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Direct Operando Visualization of Metal Support Interactions
Induced by Hydrogen Spillover During CO, Hydrogenation

Kellie Jenkinson, Maria Chiara Spadaro, Viktoria Golovanova, Teresa Andreu,

Joan Ramon Morante, Jordi Arbiol,* and Sara Bals*

The understanding of catalyst active sites is a fundamental challenge for the
future rational design of optimized and bespoke catalysts. For instance, the
partial reduction of Ce** surface sites to Ce>* and the formation of oxygen
vacancies are critical for CO, hydrogenation, CO oxidation, and the water gas
shift reaction. Furthermore, metal nanoparticles, the reducible support, and
metal support interactions are prone to evolve under reaction conditions;
therefore a catalyst structure must be characterized under operando
conditions to identify active states and deduce structure-activity relationships.

1. Introduction

The chemical conversion with green hy-
drogen of the environmentally-problematic
CO, molecule to CH, creates fundamental
building blocks for carbon valorization
on the industrial scale.?! Metal oxide
supports were originally implemented to
stabilize small nanoparticles (NPs) from
sintering, however supports are now under-

In the present work, temperature-induced morphological and chemical
changes in Ni nanoparticle-decorated mesoporous CeO, by means of in situ
quantitative multimode electron tomography and in situ heating electron
energy loss spectroscopy, respectively, are investigated. Moreover, operando
electron energy loss spectroscopy is employed using a windowed gas cell and
reveals the role of Ni-induced hydrogen spillover on active Ce?** site formation

and enhancement of the overall catalytic performance.
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stood to contribute more directly in catalysis
via metal support interactions (MSI) such
as charge transfer (CT), interface alloying
or strong MSIs such as support overlayer
formation, all of which provide powerful
tools for catalyst optimization and bespoke
catalyst design.>*] For instance, the choice
in support material has been shown to be as
important to determining the mechanism
for CO, hydrogenation as the choice in
precious metal catalyst.%’] Non-reducible
supports (Al,O, and SiO,) preferably
perform the dissociative CO, reduction mechanism via CO
where the entire hydrogenation reaction is restricted to the NP
surface (summarized in Figure 1)."! In contrast, CeO, is capa-
ble of promoting the formate pathway through Ce** active sites
and the corresponding oxygen vacancies which are known active
sites for methane steam reforming, water gas shift (WGS) reac-
tion and nitric oxide dissociation within automobile exhausts.[®9]
Ce®* sites are particularly desirable as CO, preferentially binds
to Ce®* (Lewis base sites), activating the CO, molecule for bond
breaking through an associative and energetically favorable route
during the hydrogenation reaction in addition to extending the
potential reaction area to the metal, reduced support, and NP-
support interface (Figure 1b).[810.11]

Ce** formation can be achieved under mild conditions
through a NP mediated hydrogen spillover mechanism where
H, dissociatively adsorbs on the NP before migrating to the sup-
port structure (Figure 1a).'2) This mechanism has been studied
through in situ spectroscopy and to a lesser extent by environ-
mental transmission electron microscopy (ETEM).[%13:14.15]

Catalyst characterization under operando conditions has be-
come a modern day, fundamental necessity to ascertain structure-
property relationships of realistic catalysts.[1617:181920] This is be-
cause of the realization that NPs can dynamically change dur-
ing a chemical reaction, and that the active state of the catalyst
may be generated and only exist during the reaction. The dy-
namic evolution of active sites is as relevant and as likely in the
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Figure 1. Illustrations highlighting fundamental differences between CO,
hydrogenation on reducible and non-reducible supports and method to
study spillover on a complex catalyst. a) Reducible supports facilitates
hydrogen spillover from the Ni nanoparticle to CeO, resulting in partial
Ce** reduction to Ce* possibly localized to the area surrounding the
nanoparticle. b) Unlike the non-reducible support, for the CeO, support,
CO, will preferentially bind to Ce3* sites localized at the NP-support in-
terface. ¢) CO, hydrogenation on non-reducible supports is restricted to
the Ni nanoparticle in the absence of support-based defect sites. For re-
ducible supports, CO, molecules are concentrated at the Ni interface by
Ce3* sites creating a reservoir of substrate molecules ideally situated for
further hydrogenation. d) lllustration of complex mesoporous catalyst and
operando electron energy loss spectroscopy technique to distinguish be-
tween Ce* active sites at the surface, bulk, and metal-support interface.
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support material as the supported NP, albeit support dynam-
ics are comparatively seldom studied. Bulk scale operando spec-
troscopy studies have ascertained that Ce3* active sites, initially
introduced through H, pretreatments, are generally reduced in
abundance or entirely reoxidized during CO, hydrogenation,
WGS and CO oxidation reactions.[®1621.22]

Although a catalyst’s performance can be directly correlated
with the abundance of Ce’* sites,®! identifying and locating the
active sites within a catalyst cannot be achieved by bulk-scale
spectroscopy. As a result, locating active sites within heteroge-
neous catalysts has been identified as a fundamental knowledge
gap and the latest challenge shared by microscopy and catalysis
communities.[?*?*] Gas-phase electron microscopy studies repre-
sent the forefront of operando investigations, providing single-
particle and subnanometer resolutions necessary to distinguish
between different surface sites (Figure 1d), and locate those sites
sufficiently close to the supported NP to enable reagent interac-
tion and contribute to the reaction.'®! Very recently, the impact
of TiO, as a reducible support for CO, hydrogenation showed the
evolution of strong MSI overlayers under reaction conditions us-
ing operando electron microscopy to identify the active catalyst
-support dynamic and explain activity and selectivity trends.!’]
However, there is a lack of equivalent operando electron mi-
croscopy studies where Ce* active sites are the focus.

In this study, we investigate the structural and valency evo-
lution of a mesoporous (MP) CeO, nanofiber assembly as a re-
ducible support in a realistic and complex Ni/MP-CeO, catalyst
using in situ and operando electron microscopy characterization
in 2D and 3D. Ni/MP-CeO, was chosen due to the MP sup-
port maximizing opportunities for MSIs which likely facilitates
the formate pathway and minimizing spatial constraints for Ni-
bound H and Ce**-bound CO, to promote reactant interaction,
in addition to the use of plasmonic Ni NPs (2.4 x more active
upon light irradiation),['%) all of which reflect modern concepts
in advanced catalyst design in contrast to simplified model-like
catalyst system (Figure 1d). By directly observing the catalyst dur-
ing hydrogenation using electron microscopy, we aim to identify
the location of active sites formed dynamically during the reac-
tion to understand how reducible supports facilitate the formate
pathway for CO, hydrogenation.

2. Results

2.1. In Situ Ni Nanoparticle Redistribution in 3D

Ni NPs (5-50 nm) dispersed on a mesoporous (MP) CeO, sup-
port, consisting of a templated assembly of CeO, nanofibers, was
used as the realistic catalyst in this study.['! The catalyst’s ther-
mal stability and NP mobility was investigated through an in situ
heating HAADF-STEM tomography and EDX tomography ex-
periment under ultra-high-vacuum (UHV) conditions. Figure 2a
shows a low magnification HAADF-STEM image of a sufficiently
small fragment of the Ni/MP-CeO, nanocomposite used for the
tomography experiments. The CeO, nanofiber assembly is al-
ready apparent at this magnification with additional brightness-
contrast that is likely due to the Ni NPs occupying the surface.
However, with the complex variation in NP thickness due to
the mesoporous structure and roughness of the individual CeO,
nanofiber surface, the distribution of the Ni NPs is not easily
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Figure 2. In situ multimode electron tomography of Ni/MP-CeO, catalyst. a) High angular annular dark field-scanning transmission electron microscopy
(HAADF-STEM) image of catalyst fragment. b) HAADF electron tomography reconstruction showing the location of the slice through the volume,
displayed in (c). c) Slice through the volume of the HAADF-STEM tomography reconstruction showing the internal structure of the mesoporous support.
White overlay illustration shows the hexagonal packing arrangement of the fibers enforced through templating. c, inset) Magnified region from a part of
the same slice where black and white arrows indicate a pore and nanofiber, respectively. d) EDX tomography reconstruction of the catalyst before thermal
treatment (Ni = yellow, Ce = green). ROl highlighted by a red square is magnified to the right of the reconstruction. e) EDX tomography reconstruction of
the same catalyst after thermal treatment (Ni = yellow, Ce = green). The ROI highlighted by a yellow square is magnified to the left of the reconstruction.
f) Illustration of the segmentation process and accessible surface area calculation. g) 3D quantification of the surface area of Ni, accessible surface area
of Ni, and volume of Ni before and after thermal treatment.
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interpreted by the 2D HAADF-STEM brightness-contrast.
HAADF-STEM tomography (Figure 2b,c) shows that the CeO,
nanofibers are assembled into a hexagonal close packed arrange-
ment and the diameter of the CeO, nanofiber and the approxi-
mate pore size was 6.75 + 0.53 nm and 2.54 + 0.26 nm, respec-
tively (see Figure S1 in the Supporting Information). The EDX to-
mography reconstruction of the fragment (Figure 2d) shows Ni
NPs (yellow) dispersed along the surface of the ceria assembly.
The Ni NPs range in size from 50 nm, which would be restricted
to surface occupation, to 1 nm which are sufficiently small to be
able to reside within CeO, porous network.

Next, the catalyst was heated in situ to 350 °C for 15 min be-
fore quenching and the same region of interest (ROI) was inves-
tigated using a previously developed in situ heating tomography
technique.?®! The EDX tomography reconstruction of the heated
catalyst (Figure 2e) shows no evidence of nanofiber sintering or
loss of fragment morphology. In contrast, the Ni NPs have frag-
mented to create smaller NPs. The same regions of Figure 2d,e
are highlighted to show eight clearly defined and smaller sep-
arate NPs whereas the same region before heating only shows
five. Similar NP division is seen throughout the reconstruction
and highlighted by white rectangles to show NPs that are begin-
ning to divide to produce two separate NPs. Several additional
regions were monitored before and after heating without tomog-
raphy acquisition to confirm the lack of NP sintering without
prolonged electron beam exposure (Figures S2-S4, Supporting
Information). The ability to transition from qualitative to quan-
titative characterization is an intrinsic advantage of investigating
catalysts in 3D. Using the EDX tomography reconstructions be-
fore and after heating, the Ni and Ce surfaces were segmented
to identify the change in Ni surface area (SA) and volume. More-
over, quantifying the interface between Ni NPs and the Ce sup-
port, the quantity of Ni surface accessible to substrate molecules
can also be measured (Figure 2f,g and Figure S5, Supporting
Information). Surprisingly, the Ni SA and accessible SA of the
Ni residing on the outside of the CeO, assembly is reduced by
32% and 30% respectively. This reduction in SA initially seems
counter-intuitive as the NPs are increasing in number and be-
coming smaller. However, slices taken from the EDX reconstruc-
tion (Figure S6, Supporting Information) before and after heat
treatment show that there is an increase in Ni signal and evidence
of well-defined NPs within the porous structure. This restricted
Ni size within the MP-CeO, pores poses limitations for direct vi-
sualization, interaction volume, and X-ray generation to locate
subsurface Ni NPs except for the very largest NPs identified by
arrows in Figure S6 (Supporting Information). The volume loss
of almost 40% after heating suggests a far larger loss in volume
compared to surface area loss (30%). This demonstrates that al-
though there is a large volume of Ni translated into the pores, the
particles that can be visualized at the surface have a net increase
in SA due to NP fragmentation.

2.2. In Situ Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) was used to mea-
sure distribution and abundance of Ce** during thermal treat-
ment under catalytically relevant temperatures under UHV con-
ditions. The Ce M, 5 ionization edge was used as the edges are

Adv. Mater. 2023, 2306447 2306447 (4 of 10)

www.advmat.de

sharp, easily resolved, and the fine structure provides Ce va-
lency information.[”) Figure 3a—c shows EEL spectra compared
from the near and far regions with respect to the Ni NP to re-
veal no variation in Ce oxidation state based on proximity to Ni
NPs (Figure 3b). During this acquisition, the catalyst was heated
to 120 °C to minimize carbon contamination while EELS maps
were acquired. EELS measurements acquired at room tempera-
ture, before contamination prevented further investigation, con-
firms that there is no change in Ce valency by heating to this rela-
tively low temperature compared to the high temperature anneal-
ing conditions (Figure S7, Supporting Information). Ce oxidation
state indifference to Ni proximity within the pristine catalyst can
be seen also in Figure 3d,e.

Valency mapping during in situ heating (Figure 3d—f and
Figure S8, Supporting Information) revealed that Ce3* abun-
dance does not increase at elevated temperatures and still re-
mains independent to Ni proximity at 400 °C. Moreover, the sta-
bility of EELS peak-intensity, energy resolution and energy shift
of both Ni and Ce ionization edges are unchanged within the RT
— 400 °C temperature range.

2.3. Operando CO, Hydrogenation

The Ce** abundance and distribution under operando CO, hy-
drogenation conditions was investigated using a windowed gas
cell and an online gas analyzer to confirm the formation of
methane (Figure S9, Supporting Information). EELS maps were
taken from several ROI of the Ni/MP-CeO, catalyst at 200 °C in
an inert He environment (Figure 4a—c,e). The Ce** abundance
was measured at 8% of the overall Ce signal and is evenly dis-
tributed throughout the support structure. The quantity and dis-
tribution are consistent with equivalent in situ heating EELS
measurement in UHV conditions and shows that, when under
atmospheric pressure, Ce** does not arbitrarily form in the ab-
sence of CO, and H,. The temperature was elevated to 350 °C
and CO, and H, gases were introduced in the stoichiometric ra-
tio, optimal for CO, hydrogenation to methane (70% He, 24%
H,, 6% CO,, 1 Bar). The catalyst was left for 1 h under hydro-
genation conditions to allow the holder to stabilize from tem-
perature and pressure changes. During this time, the electron
beam was blanked to prevent additional and unnecessary elec-
tron beam irradiation. EELS mapping of the same ROI shown
in Figure 4a—c was measured under CO, hydrogenation condi-
tions (Figure 4f,g) and shows a clear increase in Ce** abundance
with the overall Ce** percentage increasing from 8% to 18%. The
increase in Ce** abundance under hydrogenation conditions is
a consistent observation over several catalyst fragments in addi-
tion to control regions where the fragment was not previously
measured to ensure that Ce’* formation is not due to electron
beam-induced artefacts (Figures S10-S13, Supporting Informa-
tion). EEL spectra of two regions within the measured area have
been extracted and shown in Figure 4d alongside reference spec-
tra for Ce** and Ce**. The Ce EEL spectrum taken from CeO,
residing at the surface of the Ni NP shows a clear broadening
of Ce M, 5 ionization edge in addition to a shift to lower energy
compared to the Ce signal extracted from the bulk support in-
dicating a significant location-specific reduction of Ce** to Ce*.
The abundance of Ce** at these two regions equals 23% and 13%
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Figure 3. In situ electron energy loss spectroscopy and high angular annular dark field-scanning transmission electron microscopy (HAADF-STEM)
micrographs of Ni/MP-CeO, catalyst during thermal treatment in ultra-high vacuum conditions. a) ROl 1 HAAADF STEM image of Ni/MP-CeO, fragment
at 120 °C, white box indicates the mapping area and red and green boxes indicate the location of spectra extracted in (b). b) EEL spectra of two areas
within ROI T, close to the Ni NP (red) and far from the Ni NP (green). c) elemental distribution of Ni (red) and Ce (blue) extracted from EELS mapping.
d) HAADF-STEM image of Ni/MP-CeO, fragment (ROI 2). Solid boxes indicate the location of spectra extracted in e and the dashed box indicates the
location of spectra extracted in (f). e) Extracted EEL spectra of four locations at increasing distance from Ni NP shown in d at 120 °C. f) Extracted EEL
spectra of the same location before (blue), during (green), and after (red) heating to 400 °C. Location of spectrum extraction is identified in (d) by a

dashed red box.

for surface and bulk regions respectively. Figure 4h shows line
scan intensity profiles for the Ce** and Ce** signals over the CeO,
structure. The line scan profile shows a clear core@shell struc-
ture with Ce* preferentially occupying the surface of the individ-
ual CeO, nanofibers that make up the larger CeO, mesoporous
structure. Furthermore, the depth of the reduced surface within
the individual CeO, fibers is consistent, however the abundance
in Ce** at the surface of each fiber increases significantly with
proximity to the NP. Of the four fibers within the field of view,
the reduced surface increases from 12% for the nanofiber fur-
thestaway from Ni, to 17%, 28% and finally 45% for the nanofiber
supporting the Ni NP.

The operando EELS experiment was extended to consider a
broader range of reaction temperatures (200-400 °C). Figure 4i,j
shows the elemental distribution of Ni and Ce in addition to a
Ce** valency map for an alternative fragment under inert con-
ditions (He) at 200 °C. The initial Ce** abundance was 6% dis-
tributed evenly over the fragment. Figure 4k shows an increase
in Ce’* concentration at the surface of the CeO, support and

Adv. Mater. 2023, 2306447 2306447 (5 of 10)

an overall Ce** increase to 11% under hydrogenation conditions
which is further increased to 16% when increasing the tempera-
ture to 400 °C (Figure 41). Evidence of a location selective lack of
reduction was also observed at locations where the Ni NPs reside
which are highlighted by white arrows in Figure 41.

3. Discussion

Thermally-induced sintering is a fundamental deactivation
mechanism for supported NP catalysts, both due to the loss of
NP surface area and the loss of NP-support interfaces. To study
Ni dispersion, mobility, sintering, and to quantify the loss of
NP surface area and interfaces within the mesoporous struc-
ture, 3D analysis is crucial. 3D studies under gaseous condi-
tions are uniquely challenging to achieve as windowed gas cells
lack the angular range necessary for tomography, ETEM tomog-
raphy’s limited environmental pressures is more akin to a re-
duced vacuum than atmospheric pressure, and atom counting
reconstructions from 2D datasets have not been applied to such
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Figure 4. Operando electron energy loss spectroscopy (EELS) of Ni/MP-CeO, under hydrogenation conditions. a) high angular annular dark field—
scanning transmission electron microscopy (HAADF-STEM) image of a catalyst fragment indicating the mapping area (white box) and locations for
spectra extraction for CeO, residing on the Ni NP and further away from Ni NP (red and blue boxes respectively). b,c) Ce** and Ce3* spectral intensity
maps to reflect the presence and abundance of that valence state for the catalyst fragment shown in (a), heated at 200 °C in He. d) EEL spectra of
CeO, region residing on the Ni NP (red box in a) and further away from Ni NP (blue box in a) at 350 °C under hydrogenation conditions compared
to reference EEL spectra for Ce3* and Ce**. e) Elemental maps for Ni (red) and Ce (blue). The white arrow indicates the location and direction of the
line scan extraction shown in (h). f,g) Ce** and Ce3* spectral intensity maps to reflect the presence and abundance of that valence state for the catalyst
fragment shown in (a), heated at 350 °C in hydrogenation conditions. h) Ce* (orange) and Ce** (purple) intensity line scan profiles from the location
identified in (). i) Elemental maps for Ni (red) and Ce (blue) extracted from EELS signals of a second Ni/MP-CeO, fragment. j) Ce>* spectral intensity
map for the catalyst fragment shown in (i), heated at 200 °C in He. k) Ce3* spectral intensity map for the catalyst fragment shown in (i), heated at 200 °C
in hydrogenation conditions. ) Ce3* spectral intensity map for the catalyst fragment shown in (i), heated at 400 °C in hydrogenation conditions. White
arrows highlight the lack of Ce3* at the locations of Ni NPs.

large and complex architectures.[?3%1 Therefore the catalyst’s
thermal stability and NP mobility was investigated through an
in situ heating HAADF-STEM tomography under UHV con-
ditions. The acquisition was combined with EDX tomography
as it was not possible to assess Ni distribution by brightness
contrast due to HAADF-STEM projections having a significant
contribution from both thickness contrast and Z contrast. Al-
though UHV conditions do not directly translate to reaction
conditions during CO, hydrogenation, the designed experiment
enables a quantitative assessment of the influence of tempera-
ture separately, which can be incorporated into the 2D operando
measurements.

Adv. Mater. 2023, 2306447 2306447 (6 of 10)

The in situ thermal annealing studies conducted in 3D using
electron tomography confirm that the CeO, mesoporous struc-
ture maintains its hexagonal close packed nanofiber arrange-
ment (Figure S14, Supporting Information). Contradictory to
the expected Ni sintering behavior, the Ni NPs fragment to pro-
duce a larger number of smaller NPs in addition to a signifi-
cant translation of ~#40% Ni volume into the porous structure.
The Ni NPs fragmenting and translating into the porous net-
work with a restrictive pore diameter will enforce a dispersion of
small (< 2.5 nm) NPs at elevated temperatures which is a recog-
nized method to prepare small Ni NPs from larger parent NPs.[>!]
Therefore, our in situ thermal treatment of Ni/MP-CeO, shows
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that the catalyst evolves under catalytically relevant temperatures
to enhance the quantity of NP-support interfaces necessary to
generate Ce* active sites and boost activity.

To investigate Ce* active site formation under operando con-
ditions, one must distinguish between hydrogen spillover dur-
ing catalysis from other potential MSIs such as charge transfers
(CT) induced by Ni deposition or thermal treatment.32! EELS
mapping of several pristine Ni/MP-CeO, fragments show an
overall Ce** composition of ~8% which is uniformly distributed
throughout the CeO, structure, therefore ruling out CT at the
Ni-Ce interface during Ni deposition. In situ heating EELS map-
ping of several Ni/MP-CeO, fragments also showed a consis-
tent Ce** abundance throughout the CeO, mesoporous structure
and at the Ni-Ce interface showing that CT MSIs were not in-
duced under catalytically relevant temperatures without hydro-
gen or CO, hydrogenation conditions. Therefore, we can expect
any valency changes under CO, hydrogenation conditions to be a
consequence of catalyst-substrate interactions as we have estab-
lished that thermal treatment does not induce any change within
Ce oxidation state. Moreover, these in situ heating EELS inves-
tigations confirm that Ce?* is not artificially generated by elec-
tron beam-induced artefacts during map acquisition at elevated
temperatures as there were no observed electron beam-induced
morphology, structural, or valency changes during multiple suc-
cessive acquisitions.

In situ heating experiments have proven the thermal stabil-
ity of both the Ni NPs decorating the porous structure and Ce
oxidation state in the absence of H, and CO, exposure. In or-
der to investigate the role of reaction gases on the morphological
and chemical structure of the catalyst, we performed a similar
study under catalytically relevant CO, hydrogenation conditions.
In the majority of bulk scale operando studies, the extent of Ce**
sites available are initially introduced by a reductive annealing
pretreatments followed by their partial destruction or reoxida-
tion during reaction conditions.!®1021:22] However, the ability of
a catalyst to favor the formate pathway of CO, hydrogenation is
not a product of additional reductive annealing pretreatments,
rather it is an intrinsic property of the catalyst material.”! There-
fore, in this study, the ability of Ni/MP-CeO, to form CeO,-based
active sites under operando conditions was investigated with-
out preheating in H,. The operando CO, hydrogenation exper-
iment summarized in Figure 4, shows an increased abundance
in Ce* active site formation selectively at the CeO, nanofiber
surface upon CO, hydrogenation at 350°C. The resulting active
catalyst consists of an assembly of CeO, nanofibers displaying a
core@shell arrangement with a partially reduced shell. The Ce*
active site formation occurs preferentially in close proximity to
Ni NPs with the highest Ce** abundance found at the CeO, sup-
port directly interfacing with Ni. The increased number of Ce**
active sites at the catalyst surface boosts the CO, binding and hy-
drogenation through the associative route.

The operando EELS measurements show that hydrogen
spillover under hydrogenation conditions was not limited to
the nanofiber interfacing with the Ni NP, rather hydrogen
was found to traverse the complex mesoporous network over
tens of nanometers to reduce the surface of neighboring CeO,
nanofibers owed to CeO, proton conductivity.[**! Interestingly,
the depth of the reduced surface within the individual CeO, fibers
is consistent (~2 nm), however the abundance in Ce*" at the sur-
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face of each nanofiber increases significantly with proximity to
the NP. Of the four fibers within the field of view, Ce** shell abun-
dance increases from 12% for the nanofiber furthest away from
Ni, to 17%, 28%, and finally 45% for the nanofiber supporting
the Ni NP.

Following the high Ce** concentrations measured at 350°C,
CO, hydrogenation was repeated over a broader range of tem-
peratures (200—-400 °C) to reflect those typically used in hetero-
geneous catalysis.['?) Remarkably, even mild reaction conditions
(200 °C) shows a surface selective Ce** active site formation in
close proximity to the Ni NPs. Upon increasing the reaction tem-
perature to 400 °C, the abundance of Ce3* is increased further
still. Interestingly, the depth of the surface selective reduction
and the distance hydrogen spillover traverses the support sur-
face from the Ni NP, does not appear to be influenced by tem-
perature. In addition to a surface selective reduction, we also ob-
serve a location-selective absence of active site formation on the
CeO, support directly occupied by the Ni NPs. This observation
supports the hypothesis that Ce** reduction is due to a hydrogen
spillover event rather than an alternate MSI such as CT as hydro-
gen is incapable of “spilling over” at the location occupied by Ni.
In contrast, if Ce** active sites were formed through the Ni-Ce in-
terface by CT, one would expect the Ce sites directly underneath
the Ni NP to show the highest abundance of Ce3*.

We show through operando electron microscopy that hydro-
gen spillover extends over the support surface by tens of nanome-
ters, radiating from the Ni NP, and potentially explains the supe-
rior catalytic performance of the catalyst, which exhibit associa-
tive CO, hydrogenation pathways. The large area of Ce** active
sites around the Ni NP, favoring the associative route, boosts CO,
hydrogenation. In contrast, the dissociative pathway is restricted
to the active area provided solely by the NP surface, as the car-
bonyl radicals bound preferably to the metallic NPs.

4, Conclusion

To conclude, we have demonstrated that at typical CO, hydro-
genation reaction temperatures, Ni/MP-CeO, is able to dynam-
ically increase the surface area of the decorated NPs and in-
crease the amount of Ni-Ce interfacial sites, by fragmentation
and relocation of the Ni NPs, necessary to promote MSIs for en-
hanced performance. We also show that during relevant reaction
temperatures, there are no metal support interactions such as a
charge transfer processes between the Ni NP and reducible sup-
port structure which could impact the catalysts performance.

By tracking the formation and location of Ce** active sites dur-
ing CO, hydrogenation, we show that hydrogen spillover occurs
during the reaction and extends over tens of nanometers over the
support surface, radiating from the Ni NP, at temperatures as low
as 200 °C. Moreover, we observe that before the reaction a small
amount of Ce** sites (<10%) is uniformly distributed through-
out CeO,, while the spillover-induced Ce reduction occurs selec-
tively at the surface of the support in close proximity to the Ni
nanoparticle. The depth of Ce?** formation from the support sur-
face was determined to be independent of hydrogenation tem-
perature, however the abundance of Ce?* increases with reaction
temperature. Furthermore, we show that hydrogen spillover is
not limited to the CeO, nanofiber in direct contact with nickel
nanoparticles and can traverse the nanofiber assembly making
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up the mesoporous support. These results show that under CO,
hydrogenation reaction conditions, the catalyst evolves further to
generate dynamic Ce* active sites located at the Ni/MP-CeO, in-
terface and the surrounding support (over several nanometers) to
directly boost catalytic performance and promote formate path-
ways As the Ce®* active sites were dynamically formed during
the reaction, working under operando conditions benefiting sub-
nanometer resolutions was crucial to understand our active cat-
alyst structure and to locate atomic-level active sites necessary to
fuel future catalyst design.

5. Experimental Section

All in situ and operando electron microscopy studies were carried out
using an aberration-corrected ThermoFisher Scientific — Titan Cubed elec-
tron microscope operating at 300 kV. The Ni/MP-CeO, catalyst was pre-
pared by a previously reported method ['%) and was dispersed in ethanol
by sonication and drop cast (=10 pL) on an appropriate MEMS chip.

In Situ Heating Multimode Tomography: In situ heating experiments
were carried out on a dedicated heating holder (wildfire, DENS solutions)
on a SizN, MEMS chip. Several regions of interest (ROI) were imaged at
room temperature to establish a baseline structure. Next, the temperature
was increased to 200 °C to prevent the build-up of carbonaceous contam-
ination and a HAADF and EDX tilt series were acquired using a 150 pA
screen current (HAADF acquisition: 2° intervals + 80°, EDX acquisition:
10° intervals + 80°) using a Super-X detector. Several ROls were imaged in
2D in addition to EDX maps to ensure that the catalyst did not change over
a prolonged period of time at this temperature. In addition, 2D HAADF-
STEM images were acquired before and after the tomography acquisition
to ensure that the catalyst’s structure had not been altered by the electron
beam. Next, the temperature was increased to 350 °C for 15 min, dur-
ing this time, an alternative window was monitored to prevent additional
electron beam irradiation to the ROls. The temperature was reduced to
200 °C and equivalent tilt series were acquired for the catalyst fragments
after heat treatment. The resulting data was reconstructed using an expec-
tation maximization (EM) reconstruction algorithm usinga HAADF-STEM
signal for accurate alignment. To extract Ni surface and accessible surface
area relevant for catalysis, Ce and Ni phases were identified by segmen-
tation of the EDX tomography reconstruction by selecting an appropriate
threshold value using the Amira software. A triangular surface grid of both
Fe and Au materials was generated from the previous segmentation step
using 1024x1024x1024 3D voxel resolution to generate ~14 000 000 tri-
angles. As only a proportion of the Ni NPs at the surface are in contact
with the support, one cannot subtract Ni's surface area from Ce’s surface
area. Rather, the Ni surface in contact with Ce must be calculated first, so
that accurate accessible Ni surface areas could be derived. Using a surface
generation module, boundary surfaces can be extracted and later removed
for a final Ni surface area.

In Situ Heating Scanning Transmission Electron Microscopy — Electron En-
ergy Loss Spectroscopy (STEM-EELS): In situ heating experiments were
carried out on a dedicated heating holder (wildfire, DENS solutions) on
a Si3sN, MEMS chip. EELS and annular dark field (ADF) measurements
were carried out using an aberration corrected ThermoFischer Scientific
— Titan Cubed electron microscope, operating at 300 kV, equipped with
an energy monochromator excited to a value of 0.7, and a screen current
of 50 pA was used to limit the beam intensity and minimize potential
beam-induced artefacts. The energy resolution provided by the electron
monochromator, as measured from the full-width half maximum of ac-
quired zero-loss peaks, was 0.2 eV. The dispersion of the spectrometer
was set to 0.1 eV ch™! and 2000 channels are used to cover an energy
range from 835 eV to 1040 eV, to visualize Ni L, 3 and Ce M, 5 ionization
edges. The catalyst was heated to 120 °C to minimize carbon contamina-
tion while EELS maps were acquired. The temperature was increased to the
target 350 °C for a high temperature annealing stage in ultra-high-vacuum
conditions. The temperature was maintained for 15 minutes to allow the
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holder to stabilize, during which time the electron beam was blanked to
prevent unnecessary sample irradiation. Spectra were acquired at 350 °C
in UHV conditions followed by a reduction in temperature to 120 °C for
the final EELS acquisition.

Operando Electron Energy Loss Spectroscopy: Operando experiments
were carried out using a windowed gas cell nanoreactor (climate G+,
DENS solutions) comprising of two electron-transparent Si; N, windowed
chips. Ni/MP-CeO, was dispersed in ethanol and deposited on the lower
climate chip before constructing the climate holder and sealing the
nanoreactor. The nanoreactor consists of a top and bottom chip of 50 nm
and 30 nm thickness respectively. The internal temperature of the microre-
actor was accurately controlled by a 4-point probe method.

Similarly, to the in situ heating EELS experiments, measurements were
carried out using an aberration corrected electron microscope operating at
300 kV equipped with an energy monochromator excited to a value of 0.7.
The energy resolution provided by the electron monochromator, as mea-
sured from the full-width half maximum of acquired zero-loss peaks, was
0.2 eV. The dispersion of the spectrometer was set to 0.1eV ch™' and 2000
channels are used to cover an energy range from 835 eV to 1040 eV, to visu-
alize Ni's L, 3 and Ce M, s ionization edges. To minimize potential electron
beam-induced artefacts, the electron dose was reduced to ~5580 e~ A2
and a low screen current of 50 pA, which is consistent with previous in
situ and gas phase STEM microscopy investigations.[?22>2°] All gas sup-
ply system lines and the nanoreactor were subject to a pump-purge pro-
tocol three times to flush any moisture and oxygen from the system. The
gas lines and nanoreactor were flushed with inert He and the temperature
increased to 200 °C to acquire EELS maps of several ROl under flowing
He. The gas mixture was changed to 70% He, 24% H,, 6% CO, (1 Bar)
which first passed through a mixing chamber to ensure a homogeneous
gas mixture before introduction to the catalyst. The initial mixed gases
were diverted from the chamber directly to the exhaust for 5 minutes until
a homogeneous mixture was achieved. The temperature was increased to
350 °C and the well mixed He, H,, and CO, reactants were passed through
the nanoreactor to mix with the catalyst and the outlet gas flow was con-
nected to a gas analyzer (DENS solutions) to confirm CO, hydrogena-
tion. The holder was left to stabilize from the temperature and pressure
changes for one hour, during which time the electron beam was blanked
to limit electron beam irradiation. EELS maps were acquired under flow-
ing CO, and H, gases for several ROls. New ROls were also chosen from
previously unexposed windows to confirm if Ce valency changes detected
were not electron beam-induced artefacts. In a separate series of experi-
ments, the procedure was repeated to investigate a broader temperature
range and to confirm that our observed active site formation was repro-
ducible. In this case, the nanoreactor was first flushed with He to acquire
EELS maps of the pristine catalyst at 200 °C, followed by switching the gas
mixture to 70% He, 24% H,, 6% CO, (1 bar) at a constant temperature
(200 °C) for EELS map acquisitions at a lower reaction temperature. The
procedure was then repeated at 400 °C to investigate a higher reaction
temperature.

In addition to minimizing the electron beam intensity to prevent elec-
tron beam-induced artefacts, we also implemented additional measures
to ensure the reliability of our results. For instance, we elected to blank
the electron beam in between acquisitions and when the climate system
was stabilizing from changing reaction parameters (temperature of gas
feed mixture) to prevent unnecessary additional irradiation. Furthermore,
to ensure that the catalyst’s structural evolution was not a product of elec-
tron beam exposure, the observed catalyst behavior at key stages of the
experiments with alternative windows that had no prior electron beam ex-
posure was compared. This comparison method aligns with current state-
of-the-art in situ microscopy studies of MSls [253435] and showed an iden-
tical Ce3* formation without additional irradiation, therefore allowing us
to conclude that our observations are not a product of electron beam-
induced artefacts.

Ce* /Ce** Determination from Electron Energy Loss Spectroscopy: The
EEL spectra were acquired in the form of 2D spectral maps. Therefore,
the EEL spectrum of each pixel within the 2D array can be extracted and
the abundance of Ce3*/Ce** calculated. In order to obtain the presence
and strength of each valence state for Ce, a spectrum is extracted from
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each pixel and fit to reference spectra by performing multiple linear least-
squares (MLLS) fitting. The reference spectra used were obtained from
bulk samples of CeF; and CeO, for Ce3* and Ce**, respectively. The re-
sulting quantification can be displayed in terms of signal strength such
as “counts” for each Ce valence state within each pixel to generate a 2D
valency map.[273] In the case where a percentage of Ce3* /Ce** is stated
instead of signal intensity (counts), this is achieved by summing the spec-
tral maps to calculate an overall Ce signal intensity for a dedicated pixel
or collection of pixels, followed by calculating how much of the total Ce
signal is fitted to Ce* or Ce** displayed as a percentage value.
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