrOCl, « 8H,0, 25 g)
was refluxed in an aqueous solution (0.5 M) while the pH was kept at
pH =10 by addition of diluted NH,OH,q). The crude precipitates were
washed with deionized H,0O (10 x 200 mL) and dried (overnight at 80
°C and subsequently overnight at 120 °C). Calcination of the solid at
600 °C (5 h) yielded nanosized t-ZrO,. The a-Al,03 reference material
for PDF analysis was calcined at 1400 °C for 48 h before use.

Characterization and operando studies

Surface area measurements (N,-physisorption) were performed at
—196 °C using an Anton Paar NOVA 800 analyzer. Samples were pre-
treated under vacuum at 300 °C for 3h before the physisorption
measurements. Inductively coupled plasma-optical emission spectro-
scopy (ICP-OES) to quantify the dopant and indium content was per-
formed using an Agilent 5100 VDV instrument. The multi-element
standards 5 and XVII (Sigma Aldrich) were used for calibration.

Electron microscopy was performed on a TFS Talos F200X microscope
equipped with four SDD Super-X detectors and operated at 200 kV in
both TEM and scanning TEM (STEM) modes. A PANalytical Empyrean
X-ray powder diffractometer with a Cu anode (A(Cu Kal) =1.5406 A)
operating at 45 kV and 40 mA was used for reflection-mode XRD ana-
lysis. The diffraction intensity was collected using a X'Celerator Sci-
entific ultrafast line detector and Bragg-Brentano HD incident beam
optics in the range 26 = 5-100 ° (step size 0.05 ° and 4 s per step). For
materials showing sharp diffraction peaks, the step size was decreased
to 0.008 ° and using a counting time of 240 s. Rietveld analyses of the
diffractograms were performed using the software FullProf®’. Oper-
ando DRUVS was performed using a Perkin Elmer Lambda 750 spec-
trophotometer, in which a Harrick Praying Mantis cell was placed.
Powdery materials (ca. 20 mg) were added onto a bed of quartz wool
and slightly pressed using a piston to obtain a smooth surface. The off-
gas was analyzed by MS (MKS Cirrus 3, for details see Supplementary
Table 15). DRIFT spectra were collected using a Nicolet 6700 FT-IR
equipped with a Harrick Praying Mantis DRIFTS accessory. Data were
collected from 650 to 4000 cm™ at a spectral resolution of 4cm™
using a mercury cadmium telluride (MCT) detector. The diluted (ca. 1
wt-% of sample in KBr) In,O5-based catalysts were measured in powder
form. Raman spectra were collected on a Thermo Scientific DXR2
Raman Microscope equipped with a 532 nm laser operating at 3 mW. A
range of 106-3500 cm™ at a spectral resolution of 0.96 cm™ was used.
At least five different spots of a specimen were probed, each with five
repeated acquisitions of 10 s, and averaged. In situ experiments were
performed in a Linkam CCR1000 reaction cell (for details see Sup-
plementary Table 16). The specimen powder was pressed into the
sample cup to obtain a smooth surface. Temperature-programmed
reduction-reaction and CO, reactivity (CO, pulse experiments)
experiments were carried out using a Micromeritics AutoChem 2920 Il
equipped with a thermal conductivity detector (TCD) and an MS (MKS
Cirrus 2) for off-gas analysis. lon currents were normalized to the total
pressure in the MS for all tests. The program sequences are described
in Supplementary Tables 18 and 19. In a typical experiment, 15-20 mg
of catalyst was used.

Combined operando XAS and powder XRD/PDF measurements
were performed at the Swiss-Norwegian beamlines (SNBL, BM31) at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France. For
optimized X-ray absorption, the catalysts were diluted with pretreated
SiO;, (Aerosil 300, calcined at 650 °C before use) using a mass ratio of
1:1. The physical mixture was pelletized and sieved (50-125 pm), filled
into a quartz capillary (OD=1.5mm, wall thickness = 0.02 mm), and
held in place by two plugs of quartz wool. The temperature was con-
trolled using a metal furnace placed around the capillary. The off-gas
was monitored by MS (Pfeiffer OmniStar GSD 320; the ion currents
were normalized to the total pressure in the MS chamber) and a gas
chromatograph (GC, Compact GC 4.0, equipped with a TCD to quan-
tify N,, H,, and CO, and a FID for CH;OH quantification).

XAS data were collected in transmission mode at the Zr K-
(17900-18997eV), In K- (27790-28934eV), and Sn K-
(29052-30197 eV) absorption edges using a Si(111) double crystal
monochromator with continuous scanning mode and binned to a step
size of 1 eV. The respective scan durations were 148 s (Zr K), 126 s (InK),
and 115 (Sn K). For ex situ XAS measurements in transmission geo-
metry, the specimens (fine powder) were diluted with cellulose for
optimized X-ray absorption at the respective metal K-edge and pelle-
tized. XAS energy calibration was performed for each absorption edge
using commercially available monoclinic ZrO, (calcined at 400 °C
before use; reported Eo=17998 eV (ref. 63), a metallic In reference (In
powder; reported Eq=27940eV (ref. 64)) and a foil of metallic Sn
(reported £ =29200 eV (ref. 64). The presented EXAFS analyses of the
XAS data were performed using the Athena and Artemis packages of
the software Demeter®. Linear combination fitting of XANES data was
performed using the software PrestoPronto®.
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Diffraction data were collected using a PILATUS3X CdTe 2M
detector. Data were collected at two different sample-to-detector
distances, enabling two g-range modes (where g is the modulus of the
scattering vector), which we refer to as XRD and PDF modes. In XRD
mode, the detector was placed 89 cm away from the center of the
specimen capillary (the distance was calibrated using a Si standard)
using X-rays of 1=0.254 A (E;=48.7keV, available ¢ax=8.4A7). In
PDF mode, the specimen-to-detector distance was set to 27 cm using
X-ray radiation of 1=0.260A (£,=47.7 keV), allowing for measure-
ments up to gmax =22.8 A\, Reduced total scattering structure func-
tions F(g) were extracted from the total scattering data using the
software PDFGetX3, performing background subtraction (removing
the scattering contributions from both the quartz capillary reactor and
the SiO, diluent) and intensity normalization®’. A Fourier transform of
F(qg) gives the pair distribution function, G(r), that allows for structural
analysis in real space®.

Ex situ PDF data were collected at the beamline ID15A at the ESRF,
Grenoble, France. A PILATUS3X CdTe 2 M detector was used to collect
the scattered X-ray intensity in 2D. A wavelength of A=0.194A
(E;=64.0 keV) at a sample-to-detector distance of 29 cm (calibrated
using CeO,) gave an available g-range of up to gmax=26.0A"". The
instrumental resolution parameters (Qgamp and Qproad) Were deter-
mined using the measurement of the a-Al,O5 reference. Specimens
were filled as a fine powder into quartz capillaries (OD = 0.5 mm, wall
thickness = 0.01mm). The capillaries were inserted into a larger
capillary (OD =1 mm), which was fixed in position, to place them in the
sample holder available at the beamline. The PDFs were extracted from
the total scattering data using the software PDFGetX3 and modeled
using the software PDFGui®.

Catalytic testing

The catalyst performance was measured in a laboratory high-pressure
fixed-bed plug-flow reactor (/D=9 mm, SS316, Microactivity Effi, PID
Eng&Tech). Here, 10 mg of the SiO,-diluted catalyst (50-125 pum) was
mixed with an additional inert diluent (quartz chips, that have been
washed with deionized water and calcined at 600 °C, 212-300 pum, 1g)
to adapt to the larger volume of the laboratory reactor, giving a cata-
lytic volume of Vi,eq =1cm?. The catalyst bed was held in place by two
plugs of quartz wool. The catalysts were pretreated (300 °C, 5Sbar N,,
30 mL min™), then pressurized to 20 bar under N, before the inlet gas
flow was switched to H,/CO,/N,=3/1/1 at a total flow rate of
30mLmin™. The product gas composition was quantified by gas
chromatography (Perkin EImer Clarus 580) using a TCD (for H, and N,)
and a FID coupled to a methanizer (for C-containing products). In all
catalytic tests, only trace amounts of methane were detected. The
following formulae were used to calculate CO, conversion, space time
yield of methanol, the rate of methanol formation, and the selectivity
to methanol.
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Al™*": molar flow at reactor inlet/outlet of component i in
mol min™
c"/°": concentration at reactor inlet/outlet of component i
in vol-%

Xco,: CO, conversion in %

STY yieon: Methanol space-time-yield in gyeon (Ecar h) ™

Myeon: molar weight of methanol in g mol™

me,: catalyst mass in g

I'vieont: @real methanol formation rate in mmolyeon Meae > ™!

SSA: specific surface area of the catalyst in m2 g™

Smeon: selectivity to methanol in %

Computational model construction

The bulk structure of In,O3; was modeled using the cubic bixbyite
phase (c-In,05). After full relaxation of the conventional unit cell, the
optimized lattice parameter was a=b=c=10.2214, in good agree-
ment with previous computational studies®’° and the experimental
value”. The undoped model is described in detail in the
Supplementary file.

Doped models were generated by substituting two In atoms with
either Sn or Zr. Because Sn is known to preferentially occupy the b site
(vide supra), both doped atoms introduced per unit cell were placed
on b-sites; the identical site was chosen for Zr. For charge balance in
the pristine systems, one additional oxygen atom was added. The final
stoichiometry of the doped systems was In;oM,049 (M = Sn or Zr),
corresponding to In; oMo 130310 and a dopant concentration of 6.25%,
consistent with the experimental composition and doping level.

For the doped models, both bixbyite and fluorite-like structural
motifs were considered. The fluorite-like models were constructed
starting from the atomic positions of the CeO, fluorite structure and by
systematically removing oxygen atoms such that each In cation
remained six-coordinate and the stoichiometry became In,05. Next,
the same substitution procedure (two In for dopant, plus one extra O)
was applied. For the doped structures, the unit-cell shape was fixed
during optimization to prevent relaxation from driving the fluorite-like
system toward the bixbyite structure.

For each of the five models (undoped bixbyite, Sn-bixbyite, Sn-
fluorite, Zr-fluorite, and Zr-bixbyite), we evaluated the pristine struc-
ture as well as two oxygen-deficient configurations. In the doped
structures, the first vacancy (Vo"(1)) corresponds to the removal of the
non-stoichiometric oxygen (the green atom in Fig. 7a), while the sec-
ond vacancy (Vo"(2)) corresponds to the removal of a lattice oxygen
either adjacent to a dopant or symmetrically distant from both
dopants, referred to as “near” or “far”. The energy of Vo"(1) formation
was calculated as follows:

E(Vo") =E(V0"(1)) +05. E(Oz) — E(pristine) ()]

E (Vo (1)): electronic energy of the system with the first oxygen
vacancy (eV)

E(O,): electronic energy of an isolated O, molecule (eV)

E(pristine): electronic energy of the pristine system (eV)

The energy of Vo"(2) formation was calculated with respect to
E(Vo(1)) as follows:

E(Vo™)=E(Vp*(2)) +0.5-E(0,) — E(Vo™ (@) 9)

E(Vo*(2)): electronic energy of the system with two oxygen
vacancies (eV)
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DFT details

All calculations were performed using the Vienna ab initio simulation
package (VASP)”"7* version 6.4.3, with the projector-augmented wave
(PAW) pseudopotentials™. Geometry optimizations employed the
’SCAN meta-GGA functional’>°, while electronic density of states
calculations were carried out using the HSEQ6 hybrid functional’® to
avoid over-delocalization of the electronic states. These functionals
yielded lattice parameters (vide supra) and electronic properties
consistent with experiment, with HSE06 providing a band gap of
2.17 eV, in line with reported experimental values between 2.1 and 2.7
eV”. A plane wave cut-off of 550 eV and a 3x3x3 Monckhorst-Pack k-
point grid were used for structural optimizations. lonic relaxation
followed either the conjugate gradient or quasi-Newton algorithm
until the forces were below 0.03 eV/A, with an electronic convergence
threshold of 1075, All calculations included spin polarization. DOS cal-
culations were performed at the I'-point using Gaussian smearing with
a width of 0.05eV.

Data availability

All data presented in this work are available in a Zenodo repository
under the Digital Object Identifier: https://doi.org/10.5281/zenodo.
19450659. Data are further available from the corresponding authors
upon request.
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