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Abstract

Atomically dispersed catalysts have drawn great interest lately, as they showcase a high density of
active sites, selectivity, and high turnover frequencies in oxidation chemistry due to labile oxygen
activation. In contrast, the applications of these catalysts have lagged in reduction reactions due to
the ambiguity caused by the sintering and restructuring of active sites. To bridge this gap, the
evolution of Pt*" isomorphically substituted into an octahedral molecular sieve structure (OMS-2)
under reductive conditions was correlatively characterized using multiple in-situ analytical techniques
such as ambient pressure X-ray photoelectron spectroscopy, environmental transmission electron
microscopy, and solid-state nuclear magnetic resonance. The surface dynamics of the Pt single atoms
were revealed during the Reverse Water Gas Shift (RWGS) reaction, where the active sites were
identified as two-coordinated platinum single atoms. Under reaction, we show nonbinding atoms
adjacent to the single atoms restructured the motif of the single atoms to Pt*" via ion mobility of
potassium, increasing the activation energy by 25.6 kJ/mol. This work also highlights the potential for
increased stability of the single atom sites via isomorphic substitution of the metal oxide support,
since the Pt-OMS-2 catalyst retained activity for about 33 hours before deactivation, after which
nanoparticles were observed in TEM images. This work offers a new perspective in single atom
synthesis using the metal oxide as the host for the single atom site, instead of adatoms on the surface

Introduction

Atomically dispersed catalysts have garnered attention due to their high activity, high dispersion, and
good stability in oxidation reactions . Such single atom catalysts have been suggested as potential



candidates for bridging the material gap to create green pathways for industrial reactions, such as methane
oxidation to methanol, N> fixation, and CO; reduction *!'. However, single atoms in their current form are
not utilized in reduction reactions involving hydrogen due to their ease of agglomeration in reductive
environments >3, This challenge is less apparent in single atom oxidation reactions due to higher oxygen
coordination. Additionally, due to the mobility of platinum single atoms in a reductive environment,
ambiguity arises regarding the active site, specifically whether agglomerated nanoclusters drive the
chemistry or whether single atoms are responsible for the reaction. Furthermore, is the platinum single atom
a Pt'Ox environment, or do these platinum single atoms take different coordination in reductive
environments?

To optimize the stability of platinum single atoms in reductive environments, the knowledge gap
regarding the dynamics of single atoms in reduction reactions must be addressed, primarily whether the
single atoms are active or agglomerate into active nanoparticles '42°. Moreover, it is unclear which single
atom motif is preferable for reductive catalysis applications®?!. While X-ray absorption fine structure
(XAFS) and infrared spectroscopies have been particularly insightful for detecting the average structures of
metal species under reaction conditions, there is a need for complementary in-situ experiments. Specifically,
environmental transmission electron microscopy (E-TEM) and ambient pressure X-ray photoelectron
spectroscopy (AP-XPS) have been used to directly probe the agglomeration and electronic configuration of
the single atom species as a reaction occurs?. Here, we use these in-situ analytic techniques to correlatively
understand the factors influencing SAC sintering under reducing reaction conditions.

chose octahedral molecular sieves, OMS-2 (a-MnQO»), as a catalyst support amenable to EXAFS, E-
TEM, and AP-XPS studies. OMS-2 has historical ties to industry, as companies have dredged the ocean
floors to capture this material for catalytic and adsorptive processes. The hydrogen ion concentration, paired
with the abundance of shark teeth and cetacean ear bones, can lead to active nucleation sites>. OMS-2 has
also become an emerging support for single atom catalyst in oxidation reactions?*?®, This is due to OMS-2
having a high density of defects due to the mixed valence allowing to stabilize single atom sites preventing
sintering?* 28, OMS-2 has an advantage of high oxygen defects that can promote reduction reactions with
isomorphic substitutions leading to increased stability under reducing conditions in single atom studies®*.
However, in these studies these single atoms site have shown sluggish kinetics®'.

OMS-2 has several technical advantages, such as a 1-D morphology with a flat surface, which increases
the sensitivity in experiments such as E-TEM. Such rods permit the use of grazing angle techniques, such
as polarized modulated infrared reflection absorption spectroscopy (PM-IRRAS), to enhance the contrast
and increase the signal-to-noise ratio in XPS due to morphology.

Additionally, all the manganese atoms are equivalent, allowing for advanced characterization studies.
Platinum was used due to its high Z-number, diamagnetic nature, and high isotopic abundance, enabling us
to apply solid-state nuclear magnetic resonance (sSNMR) to these samples. ssNMR allows us to study an
important issue in single atom catalysis by examining all the platinum atoms and differentiating them,
compared to a local environment such as TEM methods®*. The Reverse Water Gas Shift (RWGS) reaction
was used to probe the catalyst under reduction conditions due to the reaction's relatively simple nature and
compatibility with in-situ measurements>**.

In this study, two MnO samples were prepared with single atoms of platinum isomorphously substituted
into the manganese sites. We conducted multimodal, correlative studies, and kinetic analyses to identify the
active sites and probe their evolution under dynamic reaction conditions. After synthesis, platinum
substitutes the manganese site to create a six-coordinated platinum single atom site with an oxidation state
of 4+, which, under reductive environments, rapidly forms a near neutral Pt species. In the literature two-
coordinated Pt*! has been proposed. This species was found to be highly active for RWGS with high
equilibrium conversion rates and methanol production at higher pressures with a yield of 1.4 mmol g* h™



and 10% selectivity at 200 °C. During the reaction, the support surface dynamics play a role in the stability
of the single atom, as lattice reconstruction in the support is attributed to a change in the near neutral platinum
species towards a POy system. Our study suggests that Pt** has a role in the deactivation of the catalyst at
high pressures, dropping the selectivity towards methanol. In addition to this, our study shows the effect of
long-range perturbation of the support on the atomically dispersed catalysts motif which is strongly
correlated to the activity of the catalyst.
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Fig. 1 (A) XRD patterns of the OMS-2 and Pt-OMS-2 samples. (B) STEM imaging of the Pt-OMS-2 (100)
zone axis aligned via electron diffraction; the atom circled in black refers to a platinum atom in a Mn column.
(C) Tabulation of the XRF results of the Pt-OMS-2.

Structural studies

X-ray diffraction (XRD) was used to determine the phase of the synthesized MnO» and the changes after
platinum loading. The XRD pattern confirms the formation of the a-MnQO; structure, i.e., octahedral
molecular sieves (OMS-2). After platinum addition via Strong Electrostatic Adsorption, no change was
observed in the pattern, indicating that the OMS-2 structure is preserved®®. No additional peaks were
identified, suggesting a high dispersion of platinum throughout the sample.

Complementary to the XRD results, X-ray fluorescence (XRF) was used to measure the platinum content
on the OMS-2 sample, which is ~1.3 wt.%, indicating a high percentage of platinum addition. TEM
measurements were performed to visualize the platinum sites and probe the platinum-manganese interface.
The manganese atoms were aligned to the (100) planes, which are the most thermodynamically favorable
facets for platinum to occupy, based on theoretical studies’’. The micrographs indicate platinum
isomorphically substituted for manganese in the lattice, which can be elucidated from the electron density
of the atoms, appearing as brighter spots compared to the other atoms in the columns, and profile plots
confirm this (Fig. S1). In (Fig. S2) there are no observable clusters, indicating a high degree of atomic
dispersion.

A new sample was introduced to compare the cation effects on the platinum active sites, Na-OL-Pt
(octahedral-layer MnQ). This layered structure traps cations in the subsurface, preventing alkali metal ions
from migrating to the surface®®. Due to both catalyst expressing a high density of flat terrace (100) planes of



MnO; and their morphologies, both samples have platinum species that will have a similar environment,
permitting a direct comparison (Fig. S3)’. XRF experiments showed that the platinum loading is
comparable, with a Pt loading of 1.0% (Table S1), and no observable clusters (Fig. S4).

Ex-situ X-ray absorption near-edge structure (XANES) spectroscopy was used to elucidate the electron
density of atomically dispersed platinum. The intensity of the XANES data in the main absorption edge
region, also known as the white line, is related to the effects of the electron-withdrawing groups surrounding
the platinum. Such experiments yield a strong white line, indicating electron deficiency with Pt-Na-OL and
Pt-OMS-2.
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Fig. 2 (A) XANES region of the X-ray absorption coefficient of the Pt-OMS-2 and Pt-Na-OL. (B) Wavelet
transform plot for the Pt-Na-OL. The parameters used for the wavelet plot was a k-range of 2.5-13 A”!, with
aRBKG of 1.2 A™!. (C) Fourier transform magnitudes of the k’-weighted EXAFS data and fit of the Pt-Na-
OL. The k-range and R-range for the fit were 2.5-13 A and 1.3-2.3 A, respectively. (D) Theoretical
structural model used to generate FEFF calculation for Pt-Na-OL where the purple atoms represent
manganese, the red atoms represent oxygen, the gold atoms represent sodium, and the silver atoms represent
platinum. (Table S2) (E) k?-weighted EXAFS data in k-space of both Pt-OMS-2 and Pt-Na-OL The k-range
and R-range for the fit were 2.5-13 A and 1.3-2.3A, respectively. (F) Wavelet transform plot for the Pt-
OMS-2. The parameters used for the wavelet plot was a k-range of 2.5-13 A" withaRBKG of 1.2 A, (G)
Fourier transform magnitudes of the k*>-weighted EXAFS data and fit of the Pt-OMS-2. (H) Theoretical
model used to generate FEFF calculation for Pt-OMS-2 where the purple atoms represent manganese, the

red atoms represent oxygen, the blue atoms represent potassium, and the silver atoms represent platinum?
(Table S3).

Shell CN R(A) AE (V)
OMS-Pt-O 53+0.9 2.03+0.01 14.1+2.0
OL-Pt-O 52407 2.01 +0.01 10.2+ 1.8

Table I EXAFS analysis results of the Pt-OL and Pt-OMS-2, CN refers to the coordination number, R(A),
refers to the interatomic distance of the atomic pairs. The AE refers to the correction to the photoelectron



energy origin. The o (the mean squared disorder of bond length) was found to be consistent with zero,
within uncertainties, for both samples.

Both samples' Extended XAFS (EXAFS) spectra were fitted with Artemis software to resolve the
coordination numbers and bond lengths of Pt nearest neighbors. Based on the TEM studies, a model in
which platinum is isomorphically substituted into MnO» was chosen for both samples to generate theoretical
EXAFS spectra®.To obtain the bond length and coordination number, these theoretical spectra were fitted
to the experimental spectra and these results are given in Table I. The theoretical fit for the Pt-O yielded
coordination numbers of 5.2+0.7 and 5.3+0.9 for the Pt-OMS-2 and Pt-Na-OL, respectively. Furthermore,
the interatomic distance of both Pt-O bonds is 2.01+£0.01A and 2.03+0.01A consistent with both PtOx and

atomically dispersed platinum**-42,
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Fig. 3 (A) CO adsorption characteristics of the atomically dispered Pt sites on OMS-2 catalysts through a
transmission IR spectrum. (B) ssNMR of the Pt-OMS-2 showed no Pt-O-Pt binding indicating no clusters.
(C) RWGS conversion performance of the Pt-OMS-2 at 10 bars, showing non-negligible methanol yield at
200 °C. (D) Reverse water-gas shift (RWGS) conversion of CO to CO over OMS-2, Pt-OMS-2, and Pt-
Na-OL catalysts. (E) Arrhenius plots extracting the apparent activation energies for the Pt-Na-OL and Pt-
OMS-2 in the RWGS reaction. (F) RWGS conversion performance of the Pt-OMS-2 catalysts throughout
72 h. (G) STEM imaging of the Pt-OMS-2 after the stability study showing filamentous layers around the
MnOx with Pt nanoparticles.

However, the need for a custom CIF file to generate this fit, as bulk PtOyx could not be fitted to the
experimental data signaling that Pt is adjacent to Mn sites. Due to these results PtOx can be ruled out in this
system.

Identification of the active site Pt°", reactivity, and stability.

The electronic density of the isomorphically substituted platinum was probed by CO. The CO peak that
appears at 2080 cm™! is correlated with a near neutral atomic platinum peak with two-fold coordination with
oxygen on a terrace 2. This indicates that there are platinum adatoms on the (100) facets, which are flat
terrace planes. These two-coordinate features are most likely the active site under reaction conditions,



implying that platinum reassembles during the reaction. In addition to this peak, a peak at 2208 cm™ appears,
related to a CO-Pt* adduct, which is the same species that appears in EXAFS as octahedral lattice-bound
ey

Solid-state "> Pt NMR (Nuclear Magnetic Resonance) was used to understand the interactions between
Pt atoms and confirm atomic dispersion. NMR spectra indicate platinum has two peaks around -2000 ppm,
typically assigned to Pt-O bonding ***. The peaks are sharp, indicating that the platinum is diamagnetic,
consistent with the octahedral Pt** motif. Pt-O-Pt exhibits a sharp peak at -4000 ppm *’. This peak disappears
when correcting for first-order phasing, indicating that platinum dimers or clusters do not exist in the sample.
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Fig 4 (A) AP-XPS data of Mn 3s and the Pt 4f core levels under dynamic reaction conditions of 0.25 Torr
of CO; and 0.75 Torr of Hz co-dosed. (B) AP-XPS of K 2p and the C 1s core levels under dynamic reaction
conditions, showing migration of potassium on the surface at 1 torr. O1s spectra and XPS curve fitting details
can be seen in (Fig. S5-9) and (Table S4-13).

Reaction studies were conducted on the manganese catalysts. OMS-2 shows low reactivity toward the
RWGS reaction, with maximum conversion of CO: reaching 0.9% at 280 °C. When compared to the
isomorphically substituted platinum system (Pt-OMS-2), a conversion of ~13% and an increase in the
spacetime yield of about 27 times the amount of OMS-2 at maximum temperature are observed, with the
Pt-OMS-2 producing a spacetime yield of 82.4 mmol g hr'! of CO, was observed.

When compared to the Pt-Na-OL sample, the Pt-OMS-2 has a higher conversion at lower temperatures
until equilibrium is reached, while maintaining 100% selectivity at all temperatures (Fig. S10). However,
when normalizing, platinum Pt-Na-OL has an increased TOF value (Table S14). The activation energy was



elucidated from an Arrhenius plot generated by the reactivity data. Pt-Na-OL has a lower activation energy
than the Pt-OMS-2 sample by 25.6 kJ/mol. This implies a cation effect, or a restructuring of the platinum
atom sites, as both platinum atoms are in similar chemical environments. The main difference in these
catalysts is that sodium is trapped in the Pt-Na-OL, whereas potassium can migrate to the surface in the Pt-
OMS-2.

Reactivity studies were conducted at 10 bars for the Pt-OMS-2 and OMS-2 sample to study the pressure
effect on products (Fig. S11). The selectivity of the catalyst significantly changes, with 10% selectivity at
200 °C and an STY of 1.3 mmol g’ hr!. However, this selectivity drops as the temperature increases. A
similar trend is observed for methane, suggesting similar active sites at the beginning of the reaction.
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Fig. 5 (A) STEM imaging of Pt-OMS-2 showing Pt on the surface with the (010) facet aligned to show the
tunnels. (B) E-TEM image of the Pt-OMS-2 after reaction with no beam during the reaction. (C) Zoomed-
in image of the 1X2 tunnels typically seen in Ramsdelite. (D) E-TEM image of Pt-OMS-2 under reaction
conditions at 250 °C. (E) E-TEM image of Pt-OMS-2 under reaction conditions at 300 °C at 6 torrs. (F) E-
TEM image of Pt-OMS-2 under reaction conditions at 300 °C 2 frames after E. (G) E-TEM image of Pt-
OMS-2 under reaction conditions at 300 °C 10 frames after E. (H) E-TEM image of Pt-OMS-2 at under
reaction conditions at 300 °C 22 frames after E. (I) E-TEM image of Pt-OMS-2 under reaction conditions
at 350 °C.

To produce methane with the large number of electrons needed, a metallic active site is likely.

Long-term reactivity studies were performed. Na-OL is not stable in acidic media (CO;) and will
decompose into f-MnO», due to production of carbonic acid, which will convert the Na-OL, leading to
instability. Due to this, the focus of the study was on Pt-OMS-2 due to increased stability in acidic media. A
72-hour stability test was performed to



track the change in activity over a long period. The stability study of the Pt-OMS-2 starts with slight
deactivation due to not being at a steady state, then holds its activity for 8 hours. Temperature fluctuations
then appear to cause a loss in activity, with the initial activity still holding at 2000 min. After 2000 min, signs
of sintering are observed as the temperature returns to the initial value. However, the conversion is
significantly hindered by a 25% drop-in activity. After the stability test, XRD patterns, and TEM
Micrographs were taken to study the evolution of the Pt-OMS-2 after 72 hours (Fig. S12). These
micrographs suggest that platinum leaves the lattice and forms platinum nanoparticles on the surface. In
addition, an overlayer appeared on the manganese. These data suggest an element close to Mn in the periodic
table. However, energy-dispersive X-ray spectroscopy (EDX) experiments of Fig 2G, which were used to
identify the layer's chemical composition, did not yield any definitive data. The layer is likely potassium,
manganese, or both.

H+/K+ exchange and isotopic mechanistic studies

AP-XPS was employed to monitor the oxidation states to understand how the electronic properties
of the catalyst change under reaction conditions. In addition, XPS probes the surface of the catalyst,
making it sensitive to electronic changes.

DRIFTS spectra of Pt-OMS-2 (1 bar) DRIFTS spectra of Pt-OMS-2 at 200°C
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Fig. 6 (A) DRIFTS spectra of the Pt-OMS-2 and 30 sccm of a 3:1 H, and CO> mixture at 200 °C,250
°Cand 300 °C at atmospheric pressure. (B) DRIFTS of the Pt-OMS-2 at 200 °C and 30 sccm of a 3:1
H> and CO; mixture before potassium leaves the tunnels at atmospheric pressure. (C) PM-IRRAS
spectra of the Pt-OMS-2 at 1 mbar with a 3:1 Hz and CO2 mixture Transmission IR spectra of Pt-
OMS-2 under >CO; and H; 1:3 ratio at 0.04 torr. (D)Transmission IR spectra of Pt-OMS-2 under
13C0O; and H; 1:3 ratio at 0.04 torr. (E) Baseline Corrected Transmission IR of the Pt-OMS-2 of the
carbonyl region at 0.04 torr with a 3:1 Hz and '*CO, mixture (Fig. S13).



When the catalyst was in its pristine form, the platinum oxidation state was 4+, indicated by the 75-
eV peak for the Pt 4f7, in Figure 4a*®. After the reaction started, the platinum was reduced to a near
neutral state that has also been referred to as Pt (OH),, which is active during the reaction, agreeing
with the CO-IR studies?!*? 4%-5%5! Manganese shifts to a 3+ state based on the orbital splitting under
these same reaction conditions®>. When the temperature increases to 250°C, the intensity of the
potassium increases and shifts to higher binding energy, indicating a change in the potassium.

One explanation for this behavior is that potassium migrates to the surface and forming K>COs.
Coinciding with this change is the shrinking signal of platinum, implying a reconstruction of the
catalyst under reaction conditions. Pt is displaced from the catalyst surface. At the final temperature,
platinum oxidizes to 2+, which is related to the Pt*Ox after reconstruction®. After the reaction was
concluded, another spectrum was acquired to check for metastable phases. From this scan, there were no
changes. In Fig. 4B the C 1s could not yield detailed information as the peak was too broad to fit. However,
at 288 eV formic acid appears in the XPS possible suggesting an important role in the reaction. O 1s was
similar in that key intermediates could not be seen (Fig. S5-9). However, as the temperature increases the
peak at 530 eV increases which is due to OH™ until the OH™ peaks is as intense as the lattice oxygen. This is
typical in oxyhydroxide systems possibly signaling that an oxyhydroxide is forming in-situ.

To explore the reconstruction of the catalyst during reaction conditions, E-TEM was used to monitor the
catalyst. STEM (Scanning Transmission Electron Microscopy) was used to identify the platinum location,
confirming that platinum is on the surface (Fig. 5A). To identify the effect of the beam, experiments were
first conducted with no beam under reaction conditions as seen in Fig. 5 B,C. These conditions show
MnOOH forms in situ, which is evident from the 1x2 tunnel formation. The Ramsdellite phase (1x2 tunnel)
is typically synthesized by hydrogen ion replacement in the tunnels™. This suggests an ion replacement of
potassium and hydrogen. In addition, in-situ heating was performed to test the effect of just heat, as seen in
(Fig. S14).

The catalyst was then tested under reaction conditions to examine the stability of platinum under reaction
at 250 °C, See Fig. 5D. A change to the 1x2 Ramsdellite structure is observed indicating that H> has
exchanged with K* to make H' in the tunnels. As the temperature was increased to 300 °C (Fig. 5 E, D, F,
H) the formation of Mn3Oy4 is observed at the tip of the rod. Under reaction conditions, platinum did not
agglomerate until after the experiment, when the beam current was increased. To show that the platinum
was stable beyond the dynamic region of the study we increased the temperture to 350°C and still there was
no platinum aggregation. The observation seen in the E-TEM is in line with our reactivity study, as sintering
appears after 33 hours.

To gain further mechanistic understanding of the catalytic mechanism, we used a variety of infrared
techniques such as DRIFTS, Transmission Infrared Spectroscopy (TIR), and PM-IRRAS. In addition,
isotopic labeling was used to determine the functional groups of the IR bands. From the DRIFTS spectra in
Fig. 6 A, B, at 200°C in Figure B, there are several IR bands. The bands at 1140 cm™, 1180 cm™, and 1484
cm’! are typically attributed to CH.O, (Dioxymethylene), a key intermediate in methanol synthesis>. In
addition to these peaks, a peak around 1750 cm™ is observed, which is typically attributed to formic acid
(HCOOH)*. Furthermore, in Fig. 6B also shows the HCOOH peak via a broad shoulder appearing at the
peak at 1760 cm™, the broadness of the shoulder is typically indicative of hydrogen bonding, via high surface
coverage of HCOOH. In Fig 6 A when the temperature was increased to 250°C and 300°C a unique feature
appears in the DRIFTS data at 2463 cm™ and 2550 cm™. These peaks are typically assigned to potassium
carbonate suggesting that potassium migrates to the surface and binds to CO>’. When this occurs at 250°C,
a new peak appears at 1960 cm™, which is related to Pt* hydride formation, showing a connection to the
Pt2* system and the restructuring of the catalyst™.

Because this sample is a molecular sieve, polarization-modulated IRRAS was used to determine surface



intermediates in Fig. 6 D. The angle of the polarizer was changed to probe just the surface of the catalyst
and ignore the tunnels. The same intermediates were formed on the surface of the catalyst. Dioxymethylene
and formic acid are still formed, as seen in the DRIFTS spectra. New peaks at 1520 cm™ and 1560 cm’!
appear, which, in previous experiments, have been assigned to bicarbonate species™. A peak in the region
of 2700 cm™ is where potassium carbonate appears but the peak shape is not a doublet which rules out
K>COs. For this reason, this band is assigned to COOH®.

To determine the functional groups of the intermediates, '*CO, FTIR experiments were implemented, as
seen in Fig. 6 B, C. From the experiments, the identity of the intermediate CH2O: is supported by the shift
seen in the peaks near 1080 cm™ and 1120 cm’, indicating that these peaks reflect C-H and C-O,
respectively®. Peaks at 1514 cm™ and 1560 cm™ are seen which correlate to bicarbonate. These peaks did
not shift, indicating they are not related to carbon bonding™. Leading us to believe these bands are assigned
to the OH of bicarbonate.

The carbonyl region in Fig. 6E shows the shift in the single atoms from *CO., which can be used to
confirm in situ observation of active sites. The peak at 2208 cm™ matches with the expected shift from '2C
to 13C with the peak at 2129 cm™ in Fig. 6E, confirming that the CO-adduct of the Pt*" substituted atom is
still present during the reaction. In addition, a new peak appears at 2184 cm'. This peak was also seen in the
DRIFTS spectra in Fig. 6A. This peak did not shift indicating that carbon is not responsible for this peak.
This peak is assigned to Pt*'-H", as this peak does not contain carbon. The peak at 2040 cm™ does not match
the previously seen peak at 2080 cm™!, but if considered as a dicarbonyl, this peak is an exact match.
Therefore, the peak at 2040 cm™ is assigned to a near neutral platinum with bound to two carbon monoxides.

Discussion

From the above data, such as XRD, TEM, ssNMR, XANES, and EXAFS, platinum is atomically dispersed
on the (100) facets of the OMS-2 structure. XPS, XANES, and EXAFS data indicate that the single atoms
are synthesized with a Pt*" oxidation state and a coordination number of 6, implying an octahedral platinum
site. When comparing the EXAFS data in r-space and k space (Fig. S15) of Pt-OMS-2 and Pt Na-OL, the
trends in the second neighbor region (3-5 A) do not follow the pattern of PtO,, indicating that the local
structure of Pt is different in the Pt-Na-OL and Pt-OMS-2 samples than PtO,. This argument is supported by
TEM data in Fig. 1B studies that show an isomorphic substitution, as well as ssNMR showing a diamagnetic
Pt species.

This octahedral platinum site may be inactive, as AP-XPS shows that these substituted platinum atoms
(Pt*) reduce under reaction conditions to form (Pt°). This reduced species is consistent with a surface-bound
and two-coordinated system on terraced sites which is supported by CO-IR experiments as well as in IRRAS
experiments and confirmed with C'* DRIFTS?!**, However, Pt*" is still observed during reaction conditions
in in-situ IR experiments and is seen to generate H-, which could work in tandem with Pt® sites and aid in
the catalytic reaction. From these experiments, the active site at low temperatures is likely Pt®, which can
be assisted by Pt*". Similar sites are likely involved in methanol synthesis.

When the temperature increases in AP-XPS Fig. 4A and IR Fig. 6 A, E the Pt° sites disappear, while
potassium migrates to the surface (see Fig. 6A and Fig. 4 A, B) and a new site forms that is consistent with
Pt2*Ox. In the IR experiments Pt>" hydrides are also formed when the potassium migrates to the surface (Fig.
6A). This implies that potassium (K") may exchange with hydrogen (H"), restructuring the platinum site to
Pt>* which then bonds with H. This mechanism is consistent with a heterolytic hydrogen activation
mechanism. In addition to this information from AP-XPS and IR E-TEM show the formation of MnOOH
which is a structure that forms when hydrogen is exchanged with the potassium in the tunnels. This
phenomenon may also explain the 10 bar reaction data and would imply that Pt® is an active site for
methanol synthesis, which then restructures into Pt>*, promoting the RWGS and agglomeration, as observed



in stability studies with a decrease in conversion over time. However, the pressure limits in experiments
prevent us from probing the reaction at 10 bars.

This phenomenon may also explain the layered structure seen in the STEM data Fig 2G after the 72-hour
stability study. This suggests that the layer structure involves KoCOs forming on the catalyst's surface. This
is consistent with the AP-XPS Fig. 4B, as well as the IR experiments Fig.6A, which show the formation of
K>CO:s at 2600 cm™ ¥,

IR experiments strengthen the argument for an active Pt** site since a peak at 1960 cm™ is observed
which we attribute to as Pt** hydride in both the DRIFTS and IRRAS. Pt** carbonyls were not seen in IR
experiments, perhaps due to fast kinetics, which would obscure the peak in IR or Pt** can"t bind the carbonyl.
These hydride peaks appear when potassium migrates to the surface and is congruent with our hypothesis
that surface reconstruction can cause dynamic changes to single-atom structures (Fig. S16). Additionally, a
catalytic mechanism was proposed, as we see in low temperatures regimes that dioxymethylene is formed
via IR spectroscopy. When the temperature increases, it is seen that this peak disappears and formic acid
peaks grow we attribute this to tautomerization of DOM into formic acid. Then Formic acid after formation
decomposes into CO + H>O. These intermediates would explain why methanol forms at higher pressures,
as the higher pressure may allow for further hydrogenation of dioxymethylene/formic acid into methanol.

In conclusion, Pt single atoms substitute the manganese atoms in OMS-2, as determined from EXAFS,
NMR, IR, and TEM experiments. From in-situ experiments, these Pt*" substituted sites transform to a Pt®
species, which, at higher pressures, favors methanol synthesis; then these sites transform into a Pt** species,
which promotes an RWGS pathway. This switch in the catalyst is intrinsically tied to a restructuring of the
support from MnO, to MnOOH due to potassium ion exchange with a proton in the tunnels. When ion
mobility was reduced by introducing a layer structure (Na-OL), a distinct change in performance was
observed, with a lower activation energy and a higher rate of catalytic turnover per metal site. This shows
that Pt° sites are direct active sites for reductive reactions. The two-coordinated platinum systems may be
more stable than initially thought, with no evidence of direct sintering of this site. Instead, an intermediate
step occurs in which Pt® transitions to Pt*" and sinters over time. This suggests a potential strategy to stabilize
these atomically dispersed platinum sites by preventing or reducing the transition into P**Ox. The IRRAS
experiments with labeled CO» also provide direct evidence that single atoms are directly involved in the
catalytic pathway and suggest a possibly viable mechanism for CO, hydrogenation toward the formation of
alcohols

Methods

Catalyst Synthesis. All reagents were purchased through Sigma Aldrich and used without further
purification. The synthesis of OMS-2 was started by mixing fourteen moles of manganese sulfate,
twenty-one moles of potassium persulfate, and twenty one moles of potassium sulfate in sixty
milliliters of water and mixing until homogenous. After thirty minutes, the solution was heated for
two days at 200 °C in an autoclave inside a ventilated oven. The resulting material was washed using
DDI water until the pH was neutral and placed in an oven to dry overnight at 120 °C. This material
was used as the Octahedral Molecular Sieves (OMS-2).

Na-OL Synthesis. All reagents were purchased through Sigma Aldrich. The synthesis was started for
the layered manganese oxide by adding 3.0 g of NaMnO: into 50 mL of water in a 250 mL beaker.
After this a 1.4 M solution of glucose in water with a volume of about 20 mL was added into the
NaMnO2 beaker under fast stirring for about a minute, then was left static producing a reddish-
brownish sol. After the temperature of the beaker returned to room temperature the sol was then
dehydrated in a drying oven at 110°C, and every 15 mins water was removed from the beaker. The



resultant material was then placed inside a muffle furnaced and calcined at 400 °C to produce a puck
of manganese. The puck was cooled and then ground in a mortar and pestle to produce a powder
which was then placed in 100 mL of water overnight to remove unreacted products. This solution was
then vacuum filtered and the powder was washed an additional three times. After this powder was
dried in static air the powder was again placed in a drying oven at 110°C to remove all water. Platinum
was added to this solution using the Strong Electrostatic Adsorption method

Platinum adsorption. The platinum single atoms were synthesized on the manganese oxide
supported catalyst by strong electrostatic adsorption. 1 g of manganese oxide is introduced to a vial
with 2 mL of ammonia hydroxide and 10 mL of ethanol. After the dispersion of the manganese oxide,
1 mL of platinum tetraamine nitrate was added to the solution; the vial was then placed on an orbital
shaker for 60 minutes. The solution was then filtered and calcined at 350 °C for 240 minutes. The
platinum weight percent was characterized by X-ray fluorescence spectrometry.

Characterization. XRD-Powder X-Ray Diffraction (PXRD) experiments were performed utilizing
a Rigaku Ultima IV diffractometer with Cu Ka radiation (A = 0.15406 nm). X-ray diffraction (XRD)
measurements were collected from 5°-80° 260, with a 2.0°/min scan rate. The diffraction patterns
were compared with the Joint Committee on Powder Diffraction Society (JCPDS) database.

Transmission Electron Microscopy- A Titan Themis ACEM microscope was used to perform
Transmission Electron Microscopy (TEM). Samples were dissolved in ethanol and drop-cast onto
lacy carbon-coated TEM grids and then vacuum-dried. DENS Wildfire holder was used for E-TEM
experiments with the sample drop cast onto DENS Thurhole chips. Hydrogen and carbon dioxide
were introduced at a 3:1 ratio at five torrs, then the holder was heated to 300 °C. Images were taken
over 8 hours.

Ambient pressure X-ray Photoelectron spectroscopy- AP-XPS data were collected at the Center for
Functional Nanomaterials with a laboratory-based APXPS instrument**. A 300 micron aperture was
used in the analysis chamber to facilitate a differentially pumped electrostatic lens system and a
SPECS PHOIBOS NAP 150 hemispherical analyzer. A monochromatic photon source was used (Al
Ka) which is focused on a ~300 micron diameter spot. The starting pressure of the analysis chamber
was less than 5 x 10” mbar. Precision leak valves were used to introduce hydrogen and carbon dioxide
at a 3:1 ratio with a total pressure of one Torr. An infrared laser was used to heat the sample from the
backside with a K-type thermocouple monitoring the temperature. To prepare the samples, a small
amount of catalyst was sandwiched between two copper plates and compressed in a hydraulic press
to form a thin sample pellet®!.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy- A Nicolet 6700 FTIR and a DRIFTS
chamber from Pike Technologies were used to carry out Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) using a ZnSe reaction window with a liquid-cooled MCT detector
with 256 scans and 2 cm’! resolution; 30 mg of sample was placed in a crucible and pretreated with
flowing argon at 130 °C for 1 hour in the DRIFTS chamber. The gases (H2/CO2/Ar) at 60/30/10 were
introduced at thirty sccm, before a steady state was achieved, the background spectra were taken. The
temperature was consequently increased with multiple spectra taken over 30 minutes at each
temperature.



Transmission infrared spectroscopy- A Bruker 80v infrared spectrometer equipped with a liquid nitrogen-
cooled MCT/A detector was used for data collection. A ~50 mg amount of Pt-OMS-2 was placed on a
tungsten mesh (75% transmission). After compression in a hydraulic press, the mesh supported thin areas of
catalyst within the grid. The tungsten mesh was then mounted onto the holder and placed inside the
transmission cell, which is a high vacuum chamber with a base pressure better than 1 x 107 Torr. Isotopically
labeled '*CO and H> were then added at a 1:3 ratio to the desired pressure. The sample was heated with a
resistance heater, and a background was taken of blank tungsten mesh. The sample was then moved into the
beam path, and the data were collected at 200°C, 250°C, and 300°C. For CO experiments, liquid nitrogen
was used to cool the sample to below 77 K, and then CO gas was leaked in for data collection.

Polarized Modulated Infrared Reflection Spectroscopy- A Bruker infrared spectrometer with a custom
IRRAS setup** was used for data collection equipped with the sample environment is a small UHV chamber
in the path of the IR beam that exits the spectrometer and is collected with a liquid nitrogen-cooled MCT/A
detector that is external to the spectrometer. The Pt-OMS-2 catalyst was prepared by placing 50 mg of
catalyst in between two single-crystal Al,Os tabs. This was then forced together with a hydraulic press, and
then separated in half. The single crystal Al,O3 with Pt-OMS-2 was then placed in the IRRAS and leak
values were used to leak in 0.75 mbar of H and 0.25 mbar of CO,. At UHV conditions (5 x 10 mbar) and
relevant sample temperatures, a background was taken at both 90° and 0° light polarization. The
temperature was increased with a halogen bulb, and scans were taken from 200°C to 300°C at 20°C
increments. For each temperature, scans were taken with both 0° and 90° light polarizations. The s
and p spectra were subtracted at each temperature in post-processing to eliminate gas phase
components

X-ray absorption spectroscopy (XAS) measurements were obtained using the 7-BM beamline (QAS)
at the National Synchrotron Light Source II of Brookhaven National Laboratory. Ex-situ XAS spectra
of the Pt-OMS-2 samples were acquired in fluorescence mode with the energy range optimized for
the Pt L3-edge (11564 eV). The sample was prepared by brushing on Kapton tape and folding the tape
over 8-10 times for uniformity. Data processing and analysis were performed using the Demeter
package .

X-Ray Fluorescence Spectroscopy (XRF)- Elemental analysis and quantification was performed by
loading 100 mg of Pt-MnQO; in a 10 mm ID sample cup. A metal holder was used for sample collection
in a Rigaku ZSX Primus IV sequential wavelength-dispersive XRF spectrometer (4 kW Rh anode).

Solid State Nuclear Magnetic Resonance- ssNMR work was done on a Bruker AVANCE IIT 400 WB
(85.7 MHz for 195Pt). Samples were packed in 4 mm zirconia rotors and spun at 7500 Hz. A 7.0 used
a 90 degree pulse and a 2 sec recycle delay was used for sample acquisition. A total of 5120 scans
were collected.

Methanol synthesis. A horizontal fixed bed reactor of a 1/8" quartz tube in a resistively heated
furnace was used to conduct CO> hydrogenation reactions. Quartz wool plugs were used to secure
100 mg of the Platinum-Manganese catalyst. The catalyst was used with no pretreatment. An H2/CO»
mixture (75%/25%) was introduced at 30 SCCM through the catalyst bed. A ramp rate of 20°C/min
was utilized when heating the samples from 200°C to 300°C with triplicate measurements to ensure
reproducibility taken every 20 °C/min. All products were analyzed by Gas Chromatography (GC)



which was calibrated via Calibration gas. The equation determined the CO> conversion, TOR,
selectivity, and STY Below.

_nCH4+nCO+nCH30H
ncoz2 tot

CO; conversion (%)

nCH30H
nCO+nCH30H+nCH4

CH3OH selectivity (%) =

mmol of CH30H
gxhr

_ PPM of CH30Hx*flowrate(SCCM)*Time(Hr)
mass of the catalyst (g)*22400

STY of CH30H (

)

mol of CH30H
mol(metal)=*sec

molof CH30H
mol(metal)*3600

TOR/TOF ( ) =( )
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