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Abstract: The implementation of supported metal catalysts heavily relies on the synergistic interactions between metal
nanoparticles and the material they are dispersed on. It is clear that interfacial perimeter sites have outstanding skills for
turning catalytic reactions over, however, high activity and selectivity of the designed interface-induced metal distortion
can also obtain catalysts for the most crucial industrial processes as evidenced in this paper. Herein, the beneficial
synergy established between designed Pt nanoparticles and MnO in the course of the reverse water gas shift (RWGS)
reaction resulted in a Pt/MnO catalyst having �10 times higher activity compared to the reference Pt/SBA-15 catalyst
with >99% CO selectivity. Under activation, a crystal assembly through the metallic Pt (110) and MnO evolved, where
the plane distance differences caused a mismatched-row structure in softer Pt nanoparticles, which was identified by
microscopic and surface-sensitive spectroscopic characterizations combined with density functional theory simulations.
The generated edge dislocations caused the Pt lattice expansion which led to the weakening of the Pt� CO bond. Even
though MnO also exhibited an adverse effect on Pt by lowering the number of exposed metal sites, rapid desorption of
the linearly adsorbed CO species governed the performance of the Pt/MnO in the RWGS.

Introduction

The global challenge of excessive CO2 release into the
atmosphere necessitates catalysis as a pivotal solution for its
efficient utilization, which can partially replace traditional
exhaustible carbon sources, such as oil and gas.[1,2] Interfaces
in catalyst systems have long been recognized as the most
critical factor in controlling catalytic reaction mechanisms.[3]

In supported catalysts, the metal-support interactions (MSI)
may induce electronic alterations;[4,5] affect the shape of the
nanoparticles;[6,7] or bring about the metal nanoparticles
coverage by support suboxides during reductive treatment,
which is often referred to as strong metal-support inter-
action (SMSI).[8,9] The unique structure of the interface and

its electronic, geometric, and energetic consequences govern
the activity, selectivity, and stability of a heterogeneous
catalyst in various reactive processes. Thus, developing
highly active catalysts with appropriate interfacial synergy is
crucial for enabling decarbonization and de-fossilization
technologies.

Syngas, obtained through reverse water gas shift reaction
(RWGS) combined with the Fischer–Tropsch process offers
a promising possibility for sustainable energy
development.[10] Being a net carbon consuming process,
RWGS is superior to other syngas production methods in
mitigating the CO2 emissions.[11] With the development of
more affordable green hydrogen production technologies,
RWGS is expected to become increasingly profitable as
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well.[12] It is imperative, nonetheless, that RWGS catalysts
exhibit maximum CO selectivity at low temperatures (573–
773 K).[13]

To meet these requirements, current research focus is
shifted towards rational catalyst design for RWGS. One
such approach is utilizing single-atom supported catalysts,
which not only allows to achieve great activity but also
maximizes the metal use.[14,15] Another popular approach
implies utilization of dual support materials[16,17] to influence
physicochemical properties of the supports towards better
selectivity.

It was recently reported that adding MnOx to the Cu-
based catalyst promotes the activity and governs the CO
selectivity by the generation of the Mn(II)-O-CO2 surface
complex, which suppresses further hydrogenation and favors
CO desorption.[18] Moreover, excellent activity and high CO
selectivity of Pt/ mesoporous MnO2 system in the RWGS
reaction have been recognized previously by our group,[19]

however, a detailed understanding of the surface processes
responsible for that activity enhancement is missing.

In this work, a novel type of metal-support interaction
that evolved between size-controlled Pt (�5 nm) nano-
particles and MnO is reported. The efficient synergy of the
Pt/MnO allowed to achieve 10x-fold catalytic enhancement
compared to the reference Pt/SBA-15 catalyst retaining
maximum CO selectivity in the RWGS reaction. A combina-
tion of surface-sensitive spectroscopic [in situ diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS); near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS)] and microscopic (HR-TEM)
techniques with density functional theory (DFT) simulations
was applied to identify, characterize, and locate two types of
linearly adsorbed carbon monoxide surface species. The
facilitated desorption of linearly adsorbed CO is shown to
be the key factor responsible for the improved activity over
the Pt/MnO.

Results and Discussion

Metal-Support Interaction in the Pt/MnO

The as-prepared mesoporous MnO2 demonstrated a rod-
shaped morphology with a rod diameter of ~5–10 nm and a
length of several hundred of nm. The XRD and electron
diffraction (ED) characterization indicated that it can be
classified as a β-type MnO2 (JCPDS PDF# 24-0735), which is
in agreement with other studies[20] (Figure S1a). Neither the
morphology nor the crystallographic form of MnO2 was
altered after 0.5% Pt nanoparticle loading. TEM image
shows inhomogeneous Pt particle distribution with well-
dispersed Pt particles in a range of ~5 nm in size. In the case
of Pt/MnO2, only the XRD peaks assignable to the
tetragonal phase of β-MnO2 were detected; Pt reflections
were not identified due to low loading of the
nanoparticles[21] (Figure S1b).

Before the catalytic experiments, all catalysts were
activated by heat treatment in oxidative (573 K, 30 min) and
subsequent reductive (673 K, 60 min) atmospheres. There-

fore, the characterization of the catalysts after the pre-
treatment is more relevant. As a result of the pre-treatment
process, the mesostructure of the MnO2 collapsed (Fig-
ure S2a), which led to a significant decrease in the sorption
capacity (Table S1). From the XRD pattern, reflections
attributed to the spinel structure of Mn3O4 (JCPDS PDF#
24-0734) were found to coexist with the reflections of MnO
crystalline phase (JCPDS PDF# 78-0424). These results are
complemented by the ED analysis data (Figure S2a). The
reducibility of the support was studied by H2-temperature
programmed reduction (H2-TPR). The MnO2 displays two
reduction peaks at 540 and 630 K with a total H2

consumption of 6.8 mmolg� 1 (Figure S2b). The lower tem-
perature reduction peak can be ascribed to the reduction of
MnO2 to Mn3O4 and the peak at the higher temperature is
due to the reduction of Mn3O4 to MnO.[22]

To investigate the surface state of Mn species after the
pre-treatment, NAP-XPS was implemented. Details of the
peak assignment and fitting can be found in the SI. The Mn
2p main peaks and the separation between the satellite and
the Mn 2p1/2 peak (10.5 eV), strongly suggest the reduction
of Mn4+ to Mn3+ (Figure S2c). The separation between the
peaks in the Mn 3 s region (5.6 eV) indicates a mixture of
Mn2+ and Mn3+ (Figure S2d). To estimate the quantity of
manganese with different oxidation states, peak fitting of
the Mn 3 s region was performed (Figure S3e). The fitting
confirmed that MnO2 was essentially reduced to Mn3+, with
the minor presence of Mn2+ (3% of the total Mn content),
therefore, the MnOx nomenclature is introduced to refer to
the reduced MnO2.

With regards to the Pt-supported sample, MnO2 was
fully reduced to MnO. No significant sintering or aggrega-
tion of Pt nanoparticles was observed after the activation
process (Figure 1a). The facilitated reduction after Pt
incorporation was also supported by the H2-TPR results. In
contrast to the pure support, one intense reduction peak at
447 K was observed showing that a large part of MnO2 is
reduced at a lower temperature due to the spillover effect.[19]

This is also consistent with the decreased intensity of the
peak at 530 K (Figure 1b). CO2-TPD analysis was applied to

Figure 1. Characterization of the Pt/MnO catalyst after activation: a)
TEM image, X-Ray diffraction pattern and Pt distribution histogram. b)
H2-TPR and CO2-TPD profiles. c) Mn 2p; d) Mn 3p; e) Pt 4f XPS
regions. Inset: a) HAADF STEM image with corresponding EDS signal
and HR-TEM image of the activated Pt/MnO.
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determine the catalyst’s relative basicity. The basic concen-
tration remained the same and no considerable shift in the
peak positions was observed when Pt nanoparticles were
loaded, compared to the pure support (Figure S2b, 1b).
Thus, the incorporation of Pt nanoparticles does not have
any effect on the catalyst basicity, in contrast to our previous
findings on mesoporous cobalt oxide.[21]

The NAP-XP spectrum of the Pt-containing sample
collected after the oxidation-reduction pre-treatment
showed that in the Mn 2p region, 2p3/2 component at
641.2 eV and the 2p1/2 component at 653.3 eV dominated
(Figure 1c). Besides, shake-up satellites were observed at a
distance of �6.5 eV from the main peaks. This complex line
shape is a clear signature of Mn2+. Importantly, the well-
known shake up satellites, attributable to Mn3+ and Mn4+

were completely missing. The Mn 3p region was in harmony
with this conclusion, the observed peak position (48.3 eV),
and the asymmetry towards higher binding energies are
characteristic of MnO[23,24] (Figure 1d). Regarding the Pt 4 f
region, the Pt 4f7/2 component appeared at 71.25 eV, which is
characteristic of metallic platinum[25–27] (Figure 1e). Hence,
the working state of the catalyst is Pt/MnO, and this
designation will be followed onward.

The catalytic activity of supported metal catalysts
directly depends on the exposed surface area per volume of
the metal component. The number of available metal sites
was assessed in terms of Pt dispersion (D,%). To evaluate
the extent of metal-support interactions established in the
Pt/MnO, the results were compared to the reference catalyst
—0.5% 5 nm Pt nanoparticles supported mesoporous silica
(SBA-15) (Figure S3). Silica is generally considered to be
inert, therefore, weak metal-support interactions are ex-
pected in the Pt/SBA-15 system. The actual metal loading
determined by ICP-MS was very close to the nominal value
and a small increase in Pt nanoparticle size after the pre-
treatment was characteristic for both catalysts (Table S2).
The O2� H2-pulse titration results indicated 47.4% of metal
dispersion in the case of Pt/SBA-15, which is comparable to
the value obtained on similarly sized Pt-nanoparticles
supported on an inert material after the PVP removal
procedure.[28] This verifies the PVP removal efficiency of the
oxidative treatment applied in the current work.

Interestingly, much lower dispersion was measured for
the Pt/MnO (10.5%), suggesting that the major part of Pt
atoms is inaccessible for the adsorption (Table S2).

Effect of the Metal-Support Interaction in the RWGS

The MnOx and Pt/MnO catalysts were tested in RWGS
reaction. The Pt/MnO exhibited considerably higher cata-
lytic activity compared to the pure support. However, since
the pure support and the Pt-loaded catalysts contain
manganese in different valence state, comparison of their
catalytic activity is inadequate. In this regard, catalytic
measurements under identical reaction conditions were
performed over commercial MnO purchased from Aldrich
(MnO) (Figure 2a). The results revealed that pure MnO is
inactive in converting CO2. Notable catalytic performance

can be achieved exclusively in the presence of Pt, which is
clear evidence of the beneficial synergy between Pt and
MnO. The enhancement effect of 5 nm Pt nanoparticles on
the MnO was also compared to the reference Pt/SBA-15
catalyst which showed little turnover in the CO2 hydro-
genation. Naturally, the CO2 consumption rate greatly
increased on elevating the reaction temperature (Figure 2b).
At the same time, no selectivity changes were observed:
both MnOx and Pt/MnO exhibited �100% CO selectivity at
673 K.

Reducible supports that are most commonly utilized for
the RWGS process are titania and ceria. For that reason, we
have prepared mesoporous TiO2 and CeO2 through the
same synthesis procedure and tested their 0.5% 5 nm Pt
nanoparticle-loaded counterparts in the RWGS under
identical reaction conditions. The comparison of catalytic
performance between investigated catalysts and the reported
efficient catalysts are summarized in Table S3. These results
demonstrate that RWGS activity is significantly enhanced
over Pt/MnO catalyst compared to Pt/CeO2 and Pt/TiO2,
which further confirms that beneficial synergy established
between MnO and Pt nanoparticles. Naturally, there are
ways to optimize Pt/CeO2 and Pt/TiO2 systems towards
more elevated catalytic performance by decreasing the Pt
size[29] or modifying the support.[30] The primary hurdle for
the Pt/MnO system to demonstrate comparable catalytic
activity can be attributed to the greatly diminished number
of exposed metal sites (Table S2).

Kinetic parameters such as activation energy and reac-
tion order with respect to CO2 were determined for the Pt/
MnO in comparison with the Pt/SBA-15 catalyst and
summarized in Figure S4. In the case of Pt/MnO, the higher
apparent activation energy for CO (45.6�2.8 kJ ·mol� 1) may
be originated from a geometric effect caused by MnO
species on the Pt surface, as evidenced by low metal
dispersion (Table S2).[31] The apparent reaction order in the
CO2 pressure was 0.75 for Pt/MnO, which is in good
agreement with the Pt/TiO2 catalyst (0.79 at 623 K).[32] In the
case of Pt/SBA-15, a decrease in the reaction order

Figure 2. CO2 consumption rate in the RWGS reaction over a) MnO,
MnOx, Pt/MnO at 673 K where pure SBA-15 and Pt/SBA-15 are
represented as reference state catalysts. b) CO2 consumption rate for
MnO, MnOx, Pt/MnO, and Pt/SBA-15 in the heating phase. Reaction
conditions: CO2 :H2=1 :4; GHSV=16000 mL ·g� 1 ·h� 1.
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compared to the Pt/MnO (0.57) may suggest that the active
sites are poisoned by the main product of the RWGS
reaction[33] (Figure S4b).

To determine whether the chemical state of the surface
layer has changed in the course of the RWGS over Pt/MnO,
NAP-XPS characterization of the spent sample was carried
out. The XPS spectrum recorded in the H2+CO2 mixture at
673 K was very similar in each studied region compared to
that collected after the pre-treatment (Figure S5). The C 1s
region did not show any significant accumulation of carbon
(not shown). In the bulk of the catalyst, reflections
assignable to the MnO phase were registered as shown in
the XRD of spent catalyst (Figure S5).

The adsorbed species formed on the surface of the Pt/
MnO in the presence of the reactant mixture/products at
673 K were comparatively studied to obtain a molecular-
level understanding of the superior performance of Pt/MnO
in the CO2 hydrogenation (Figure 3a). It should be noted
that the denoted wavenumbers may vary by �5 cm� 1 within
one data set as a function of temperature.

In both cases, the formation of the gas phase products—
methane and CO—were detectable at 3016 cm� 1 and at
�2200 cm� 1 (not shown) from 600 K.[34]

For the MnO catalyst, the three strongest bands at 1552,
1323 and 1059 cm� 1 are attributable to bidentate carbonate
species, which appeared on several oxides.[35,36] The band at
1434 cm� 1 may be assigned to polydentate carbonate.[35]

In the case of Pt/MnO, broad overlapping bands were
observed in the spectral region from �1300 to 1600 cm� 1.
The analysis of the deconvoluted spectra (Figure 3a inset)
allowed to separate infrared vibrations of the bidentate
carbonate species registered at 1549 and 1318 cm� 1 from two
new unassigned bands. These peaks may belong to the
adsorbed formate (HCOO) species—one of the most
evident species arising from CO2 hydrogenation and related
works on metal-supported oxides. They are characterized by
a very strong absorption band at 1600–1550 cm� 1 and
another weaker split at 1400–1350 cm� 1.[37,38] A distinctive
C� H stretch of the formate species registered on the Pt/
MnO at 2831 cm� 1 further supports this affirmation.[39]

Another significant difference between the spectral
features of MnO and Pt/MnO catalysts can be easily
recognized: adsorbed CO is detectable at 2024 cm� 1 on the
Pt containing sample. It may form as the result of formate
species decomposition:[40]

HCOOðaÞ ! COðaÞ þOHðaÞ ! COðgÞ þH2OðgÞ:

It is interesting that the CO band observed under the
reaction conditions appeared at a significantly lower wave-
number. Linearly adsorbed CO stretching on the atop site of
the Pt surface is normally registered at �2070–2080 cm� 1

depending on the nature of the support.[21,41,42] The CO
adsorption and the corresponding frequencies were com-
puted in several sites of Pt/MnO models (Figure S6).
However, most conformations were discarded to represent
the experimental results due to unfavored adsorption
energies or too low CO frequencies.

In order to experimentally study the adsorption behavior
of carbon monoxide in the case of Pt/MnO, carbon
monoxide was introduced to the surface of the catalyst at
373 K. When the CO coverage was still high, gaseous CO
twin band with peak maxima at 2170 and 2115 cm� 1 can be
registered and an asymmetric band due to the linearly
bonded CO appeared at a conventional wavenumber—
2077 cm� 1 (Figure 3b). After 3 minutes in helium at 373 K,
this band vanished completely, and the adsorbed CO
observed under the reaction conditions was detectable at
2023 cm� 1 which also disappeared promptly after a short
helium flush. It is remarkable how adsorbed carbon
monoxide is highly unstable on the Pt/MnO. In contrast,
adsorbed CO (2077 cm� 1) was distinguished with an ex-
cellent stability (up to 773 K) as revealed from the CO-TPD
on the reference Pt/SBA-15 catalyst (Figure 3c).

Origin of the enhancement effect in Pt/MnO

In this study, it was demonstrated that the addition of Pt
nanoparticles promotes RWGS reaction over MnO. This
can be attributed to the generation of new active sites since
platinum has very well-established catalytic properties.
However, from Figure 2a it is apparent that the Pt
enhancement effect on mostly inert silica is far inferior to
that on the MnO support.

In catalytic systems, support defects such as oxygen
vacancies can play a very important role by activating the
CO2 molecule. The existence of interstitial oxygen deficien-
cies within the lattice of the MnO implies the presence of
reduced manganese, however, no significant change was
observed in the XPS Mn2p spectra (Figure 1c, S5c). There-
fore, oxygen vacancies in MnO have no detectable effect on
the RWGS activity of the Pt/MnO.

Herein, the most significant experimental findings ob-
served exclusively in the case of Pt/MnO were the reduced
metal dispersion and the low-frequency adsorbed CO
species, which may be ascribed to the improved activity.

Suppressed chemisorption capacity and low metal dis-
persion are generally characteristic for SMSI, during which a
reducible oxide support forms an overlayer on the surface of
a metal particle.[43] In this process, an electron transfer from
partially reduced support to metal nanoparticles is initiated,
which can be reflected in red-shift of the adsorbed CO
wavenumber.[44] In our case, NAP-XPS results indicate no

Figure 3. DRIFT spectra recorded during a) CO2+H2 reaction at 673 K
over MnO and Pt/MnO. b) CO adsorption at 373 K on Pt/MnO. c) CO
TPD over Pt/SBA-15.
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electron transfer since the observed Pt 4 f binding energy
coincides with the value expected for bulk platinum.[45]

Moreover, the information about electronic interactions
between Pt and Mn2+ was obtained through Ultraviolet
Photoelectron Spectroscopy (UPS) measurements which
were carried out over MnO and Pt/MnO samples. No
considerable change in the work function was observed with
Pt nanoparticle loading, therefore, it was concluded that
there is no significant electron transfer between Pt and
Mn2+. On the other hand, without an electron transfer,
partial encapsulation is not likely to be responsible for the
weakening of the Pt� CO bond.

Considering other factors, the observed decrease in the
vibrational C� O frequency first and foremost may originate
from low-coordinated small platinum nanoparticles.[46] It has
long been discovered that decreasing the Pt nanoparticle
size to a single atom not only exploits less valuable material
but also brings about great improvements in the catalytic
activity especially in the CO2 reduction.[47] It has been
frequently observed that the binding energy for small
metallic clusters is shifted to higher values compared to the
bulk phase, attributed mostly to less efficient screening of
the core hole in small clusters.[25,48] The absence of this
phenomenon here indicates that the metal nanoparticles are
not particularly small as evidenced from TEM (Figure 1a).
Furthermore, there was no appreciable change in the Pt 4f/
Mn 2p area ratio either, indicating no considerable changes
in the particle size of Pt as an effect of the reacting gas
mixture.

Therefore, the Pt-MnO favorable interfacial attachment
remains the only factor attributable to the observed activity
enhancement. Lee et al.[49] have also drawn this conclusion
in the study of MnOx/Pt/γ-Al2O3 layered catalyst in the CO
oxidation reaction, however, no straightforward explanation
for the beneficial effect of this interfacial contact in the CO
oxidation could be provided.

To gain a more detailed understanding of the catalysts’
atomic-level structure, HR-TEM and associated techniques
were employed. Analyzing the HR-TEM images of Pt/MnO
after the RWGS reaction, an atomic interface of Pt particle
and MnO could be observed provided that both Pt and
MnO were in the right zone axis. Clear edge dislocations
were detected at the Pt-MnO interface (Figure 4a,b). Such
crystal defects are proposed to form during the pre-treat-
ment process via imperfect attachment of Pt and MnO
crystal planes (the Pt-MnO lattice misfit comprises around
12%) in which MnO planes contract and Pt planes expand
(Figure 4c). This observation was not coincidental and was
also detected for other Pt nanoparticles-MnO interfaces
(Figure S7).

In general, defects created on conventional catalysts can
impact the adsorption behavior of reactants or intermedi-
ates, which can assist in the transformation of the inter-
mediates into products.[50] Thus, it was shown that the
expansion in the Pt lattice may cause the weakening of the
Pt� CO bond due to the reduced πS back-donation from Pt
to CO.[51]

In order to establish whether the connection between
the observed edge dislocations and low-frequency CO is

indeed relevant, DFT simulations were carried out. Model-
ling the lattice mismatch structure appears to be quite
cumbersome. Therefore, the CO adsorption on the Pt
nanoparticle deposited on MnO (100) with one Pt vacancy
in the interface was computed. This model mimics the edge
dislocation at the Pt/MnO interface, where Pt d-spacing is
expanded (Figure 4d). DFT results showed that the presence
of Pt vacancy causes CO stretching frequency to decrease by
41 cm� 1. Interestingly, the calculated CO stretching on the
defect site (2023 cm� 1) agrees well with the experimental
observation (2023–2024 cm� 1).

As evidenced by DRIFTS data, there are two types of
adsorption sites on platinum available for carbon monoxide.
The low-frequency CO species registered at 2024 cm� 1 are
adsorbed on Pt atoms close to the mismatched row
interfacial sites as revealed by the computational results
while the adsorbed CO on defect-free Pt was detected at the
regular wavenumber—2077 cm� 1. Both species are attrib-
uted to the linearly adsorbed CO and were revealed to
desorb at a very low temperature (373 K) from the surface
(Figure 3b). The enhanced desorption of the CO species is
the consequence of the distortion of Pt nanoparticles by the
edge dislocations at the Pt/MnO interface. Even though the
coverage of Pt nanoparticles by the MnO greatly hindered
the Pt adsorption capacity, it is the fast release of the
linearly adsorbed carbon monoxide species from the surface
that is proposed to govern the activity of Pt/MnO in the
RWGS reaction.

Figure 4. a) HR-TEM image evidencing on edge dislocations at the Pt-
MnO interface. b) IFFT of the HR-TEM image. c) Interplanar spacing of
Pt and MnO. d) Computed CO vibrational frequency (ν) on a model of
Pt nanoparticle with one Pt vacancy in the interface with MnO (Ptdef/
MnO). Colour code: Mn (purple), O (red), Pt (grey), C (dark grey), Pt
vacancy (orange), and unit cell (dashed black line).
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Conclusion

In this study, size-controlled Pt nanoparticles were prepared
by the polyol method and anchored onto mesoporous
manganese dioxide. The support reduction was facilitated by
Pt nanoparticles loading due to the H2-spillover effect and
resulted in the presence of mostly Mn2+ on the surface after
the activation process while the bare support contained
oxidized manganese in the form of Mn3+. The Pt/MnO
catalyst showed enhanced performance in the RWGS: the
CO2 consumption rate was �10 times higher compared to
the reference Pt/SBA-15 catalyst at 673 K with an excellent
CO selectivity.

A complex controversial synergy emerged between Pt
nanoparticles and MnO, the origin of which was successfully
unraveled with the help of chemisorption measurements, in
situ, microscopic and computational techniques. On the one
hand, MnO species imposed a geometric impact on Pt as the
result of strong metal-support interaction. Thus, the number
of available Pt metal sites was considerably reduced
compared to the Pt/SBA-15 catalyst (Table S2). On the
other hand, edge dislocations were generated at the Pt/MnO
interface, the formation of which was manifested in the
decrease of the linearly adsorbed CO frequency (2024 cm� 1)
(Figure 4). The adsorbed CO on defect-free Pt was also
observed at 2077 cm� 1, however, independently of the
location, the adsorbed CO species, formed as the result of
formate species decomposition, were greatly destabilized on
the Pt surface (Figure 3b). The destabilization was assigned
to the weakening of the Pt� CO bond due to the Pt lattice
expansion in the course of mismatched-row structure
formation. The accelerated desorption of linearly adsorbed
CO is proposed to be responsible for the improved catalytic
performance of the Pt/MnO in the RWGS. As a future
outlook, strategies to fully unlock the catalytic potential of
Pt/MnO by modulating SMSI can be developed. Our work
demonstrates the importance of atomic-level insights in
establishing the synergy effect consequences in supported
metal catalysts. The design of efficient catalysts with
appropriate synergistic interactions could potentially reduce
the demand for critical materials in future applications.
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