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Abstract

The catalytic hydrogenation of CO, using cost-effective renewable H, presents a promising
pathway for sustainable methanol synthesis. Due to their remarkable stability and resistance,
Pt-based catalysts have gained attention despite the challenges related to their high cost and
deactivation mechanisms. In this paper, we investigate the overall thermal stability and
deactivation mechanisms of Pt-based hollow nanospheres (HNS) during the CO:
hydrogenation reaction using the in situ and operando Transmission Electron Microscopy
(TEM) approach. The morphological characterization via STEM-HAADF and electron
tomography (ET) confirms the presence of porous HNS with open channels which ensure the
efficient gas diffusion. The simultaneous analysis of the reaction products using residual gas
analyzer (RGA) reveals the production of both formic acid (HCO2H) and methanol (CH30H),
which indicate the dominance of the Formate pathway. The morphological evolution studies
show prove the sintering of nanoparticles (NPs) forming the catalysts shell via particle and
atomic migration along with the collapse of HNS at elevated temperatures. This study
provides critical insights into the deactivation mechanisms of Pt-based HNS, contributing to
the design of more stable and efficient catalysts for CO, hydrogenation to methanol.

Key words: CO2 hydrogenation, hollow nanospheres, catalysts, in situ and operando TEM,
deactivation mechanisms

1. Introduction

With the progress in capture technologies, the utilization of CO2 through cost-effective
renewable Hz in catalytic hydrogenation emerges as a promising approach to reduce the
carbon footprint of industrial processes. In this context, hydrogenation present a promising
pathway to produce various industrially interesting compounds. These compounds include
methane [1], a crucial renewable energy source, carbon monoxide [2], commonly used in
large-scale chemical production, oxygenates such like methanol [3], ethanol [4] and Formate
[5], as well as long-chain hydrocarbons [6] which can be obtained through direct routes [7].
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The hydrogenation of CO:z into alcohol gains the interest of both chemical industry and
scientific community.

Among the various alcohols, methanol, as a prominent Ci alcohol, holds particular
importance as it can serve as a precursor to produce a wide range of chemical compounds
through further processing. The hydrogenation of CO2 to methanol is an exothermic reaction
that occurs more favorably under mild temperatures and high pressures. To activate COz,
which has an inert nature, temperatures above 150 °C are necessary for methanol synthesis.
The process of methanol synthesis can proceed through two pathways: 1) the Formate
pathway and 2) the reverse Water-Gas Shift reaction (rWGS) + CO hydrogenation pathway
[8]. The first pathway centers around the formation of a formate (*HCOO) intermediate
during CO2 hydrogenation. This formate intermediate eventually leads to the production of
CH30H through the breaking of the C-O bond, with involvement of *H2CO or *HCOzH
intermediates. This pathway is termed the Formate pathway. The second pathway involves
the production of a CO intermediate through the reverse-water-gas-shift (RWGS) reaction
(CO2 + Hz = CO + H20). This intermediate is then hydrogenated to produce CH30H, and we
refer to this as the CO-Hydro pathway. In either pathway, the activated CO2 molecule reacts
with adsorbed atomic H, and this interaction determines the direction the reaction takes [9].
The Formate pathway is considered more favorable since the rWGS + CO hydrogenation
pathway can result in a higher selectivity for CO due to the rWGS reaction [10]. The proper
selection of a catalyst is essential for controlling the reactivity of CO2 and Hz, as well as
determining the specific reaction pathway to achieve desired outcomes.

Recent advancements in Pt-based catalyst research have been dedicated to exploring the
optimal conditions for the CO2 hydrogenation reaction to produce methanol. Toyao et al [11].
conducted a study on a Pt (3)/MoOx (30)/TiOz2 catalyst, consisting of 3 wt. % of Pt supported
on MoOx/TiO2. The interaction between Pt and MoOx was proved to facilitate the reaction at
a low temperature of 150 °C and a pressure of 60 bar in a batch reactor, resulting in an
impressive methanol yield of 73% and a methanol selectivity of around 91%. In another
contribution by Men et al. [12], a Pt/film hybrid catalyst featuring highly dispersed Pt NPs
over In203 was investigated for CO2 hydrogenation using a dielectric barrier discharge (DBD)
plasma reactor. Remarkable results were achieved, including a 37% conversion of COz and a
methanol selectivity of 62.6% at 1 atm and 30 °C. The exceptional dispersion of Pt NPs played
a leading role in promoting enhanced methanol activity, while the high-energy electrons
generated by the DBD plasma facilitated the reaction to occur under mild conditions
(relatively low temperature ~ 150°C). Furthermore, Guttergd et al. [13] studied the methanol
formation mechanism at 170°C under atmospheric pressure over Pt NPs dispersed over Zr-
based metal-organic framework (MOF). Even though the methanol yield was not high, this
study is considered one of the few that demonstrated significant methanol formation from
COz hydrogenation over a Pt-based catalyst, especially when the support alone was inactive.

These studies open new possibilities for the use of Pt-based catalysts in methanol synthesis.
The high cost of Pt and its limited availability are main challenges for its applications. To
resolve this issue, experimental and theoretical studies have been done to improve its
catalytic performance [14]. One of the most effective strategies for improving Pt’s catalytic
efficiency is increasing its surface area, since larger surface areas provide more active sites
for catalytic reactions. Novel structural designs such as hollow, porous, and dendritic
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structures [15], [16], [17] have been shown to significantly enhance the specific surface area,
thereby improving catalytic activity.

However, catalyst deactivation is a major challenge in heterogeneous catalysis, which leads
to a degradation in performance over time. The deactivation can occur via through multiple
mechanisms, mainly categorized into six different types: (1) poisoning, (2) fouling, (3)
thermal degradation, (4) formation and transport of volatile compounds or leaching, (5)
vapor-solid and/or solid-solid reactions, and (6) crushing. For HNS catalysts, thermal
degradation is particularly critical specially since the shell in formed by interconnected NPs.
At high temperatures, NPs tend to coalesce leading to densification, collapse of the hollow
morphology and therefore, a reduction in the surface area [18], ultimately compromising
catalytic performance. Understanding these deactivation mechanisms is highly necessary for
the development of catalytic systems with optimized stability and efficiency. By identifying
the key factors causing catalyst degradation, researchers are able to design materials with
improved resistance to deactivation and a sustained catalytic activity. Pt-based
nanomaterials are used in a wide range of catalytic applications, including selective
hydrogenation reactions and proton-exchange membrane fuel cells (PEMFCs), all operating
in a Hz rich environments. In order to investigate the catalyst’s behavior in a reducing
environment, CO2 hydrogenation was selected as a model reaction. This choice is not only
motivated by the reaction’s relevance as a representative hydrogenation process but also by
its importance in sustainable energy applications.

In this paper, we study the thermal stability and potential poisoning effects of Pt-based HNS
during COz hydrogenation reaction. For these investigations, we use the in situ and operando
TEM approach. This latter allows real-time monitoring of the catalyst’s evolution under near-
reaction conditions while simultaneously providing a qualitative analysis of the reaction’s
products. With this methodology, we offer valuable insights into the morphological
transformation of the HNS in response to temperature variations, a critical factor influencing
their stability and performance. Although the in situ and operando TEM technique enables
the direct observation of catalyst evolution in a realistic environment, it presents also certain
limitations. Among these limitations is its inability to precisely quantify the absolute
concentration of specific gas species. Therefore, this approach can not be used for
quantitative measurements such as determining reaction yield. However, its capability to
bridge the gap between ex situ studies and real catalytic processes makes it a powerful tool
for understanding structure-performance relationships in heterogeneous catalysis. The
originality of this work lies in both the innovative experimental approach, which integrates
in situ and operando Transmission Electron Microscopy (TEM) with catalytic analysis, and
the unique Pt-based HNS system investigated, providing novel insights into the behavior of
hollow nanocatalysts under reaction working conditions.

2. Materials and methods

The synthesis of Pt-based hollow nanospheres (HNS) follows the galvanic replacement
method using Co nanoparticles as sacrificial templates. Cobalt (Co) NPs are first synthesized
and dispersed into solution. Then, a Pt precursor (H2PtCls) is introduced, leading to selective



oxidation and dissolution of Co while Pt is simultaneously deposited, forming hollow
nanospheres. The final Pt-based HNS are collected, washed and characterized.

Imaging and analysis were carried out using a double Cs-corrected JEOL® ARM200CF
transmission electron microscope (TEM). High-angle annular dark-field scanning TEM
(HAADF-STEM) imaging was used with a camera length of 8 cm. Images (1024 x 1024 px)
were acquired with an exposure time of 20 ps per pixel. Elemental analysis was carried out
using STEM-EDS with spectra acquired at a dwell time of 0.02 ms. The 3D morphology of the
particles was analyzed using electron tomography (ET) in STEM-HAADF mode with tilt series
acquired from -67° to +68° at 3° increments. Image stacks were acquired and aligned using 5
nm Au NPs as fiducial markers. The tomographic reconstruction was performed using Tomo]
(an Image] plugin) and the OS-SART (ordered subset simultaneous algebraic reconstruction
technique) algorithm. Details on the synthesis procedure and ET analysis are thoroughly
described in a previous study [18].

A closed Environmental Cell (E-cell) system ("Atmosphere" from Protochips®) was used for
in situ TEM to monitor the real-time morphological evolution of the catalyst during CO,
hydrogenation under controlled temperature, gas composition, and pressure. A thermal
treatment was applied to the Pt-based HNS under a CO,/H, gas mixture at a 4:1 ratio, a
pressure of 1 bar and with a heating rate of 0.4°C/s. STEM-HAADF micrographs were
acquired at temperature increments of 20-50°C using the same parameters as the initial
analysis except for an exposure time of 12 us/pixel.

The morphological evolution of Pt-based HNS was also investigated under isothermal
conditions at 180°C while maintaining the same COz hydrogenation reaction parameters. The
system was heated to 180°C at 1°C/s rate. Then this temperature was maintained for a 3-
hour thermal treatment where STEM-HAADF images were collected every 20 minutes. In
order to analyze simultaneously the reaction products, an RGA was positioned on the E-cell’s
exit. This system allows gas phase analysis at trace level (ppm) and consists of a mass
spectrometer and differential pumping system. It operates at low pressures (~ 10-¢ mbar) to
minimize ion collisions with a mechanical and a turbomolecular pump to regulate the gas
pressure at the exit of the E-cell.

The RGA operates in two modes: “Analog scan” for the products identification and “Time vs.
Pressure” for the monitoring of the products evolution over time. An analog scan refers to a
continuous measurement mode in which the instrument systematically scans across a
predefined range of mass-to-charge (m/z) ratios. During this scan, the RGA records the
partial pressure (PP) associated to each m/z value. By capturing a full spectrum of the
evolving gas phase species during this reaction, this approach enables the identification of
key reaction products and intermediates. It offers critical insights into the underlying
reaction pathway of CO2 hydrogenation. The presence of specific products (e.g., water H20,
formic acid HCOz2H and methanol CH30H) directly reflect the dominate Formate reaction
pathway under the given experimental conditions. To identify the reaction onset
temperature for each product and try to correlate the morphological evolution of the
catalysts to the reaction response, the RGA is operated in "Pressure vs time" mode. This
method allows tracking the increase of several key compounds PP, H20, HCOzH, and CH30H.
In this mode, specific m/z corresponding to the primary fragmentation peak of the chosen
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products are selectively monitored. Specifically, we focus on m/z 18 for H20, m/z 29 for
HCO2H and m/z 31 for CH3OH. For an optimized monitoring of the products, we also track
the reactants CO2 and Hz2. We notice that the PP of Hz increases significantly while the PP of
other gases increases only slightly. This disparity is due to the limited compression ratio of
the turbo pumps for the lightweight gases. The heavier gases tend to accumulated in the dead
volume between the turbo pump exit and the isolation valve thanks to the sufficient
compression. However, the turbo pump lacks the necessary compression ratio to retain Hz in
this manner which leads to an increase in the PP of Hz.

To establish a reference point, the PP of CO2 gas is used, and the PP of the reaction products
are divided by the PP of CO2 to assess their evolution over time. Prior all these experiments,
a thorough cleaning protocol was carried out on the environmental system including the E-
cell where the sample was deposited. The system was first evacuated and purged with argon
gas, then the sample was heated to 120°C for 30 minutes to remove water and other
contaminants from the synthesis and preparation process. After the cleaning step, the gas
mixture was introduced into the E-cell at a flow rate of 0.05 cm?®/min.

3. Results

3.1 Nanocatalysts initial state

STEM-HAADF imaging (Figure 1a) reveals chains of nanospheres with an average length of
700 £ 200 nm, composed of nanospheres averaging 34 * 4 nm in diameter. These particles
exhibit a discontinuous shell morphology. The shell structure (outlined by a black arrow)
formed by interconnected nanoparticles (NPs) is well-defined with a measured thickness of
5 * 2 nm, while the embedded NPs (highlighted by yellow lines in Figure 1b) exhibit an
average diameter of 2 + 1 nm. The High-resolution STEM-HAADF imaging (Figure 1b) implies
the presence of porosity, marked by yellow arrows. The size distributions of NP diameters
and shell thickness,presented in the insets of Figures 1b, were obtained through a statistical
analysis of HAADF-STEM images. A representative set of over 100 nanospheres was analyzed
to ensure statistical relevance and allow for accurate quantification of both NP diameter and
nanosphere shell thickness. Electron tomography further characterizes the porosity and
connectivity of nanochannels, confirming also HNS structure. A 3D reconstruction (Figure 1c)
of three Pt-based HNS from an assembled chain reveals a central void, as confirmed by cross-
sectional slices (Figures 1d and 1e). The measured nanosphere diameter (32 + 2 nm) aligns
with STEM-HAADF data. Radial channels (such as identified by a white arrow in Figure 1e)
extend toward the inner void and frequently exceed the shell thickness (6 + 1 nm). Statistical
analysis of the reconstructed volume reveales an average of 14 channels per nanosphere.
Channels diameter were measured from multiple slices extracted along different orthogonal
directions within the 3D volume to minimize directional bias. This approach resulted in an
average channel diameter of 8+2 nm. EDS analysis conducted on multiple, especially distinct
regions of the sample, including both core and peripheral areas of several individual
nanospheres, reveals an average Co content of 7 = 3 at. %. This multi-point sampling
approach helps account for local compositional variations and ensures a more representative
average elemental composition across the nanosphere. This small amount of Co detected in



all HNS results from the synthesis route, which used Co NPs as sacrificial templates. The
residual Co content embedded within the nanospheres indicates that there was an
incomplete  consumption of the Co  during synthesis process [18].
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Figure 1: Representative STEM-HAADF micrographs illustrating (a) chains of Pt-based hollow
nanospheres, with an inset showing their diameter distribution, (b) high-resolution STEM
images of a single hollow nanosphere shell (outlined by a black arrow) composed of
interconnected NPs (outlined by yellow line) along with insets showing NP diameter and shell
thickness distributions; porosity is marked by yellow arrows. (c) 3D reconstruction from ET data
of three Pt based hollow nanospheres. Slices from the reconstructed volume of a nanosphere
assembly in different orientations highlight (d) the central void and (e) large open channel
(white arrow) providing access to the inner cavity.

3.2 CO; hydrogenation reaction over Pt-based hollow nanospheres via in situ TEM

After introducing the appropriate gas composition into the environmental cell, the CO,
hydrogenation reaction and its pathway are analysed using the residual gas analyser (RGA).
This experiment is necessary before presenting the morphological evolution of the Pt-based
HNS during the reaction. The resulting spectrum from an analytical scan at 300°C is
presented in figure S1. This scan is performed, simultaneously with the TEM morphological
analysis, to identify the reaction products. It presents the different peaks corresponding to



the reactants (COz and H:) along with their primary and secondary fragmentations.
Additionally, it reveals peaks corresponding to formic acid HCO2H (highlighted in green),
water H20 (highlighted in blue) and methanol CH30H (highlighted in pink). The reaction
products analyses are conducted simultaneously while monitoring the morphological
evolution of the Pt-based HNS.

Figure 2 presents the evolution of the anticipated CO2 hydrogenation reaction products over
time and across different temperatures. The data is normalized to the CO:z signal. In Figure
2a, the signal corresponding to H20 and HCO:zH is shown. It reveals a PP rise for HCO2H
starting at approximately 180°C = 10°C (highlighted in red) which signify the onset
temperature for this reaction product. The water signal, a by-product of the CO:2
hydrogenation reaction, presented a modest increase during the reaction.
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Figure 2: RGA spectra illustrating the evolution of the Partial Pressure of (a) HCO2H and H20;
and (b) CH30H over time and temperature. The initial rise of the partial pressure of both HCOzH
and CH3OH are highlighted by the red and purple columns, respectively, indicating the onset
reaction temperature for each product. The temperatures shown on the upper part are shared
across the spectra presented below. * The partial pressure drop at this point is due to the
RGA safety mechanism, which limits reading upon exceeding a predefined pressure threshold
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Lastly, Figure 2b exhibits the PP of methanol, showing an increase starting at around 220°C
+ 10°C (highlighted in purple), which serves as the reaction onset temperature for this
particular product. The fluctuations observed in Figure 2 are attributed to another limitation
of the RGA, which serves as a safety measure. When the system reaches a certain pressure
level, it is pumped down to prevent the device from damage.

3.3 Pt-based hollow nanospheres morphological evolution during CO:
hydrogenation

The evolution of the Pt-based hollow nanospheres is studied under the CO2 hydrogenation
reaction conditions during a controlled thermal treatment. STEM-HAADF images are
acquired at each temperature for the observation and analysis of the morphological changes
of Pt-based HNS. Although we attempted to track the system’s evolution at atomic resolution
during the in-situ reaction, limitations inherent to the experimental setup prevented
acquisition of suitable high-resolution data. Specifically, the thickness of the environmental
cell in gas-phase TEM reduced imaging resolution under reaction conditions, and the shell's
complex morphology formed by multiple, misoriented nanoparticles with continuously
evolving crystallographic orientations hindered consistent alignment along a zone axis. As a
result, atomic-resolution imaging of the void edge and shell structure was not feasible. We
therefore focused our analysis on the morphological evolution which could be reproducibly
characterized throughout the reaction.

In Figure 3, only STEM-HAADF images showing remarkable morphological changes of the
sample as a function of temperature are presented. Starting at 180°C, a prominent mobility
of NPs is observed as indicated by the blue arrows in Figures 3a-3c. This mobility leads to the
fusion of NPs with their neighboring counterparts. Additionally, two separate NPs are
highlighted by white circles in their initial state in Figure 3a. These NPs exhibit a progressive
reduction in size as the temperature increase, starting 180°C (Figure 3b), eventually leading
to their disappearance (Figure 3c). However, precise tracking of the size reduction dynamics
is challenging dur to the rapid nature of this process. Also, the limited number of observable
regions where this phenomenon occurred restricts the statistical analysis. A continuous shell
is formed at 340°C (indicted by a red arrow in Figure 3d), and eventually, at 500°C, we
observe a partial collapse of the hollow nanosphere structure (deformed inner void outlined
by green lines). Analysis of multiple regions confirms the consistent behavior of the
nanoparticles at the specified temperatures. The majority of hollow nanospheres collapsed
at approximately 500°C, while only around 25% exhibited partial collapse. The 2D
projections of multiple nanospheres reveal the presence of open channels remaining
accessible even at higher temperatures (up to 260°C).



Figure 3: Selected STEM-HAADF micrographs showing the morphological evolution of Pt-
based HNS during temperature ramping from 120°C to 500°C under (CO: - Hz) gas mixture.
The NPs 1 and 2 shrinkage and disappearance are indicated by the white circles, the mobile
NPs are indicated by the blue arrows, the continuous shell is indicated by the red arrow and
the partial anisotropic collapse of HNS is indicated by the green arrows

All statistical analyses of NPs sintering and structural collapse were conducted across
approximately eight distinct regions on the E-chip to ensure representative sampling and
minimize localized bias. These regions were carefully selected to reflect the overall behavior
of the sample while also optimizing acquisition time at each critical temperature.

In order to evaluate the potential impact of electron beam exposure on the Pt-based HNS,
regions of the sample that had not been exposed to the beam were compared with irradiated
areas. The analysis shows no remarkable differences in structural or morphological
characteristics. This suggests that beam-induced effects are negligible under the applied
experimental conditions.

3.4 Isothermal CO; hydrogenation

Figure 4a presents a series of representative STEM-HAADF micrographs illustrating the
morphological evolution of three connected HNS during a 3-hour isothermal treatment at
180°C.

The NPs diameters, indicated by black lines in Figure 5a, were systematically measured at
each time interval of 20 minutes to assess their growth behavior. Using the complete set of
micrographs, the mean NP diameter was determined at successive time points. Its temporal
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evolution is presented in Figure 4b. The data reveal a distinct two-stage growth pattern
(marked by red lines in Figure 4b). The initial NP diameter of approximately 3.5 nm increases
progressively to a final size of ~5 nm. The first stage of growth is characterized by a rapid
increase in size mainly driven by the coalescence of adjacent nanoparticles. This coalescence
occurs via a single-step fusion mechanism, characterized by the addition of numerous atoms
to the particles in a single step. This mechanism contrasts with Ostwald ripening, where the
growth or shrinkage of individual particles is characterized by a more gradual and
continuous net addition or loss of atoms, resulting in a smoother growth curve. [19]; [20];
[21]

Following the rapid size increase, mild fluctuations in size are observed before a more
stable and sustained particle morphology is formed and maintained throughout the
remaining 2-hour thermal treatment period.
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Figure 4: (ai-a+) STEM-HAADF micrographs showing the morphological evolution of Pt-based
HNS as a function of time at 180°C during the CO2 hydrogenation reaction. Black lines indicate
the nanoparticles. (b) Time-dependent plot of the average NP diameter forming the Pt-based
HNS shell. The red lines indicate the two growth stages.

Simultaneously, within this process, an examination of the products resulting from the CO2
hydrogenation reaction is conducted using the RGA. The evolution of all three products
(HCO2H, CH30H, and H20) is continuous over the 3 hours of the experiment (figure 5).
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Figure 5: (a)(b) RGA spectra illustrating the evolution of PP for COz hydrogenation reaction
products during 3 hours isothermal reaction at 180°C over Pt-based HNS. * The partial
pressure drop at this point is due to the RGA safety mechanism, which limits reading upon
exceeding a predefined pressure threshold.

The underlying technical explanation for the fluctuations in product partial pressures has
been previously discussed in this paper. The response of the reaction to the morphological
changes in the catalyst is consistent, as evidenced by the continuous increase in products PP.
Additionally, the ionization of CO, gas within the E-cell can generate CO ions, which are
among the most common surface poisons for Pt-based catalysts [22]; [23]. However, the
sustained increase in reaction products observed during both thermal treatment and
isothermal conditions effectively eliminates catalyst deactivation caused by CO surface
poisoning. It is worth noting that the thermal degradation of these nanocatalysts influences
the active surface area, which typically affects the catalyst activity. However, given that the
RGA is primarily utilized for qualitative analysis of the products, any smooth changes in
reaction yield cannot be accurately detected.

4. Discussion

The initial state analysis of the synthesized nanocatalysts revealed the presence of multiple
large channels per nanosphere, ensuring open access to the inner cavity thereby promoting
efficient gas diffusion during the CO2 hydrogenation reaction. To mimic reaction conditions
within the environmental cell, a H,/CO, ratio of 4 was used instead of the commonly used
ratio of 3 in ex situ experiments, as increasing the H,/CO, ratio enhances conversion of CO2
to methanol at lower temperatures [24]. When considering the fact that COz is chemically
inert, it has been proved that increasing the reaction temperature above 200°C enhances

significantly the CO: activation and, consequently, thereby promoting the formation of
methanol [25].
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Figure 6: Formate pathways for methanol synthesis through the COz hydrogenation reaction.
*indicates the adsorbed state of the molecules.

This temperature-dependent behavior supports our findings, where methanol production
was detected at 220°C, confirming it as the onset temperature for this reaction pathway
under our experimental conditions. The detection of HCO2H as reaction products certify the
occurrence of the CO2 hydrogenation reaction through the Formate pathway (Figure 6).

The formation of *HCOO from *CO, and *H over Pt-based catalysts follows a series of
elementary steps. These steps involve both bond dissociation and bond formation: the
breaking of C-Pt and H-Pt bonds and the formation of O-Pt and C-H bonds.

When following the Formate pathway, starting from the initial state of CO2* and H* co-
adsorption, an interaction occurs where H* is drawn towards the carbon atom of CO2* leading
to the formation of an *HCOO adduct. The co-adsorption energy (Eads) for the combination of
CO2* and H* is -0.60 eV, which is lower than the adsorption energy of pure CO2* (-0.52 eV).
This suggests that the presence of the H* adatom stabilizes the adsorption of CO2*, potentially
enhancing its reactivity by spreading electrons around the adsorbed CO2* [26]; [27].

Afterwards, *HCOO in hydrogenated, forming either *HCO2H or *H2CO0. It is noteworthy that
the reaction *HCOO + *H — *HCOOH + * is more favorable with a lower energy change (AE =
0.07 eV) and a lower activation energy (Ea = 0.95 eV) than the alternative reaction *HCOO +
*H — *H2C00 + * (AE = 1.75 eV; Ea = 2.61 eV) [28].

Consequently, HCOOH* is generated when H* approaches the oxygen atom of HCOO*.
Subsequently, the bond between carbon and oxygen in HCOOH* can be broken to produce
HCO* and OH*, this dissociation step faces a high-energy barrier. It's worth noting that the
barrier for HCOOH* dissociation is higher than its desorption. This indicates that HCOOH* is
released into the gas phase before undergoing dissociation. Further hydrogenation of

12



HCOOH* leads to the formation of *H2COOH intermediates, which dissociate into *H2CO and
*OH. When *H2CO is generated, it serves as a precursor for the production of *CH3OH through
continued hydrogenation. In qualitative terms, the conversion of CO2 to CH30H through the
Formate pathway is limited by the hydrogenation of *HCOOH to *H2COOH, as these processes
are associated with high activation energies. [28]

This clarifies the reason behind the significant increase in HCO2H PP signal when compared
to the considerably modest signal of CH30H.

Several theoretical and experimental studies have provided compelling evidence that the CO,
hydrogenation reaction over Pt-based catalysts proceeds predominantly through the
Formate pathway. DFT calculations and mechanistic analysis of Pt-containing Ui0-67 MOFs
have shown that formate is a crucial intermediate and its hydrogenation represents the rate-
determining step toward methanol formation [29]. Similarly, Pt-promoted Co-Al catalysts
exhibit enhanced activity and selectivity toward methanol and higher alcohols, a
performance attributed to the promotion of hydrogen spillover by Pt. This effect facilitates
the generation and coupling of critical intermediates such as *HCOO, *CHs;, and *CO
supporting a mechanism involving formate as a key species [30]. Furthermore, DFT studies
on Pt, on the single vacancy graphene systems have confirmed that CO, hydrogenation is
energetically favored via Eley-Rideal and termolecular mechanisms over the Langmuir-
Hinshelwood pathway. These pathways involve intermediates such as HCOOH and HCOH
with relatively low energy barriers which supports that the Formate pathway is likely to
occur under practical conditions [31]. Collectively, these findings reinforce the role of
formate as a central intermediate in CO, hydrogenation over Pt-based catalysts and align
with the mechanistic trends observed in our own study.

The current study is limited to qualitative product detection due to the sensitivity constraints
of the residual gas analyzer (RGA), which prevents accurate quantification of methanol yield,
selectivity, and turnover frequency (TOF). To establish detailed structure-activity
correlations, future investigations should incorporate more sensitive analytical tools, such as
gas chromatography (GC) or GC-MS, to enable comprehensive kinetic and selectivity
analyses.

While monitoring, simultaneously with the product analysis, the evolution of the Pt-based
HNS, we have established that the thermal deactivation of the latter occurs due to two main
factors: the reduction in catalytic surface area due to NPs growth known by NPs “sintering”,
which leads to continuous shell formation and channel blockage, and the collapse of the
hollow cavity. The growth of metal crystallites in this study can be attributed to two primary
mechanisms: nanoparticle migration and atomic migration.

Nanoparticle migration involves the movement of entire nanoparticles across the support
surface, followed by collision and fusion. It is known by particles migration and coalescence
(PMC). This migration of entire particles can be attributed to thermally induced atom
diffusion on the particle surfaces. The accumulation of diffusing atoms on one side of a
particle causes a shift in the particle’s center, resulting in Brownian motion [32]. The mobility
of NPs in this study prior their collision indicates their sintering following the PMC
mechanism.
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Atomic migration involves the detachment of metal atoms residing on the surface crystal
planes of a particle, referred to as an ‘adatoms’, from the particle and moves toward another
particle where it is adsorbed [33], this in known by the Ostwald ripening (OR) process. The
infrequent reduction of some NPs size implicates the OR ripening mechanism governing the
growth of these particles.

The presence of 20% CO:2 has slightly promoted the OR phenomenon evidenced by the
shrinkage of NPs at the periphery of HNS in certain regions. When NPs coalescence occurs
via surface diffusion, the activation energy (Ea) can be estimated by measuring the critical
distance between coalescing NPs in STEM images at different temperatures and using these
values to create an Arrhenius-type plot. In our case, we determined an activation energy of
about 180 meV for the coalescence of Pt NPs under a mixed Hz and CO2 atmosphere (80% H:
and 20% COz) (Figure SI 2). This value is intermediate when compared to those obtained
under pure environments, 300 meV in vacuum and 170 meV in pure H2 [18].

While our current work does not directly probe the impact of CO, adsorption on Pt surface
diffusion, literature [34]; [35] suggests that CO, adsorption can modify the local electronic
environment and availability of surface sites. Considering the reaction environment contains
a mixture of approximately 20% CO, and 80% H,, and given that CO, is generally less reactive
than hydrogen, it remains plausible that CO, adsorption may inhibit Pt atom mobility and
influence nanoparticle sintering or restructuring. However, direct experimental or
theoretical evidence explicitly linking CO, adsorption to reduced Pt surface diffusion is
currently limited. We therefore highlight the need for future studies employing surface-
sensitive techniques and computational modeling to elucidate the extent and mechanism of
this effect.

Following the same reasoning, the triggering temperatures for NP sintering and the
structural collapse of Pt-based HNSs in a CO, and H, gas mixture were found to be
consistently higher than those observed in a pure H, environment. Specifically, NP sintering
initiated at 180 °C under the mixed gas conditions (80% H, / 20% CO,), whereas in a 100%
H, atmosphere, sintering began at a lower temperature of 160 °C. This 20°C increase
confirms the notable suppressive effect of CO, on NP surface diffusion and coalescence.

A similar trend was observed for the collapse of the HNS structures: in the gas mixture,
collapse occurred at 500 °C, while in pure H, it was triggered at 400 °C, as reported in a
previous study [18]. These results suggest can be attributed to CO;’s relatively low reactivity
and its potential to adsorb onto Pt surfaces, thereby blocking active sites and hindering the
surface diffusion of NPs. Additionally, CO, may alter the local chemical environment by
competing with hydrogen for surface interactions, reducing the availability of adsorbed
hydrogen species that would otherwise facilitate NP mobility. As a result, higher thermal
energy is required to overcome the diffusion barrier, explaining the elevated activation
energy and delayed onset of structural changes observed under mixed gas conditions.

Residual Co, present at approximately 7+3 at. %, may influence Pt catalytic activity through
alloying and electronic effects. Previous studies [36]; [37]; [38]; [39] have demonstrated that
under reducing atmospheres, Pt and Co can form intermetallic alloys as Co oxides are
reduced and incorporated into the metallic phase, while Pt tends to segregate on nanoparticle
surfaces at lower temperatures. In our system, the annealing temperature of 300 °C is likely
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insufficient to fully reduce and homogenize Co oxides, especially in the presence of CO, which
inhibits complete reduction. However, treatment at 500 °C facilitates the reduction of Co
oxides and their redistribution via hydrogen-induced diffusion, favoring alloy formation. This
suggests that residual Co primarily participates in alloying rather than remaining as inert or
interfering residues.

The Pt-based HNS presented nanospheres categorized as ’half stable’ in accordance with the
classification proposed by Jiang et al [40]. This classification is due to the anisotropic nature
of the HNS collapse. Other 'unstable’ HNS structures with thinner shells underwent a more
rapid isotropic collapse, resulting in the formation of solid nanoparticles at the same
temperature [18].

Reports comparing hollow nanospheres to their solid counterparts have demonstrated that
hollow structures generally possess higher surface areas and exhibit superior catalytic
performance largely attributed to this increased surface accessibility [41]; [42]; [43]; [44];
[45]; [46]. In our system, the collapse of hollow nanospheres into solid nanoparticles likely
results in a significant reduction in accessible surface area, which may contribute to
decreased catalytic activity and alterations in the long-range crystallinity of the material.

Although nanoparticle sintering and structural collapse have been identified as the primary
deactivation mechanisms, the potential influence of CO adsorption on the Pt surface cannot
be fully excluded. While residual gas analysis did not detect any significant CO accumulation
in the gas phase, it is possible that CO may exist in an adsorbed state under reaction
conditions. However, previous studies on Pt-based catalysts [47]; [48] have demonstrated
that CO adsorption is generally weak at elevated temperatures and in hydrogen-rich
environments and CO is more likely to undergo further reaction rather than accumulate on
the surface. Nevertheless, further investigations using surface-sensitive techniques such as
DRIFTS or XPS would be valuable to conclusively determine the presence and role of surface-
adsorbed CO in the deactivation process.

5. Conclusions

This study provides a comprehensive analysis of the thermal stability and catalytic behavior
of Pt-based HNS under CO, hydrogenation conditions. The in situ and operando TEM
approach has enabled real-time observation of NPs migration, sintering, and eventual
collapse of the hollow structure, leading to catalytic deactivation. Indications of NPs
shrinkage prior to their disappearance imply the growth of NPs following the OR mechanism.
Reaction analysis confirms that CO, hydrogenation proceeds via the Formate pathway with
formic acid as a key intermediate. The onset of significant morphological changes at 180°C
coincides with the beginning of COz hydrogenation activity. This highlights the temperature-
dependent evolution of the catalyst during the early stages of the reaction. Furthermore, the
temperatures at which NP sintering and HNS collapse were triggered were significantly
higher in the CO,-H, gas mixture. In the latter, sintering started occurring at 180°C and
collapse at 500°C compared to 160°C and 400°C in pure Hj, respectively [18]. The primary
deactivation mechanisms identified include the coalescence of Pt NPs, loss of accessible
active sites and structural collapse of the HNS framework. Furthermore, the CO, ionization
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within the E-cell can generate CO ions which is a known surface poison for Pt-based catalysts.
The sustained production of reaction products throughout the process suggests that CO
poisoning does not significantly contribute to catalyst deactivation under the studied
conditions. These findings emphasize the necessity for enhanced catalyst design strategies
such as stabilizing nanoparticle dispersion and optimizing structural robustness to improve
catalytic longevity. The insights gained in this study contribute to the ongoing development
of efficient and durable catalysts for sustainable methanol synthesis from CO,.
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