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CO, hydrogenation, especially to methanol, is crucial to establishing

sustainable closed-loop systems for carbon utilization. However, the
difficulties of CO, activation at low temperatures and the ambiguity of
structure-activity correlations are obstacles to reducing the energy
consumption of the hydrogenation process. Here we report that molecularly

defined Anderson PtMo,0,, clusters, sited within arobust metal-organic
framework, are catalytic for low-temperature CO, hydrogenation. The
performance of the cluster showed no signs of decay in either its activity or
methanol selectivity over 3,600 h at 180 °C. It also achieves a per-pass yield
exceeding that of state-of-the-art heterogeneous catalysts under similar
conditions. Combined in situ spectroscopy and density functional theory
calculations demonstrated that CH,OH formation is dominated by the
reverse water-gas shift and subsequent CO* hydrogenation pathway, while
the HCOO* pathway may serve as a supplementary route. The well-defined

cluster structure offers anideal model for elucidating structure-activity
correlations and opens exciting avenues for the rational design of
high-activity, low-temperature catalysts for CO, hydrogenation.

The conversion of CO,, a major greenhouse gas, into valuable
chemicals is a promising solution for establishing sustainable
closed-loop systems and thereby addressing the challenge of climate
change. Methanol is among the most valuable products of CO,
conversion because it is an important and versatile feedstock for
chemical manufacturing and energy source’. CO, hydrogenation
to methanol is an exothermic process (CO, + 3H, > CH;0H + H,0,
AH,5 = =49.4 k) mol 1) and higher temperatures are thermodynami-
cally less favourable for methanol synthesis. Consequently, the devel-
opment of catalysts that enable low-temperature operation hasbeen
vigorously pursued.

Benchmark Cu/ZnO/Al,O; catalysts generally operate at high
temperatures (=250 °C), which can lead to high energy consump-
tion and low CH,0H selectivity®. Introducing H,-activation compo-
nents (for example, Pd and Ni) onto metal oxides catalysts such as
In,0,/Zr0,and ZnO/ZrO, canimprove catalytic activity at relatively
lower temperatures (200-250 °C). However, it often comes at the
cost of reduced methanol selectivity due to excessive hydrogena-
tion of CO, to methane or its reduction to CO through the reverse
water-gas shift (RWGS) reaction*’. The complexity of such hetero-
geneous catalysts, which contain a variety of active sites on metal
particles, metal oxides, supports and at their interfaces, has made it
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challenging to establish clear correlations between catalyst structure
and performance®’.

Results and discussion

Catalytic performance

Geometric or electronic confinement of metal heteroatoms within
molecularly precise polyoxometalate clusters, combined with confine-
ment of these clusters within a porous crystalline framework, trans-
forms heterogeneous gas-solid catalysis into quasi-homogeneous
catalysis, creating ideal, uniform model systems for studying active
sites viain situspectroscopies®’. Here, we report that PtMo,0,,@NUIK
(Supplementary Tables1and 2 and Supplementary Figs.1-6), in which
PtMo,0,, clusters were encapsulated in the c-pore of the Zr-based
metal-organic framework (MOF) NU100O (abbreviated as NUIK) via
afacileimpregnation process'®" (Fig. 1a), functions as an efficient and
stable catalyst for low-temperature CO, hydrogenation to methanol.
The catalytic performance of the PtMo,0,,@NUIK catalyst showed high
CH;OH activity compared with previously reported Pt-based catalysts,
which resulted in the realization of continuous methanol synthesis at
low temperature.

CO, hydrogenation to methanolover aH,-reduced PtMo,0,,@NUIK
(PtMo,0,,@NUIK-R) can be initiated even at room temperature, as
supported by in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), which indicated the appearance of CO* and
CH;0* peaks as the mixture of CO, and H, passed through the catalyst
atroomtemperature'>” (Supplementary Fig. 7). By contrast, under an
identical gaseous hourly space velocity (GHSV) over the commercial
Cu/ZnO/Al,0; catalyst, as the benchmark for this reaction, methanol
did not begin to form until the temperature reaches 140 °C (Fig. 1b).
Under identical reaction conditions, as the temperature was varied,
PtMo,0,,@NUIK always delivered a higher net space-time yield for
methanol than did Cu/ZnO/Al,O, (Fig.1b). The PtMo,0,,@NUIK cata-
lyst showed a conversion range of 1.6-20.4% and a selectivity range of
81-64% for CO, hydrogenation to methanolin the temperature range
0f100-200 °C.Itachieved amethanol per-pass yield range of 1.2-13.1%
from100 °Ct0 200 °C, which surpasses other state-of-the-art catalysts
reported in the literature under similar reaction conditions under
200 °C (<200 °C)"** (Fig.1c and Supplementary Table 3). Tests of the
long-term stability of the MOF-enshrouded catalyst (that is, 3,600 h
at 180 °C) showed no signs of decay in either activity (16.6% average
conversion) or selectivity (79.0% average CH,OH selectivity) (Fig.1d).
Scanning transmission electron microscopy (STEM) images show
that the size and morphology of PtMo,0,,@NUIK crystallites are well
maintained post-reaction (Supplementary Figs. 8 and 9). No aggre-
gated nanoparticles or clusters were observed on the exterior surfaces.
Thisindicates that PtMo,0,,@NUIK is robust for the low-temperature
hydrogenation of CO, to methanol. The current selectivity, while not
yetideal, is partially compensated by exceptional stability that extends
catalystlifespan and reduces replacement downtime. This advantage
supportsits potential in specific process scenarios requiring ultralong
operation cycles, withimproving selectivity remaining a core goal for
future research.

By contrast, PtMo,0,,/ZrO, and Pt@NUIK were deliberately
selected as control samples with similar Pt loading amounts for sys-
tematic comparison. Since NUIK is a Zr-based MOF, ZrO, was cho-
sen as a conventional oxide support to evaluate whether the MOF
confinement effect (rather than mere Zr-related interactions) is
critical. The as-synthesized PtMo0,,/ZrO, exhibited a low CO,
conversion of 3.9% with a low CH;O0H selectivity of 3.3% at 180 °C
(Fig. 1d and Supplementary Fig. 10). The TEM image revealed that
without MOF nanoconfinement, PtMo,0,, clusters aggregated into
large nanoparticles of around 10 nm on ZrO, support after catalysis
(Supplementary Fig. 11), exposing fewer active sites and leading to
substantially lower activity. This highlights the indispensable role of
NUIK’s porous structure in stabilizing dispersed clusters. Pt@NUIK,

which consists of 2-nm Pt nanoparticles uniformly dispersed on NU1K
(Supplementary Fig.12), showed negligible activity, with only 0.6% CO,
conversionand 9.3% CH,OH selectivity at 180 °C (Fig.1d). The absence
of MoO, in Pt@NUIK allowed us to decouple the contribution of syn-
ergistic Pt-Mo interactions. The inferior performance of Pt@NU1K
underscores theimportance of MoO,inmodulating Pt’s electronicstate
and catalytic behaviour. Under identical reaction conditions, these
Pt-based reference samples exhibited much lower activity with CO as
the dominant product. By contrast, PtMo,0,,@NU1K demonstrated
two orders of magnitude higher yield with methanol being the primary
product (Supplementary Fig. 10).

To demonstrate the uniqueness of the synergistic effect between Pt
and Moinselectively producing methanol, two other Pt-based polyoxo-
metalates (POMs), PtV,0,sand PtW,0,,, were successfully confined within
the c-pores of NUIK, as comparative catalysts for CO, hydrogenation”**
(Supplementary Figs. 13-22). At 180 °C, the CO, conversion rates of
PtV,0,s@NUIK and PtW,0,,@NU1K were 2.2% and 2.3%, with methanol
selectivities of31.3% and 41.0%, respectively (Fig. 1d). Both the activity and
methanolselectivity of these catalysts were considerably lower thanthose
of PtMo,0,,@NUIK under the same reaction conditions, highlighting the
unique advantage of the PtMo,0,, cluster in selectively generating metha-
nol.Inaddition, Anderson-type polyoxometalate clustersincorporating
other transition or main-group metals, namely ZnMo,0,,and AIMo,O,,,
were also synthesized and encapsulated into the c-pores of NUIK for
comparative CO, hydrogenation tests*>* (Supplementary Figs. 13 and
23-27).Theresults showed that these clusters exhibited almost no cata-
lyticactivity atlow temperatures, with CO, conversion remaining below
1.0% even at 200 °C (Supplementary Table 3). The observed negligible
CO, hydrogenation activity (conversion <1.0% at 200 °C) is probably
attributable to the inherently weak hydrogen dissociation capability of
these base metals. These results collectively substantiate Pt’s irreplace-
ability in facilitating the catalytic cycle, while the MOF matrix enhances
stability and site accessibility.

To elucidate the role of MOF-NUIK in the catalytic reaction, we
compared PtMo,0,,@NUIK to unsupported PtMo,0,,, and to the clus-
ter supported by three structurally similar MOFs: NU901, NU1008 and
Hf-NUIK (Supplementary Fig. 28). At 180 °C, the CO, conversion of
pristine PtMo,0,, without NUIK confinementis only 3.6%, much lower
thanthe15.7% achieved by the NU1K-confined single-cluster PtMo,0,,
(Fig.1d). This is mainly attributed to the very low specific surface area
and lack of porosity of pristine PtMo,0,, (less than 10 m?g™), which
prevent reactant gas molecules from accessing the vast majority of
clusters, thereby limiting catalytic performance (Fig. 1a). NU901 is a
polymorph of NUIK, sharing the same metal-oxide nodes and organic
linkers, but differing in topology. NU901 contains 12 A diamond-shaped
micropores, whereas NUIK features 31 A hexagonal mesopores and
12 A triangular micropores? (Supplementary Figs. 29-32). The
c-pores of NU901, however, are identical to those of NU1K and thus
present identical sites for immobilizing catalytic clusters. The CO,
conversion and methanol selectivity of PtMo,0,,@NU901 were 9.0%
and 55.0%, respectively, both lower than those of PtMo40,,@NU1K
(Fig. 1d). This performance difference may be attributed to the less
favourable mass transfer of reactant and product molecules within
micropores compared withmesopores. NU1008 shares the same topol-
ogy as NUIK but differs in the organic linkers: NUIK uses tetratopic
1,3,6,8-(p-benzoate)pyrene (TBAPy*) linkers, while NU1008 employs
1,2,4,5-tetrakis(4-carboxylated-phenyl)-3,6-dibromobenzene (TCPB*")
linkers. This compositional variation results in smaller c-pore dimen-
sions (4 A x10 A) in NU1008 compared with those in NUIK (8 A x 10 A)
(ref. 28) (Supplementary Figs. 33-36) and permits the POM to be sited
onlyinamore constrained way. Although NU1008 possesses mesopores
that facilitate molecular diffusion, the CO, conversion and methanol
selectivity of PtMo,0,,@NU1008 were 12.1% and 61.5%, respectively,
slightly lower than those of PtMo,0,,@NUIK (Fig. 1d). These results
suggest that the narrower c-pores may restrict effective contactbetween
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Fig.1| Catalytic properties of different catalysts in CO, hydrogenation
tomethanol. a, A flow chart for the preparation of PtMo0,,@NUIK.

b, A comparison of the net STY,,.snanoi (Calculated based on the amount of catalyst)
on the Cu/Zn0O/Al,0, (CuZnAl) and PtMo,0,,@NUIK catalysts from 100 °C to
200 °CataGHSV of 1,500 ml g.,. " h™. ¢, A comparison of the per-pass yields

over PtMo,0,,@NUIK and other state-of-the-art catalysts under 200 °C (see
Supplementary Table 3 for details). d, CO, conversion and product selectivity

over Pt@NUIK, PtM0,0,,/Zr0,, PtV,0,,@NUIK, PtW,0,,@NU1K, PtMo,0,, SC,
PtM0,0,,@NU901, PtMo,0,,@NU1008, PtMo,0,,@Hf-NU1K and PtMo,0,,@NUIK
catalystsat 160 °C, 180 °Cand 200 °C, respectively. e, Stability testing of
PtMo,0,,@NUIK in CO, hydrogenation at 1,500 ml g.,. ™ h™, with selectivity and
conversion monitored over 3,600 h. The activity tests were conducted using a
tubular fixed-bed reactor at 50 bar with an H,/CO, ratio of 3:1.

gasmolecules and the reactive centre of the PtMo40,, cluster. Hf-NUIK
has the same topology, and essentially the same pore dimensions, as
NUIK but differs in the chemical composition of the metal-oxide nodes,
whichare Hf(11;-0),(5-OH) ,(H,0) ,(OH),* and Zr ,(115-0) ,(i13-OH) ,(H,0),
(OH),%, respectively” (Supplementary Figs. 37-40). The CO, conversion

and methanol selectivity of PtMo,O,,@Hf-NUIK were 15.7% and 75.9%,
respectively, comparable to those of PtMo,0,,@NUIK (Fig. 1d). These
results indicate that the primary active sites for the catalytic reaction
are probably the PtMo,0,, clusters located within the c-pores, rather
than the zirconium-oxide nodes.
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Fig. 2| Insitu X-ray scattering characterization of PtMo,0,,@NUI1K duringH,
activation and reaction conditions. a,b, Crystallinity and topology evolution
of PtMo,0,,@NUI1K monitored by in situ XRD during a temperature cycle (room
temperature - 200 °C - room temperature) under H, activation (a) and reaction
conditions (b). c-f, The location of the PtMo,0,, clusters within the NU1K

framework revealed by the DED of a fresh sample (c), H, activation (d), reaction
conditions at 200 °C (e) and post-reaction (f). g,h, The local structural evolution
oftheisolated PtMo,O,, cluster confined in the c-pore of NUIK tracked by in situ
dPDF during H, activation (g) and reaction (h), with atemperature ramp from
room temperature to 200 °C and back. RT, room temperature.

In summary, the NU1K material possesses a mesoporous struc-
ture that can facilitate efficient mass transfer of reactant and product
molecules. Its c-type pores not only stably confine the PtMo,0,, single
clusters (8.6 A x 7.8 A x 3.1 A), preventing their aggregation during the
reaction process, butalso provide accessible active interfaces for reac-
tant molecules (Supplementary Fig. 28 and Supplementary Table 2).
Furthermore, NUIK(Zr) can be easily synthesized on a large scale®.
These advantages collectively make NU1K(Zr) an ideal support for
confining PtMo40,, single clusters.

Structure and active sites identification

Powder X-ray diffraction (PXRD) and pair distribution function (PDF)
analyses confirmed that PtMo,0,, was successfully incorporated into
the c-pores of NUIK without disrupting the long-range order of the
framework (Fig.2a,c, Supplementary Fig.1and Supplementary Fig. 41),
consistent with previous reports'. During ramping of H, activation,
relative peak intensities in PXRD changed while the space group of
NUIK (P6/mmm) was retained (Fig. 2a). The difference envelope density
(DED) mapsindicated that the location of the PtMo,0,, clusters within
the c-pores remained unchanged (Fig. 2d). Differential PDF (dPDF),
obtained by subtracting the PDF of NU1K from that of PtMo,0,,@NUIK

at corresponding temperatures, revealed local structural changes
associated with PtMo,0,, (Supplementary Fig. 1). Specifically, the
intense peak at ~3.3 A, attributed to metal...metal distances within
the PtMo,0,,, decreased in intensity, while a peak emerged at -2.7 A
(PtMo,0,,-R). This shorter metal...metal distance is below the known
bond lengths of metallic Pt or Mo. At the same time, the peak inten-
sity associated with metal-oxygen distances decreased, indicating
partial reduction of the metal-oxygen bonds. During the dwelling,
there was increased peak intensity at 2.7 A in dPDFs (Fig. 2g and
Supplementary Figs. 42a and 43a).

During CO, hydrogenation, the PXRD, DED and dPDFs results
consistently suggested that both structures of the PtMo,O,,-R clusters
and the NUIK framework were structurally stable. No phase trans-
formations or different crystalline phases were observed in PXRD
(Fig.2b). DED showed that PtMo,0,,-R continued to be located within
the c-pores (Fig. 2e,f), with no evidence of cluster migration/leaking
oraggregation under catalytic reaction conditions. The dPDFs showed
nonotable changes other than anincrease in the peakintensity at 2.7 A
(Fig.2h). Variations from 3.0 to 3.7 Awere attributed to reversible struc-
tural changes of the NUIK reference PDFs at different temperatures
(Supplementary Figs. 42b and 43b).
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Fig. 3| Microstructure characterization of the fresh and reduced
PtMo,0,,@NUIK catalyst. a, XANES (Pt) gives the oxidation state. The inset
shows fitting curve and parameters for EXAFS data at the Pt L,-edge for
PtMo,0,,@NUIK-R. b, A Pearson correlation matrix for the simulated PDFs

and experimental dPDFs identifies the most promising candidates for further
analysis. ¢, Thelocation and atomic structure of PtMo,0,,@NUIK-R clusters
were determined based oninsitu DED, dPDF and XAFS analyses.d, CO-DRIFTS
of two samples retain the CO adsorption mode observed in the DRIFTS.K-M, the
Kubelka-Munk function. e, In situ DRIFTS of H, activation on PtMo,0,,@NUIK

were recorded at different temperatures (7). f, EPR investigation of activated
PtMo,0,,@NUIK catalyst, NUIK, Mo,0,,@NUIK and fresh samples. The inset
shows anenlarged view of the O, region infto highlight the microscopic features.
g-i, Different magnification (50 nm (g) and 5 nm (h)) Cs-corrected high-angle
annular dark-field-STEM images of PtMo,0,,@NUIK viewing along the c-axis,
showing that the PtMo,0,, clusters are precisely encapsulated in the c-pores of
NUIK, with the corresponding atomic model (i) from the dashed-red framein h.
j—m, EDS mapping of PtMo,0,,@NUIK (j), indicating ahomogeneous distribution of
zirconium (k), platinum (I) and molybdenum (m). K-M, Kubelka-Munk function.

Insitu X-ray absorption spectroscopy (XAS) was used to track cata-
lyst structural changes during H, activation. Normalized X-ray absorp-
tionnear-edge spectroscopy (XANES) plots showed that the white-line
intensity of PtMo,0,,@NUIK-R is between Pt foil and PtO, (Fig. 3a),
which indicated that the valence of Pt in PtMo,0,,@NUIK-R is lower
than +4. The extended X-ray absorption fine spectroscopy (EXAFS)
analysis for the central Pt showed that the coordination number of the
first Pt-0 shell decreased markedly and the Pt--Mo/O peak at ~3.3 A
disappeared (Supplementary Figs. 44 and 45). EXAFS curve fittings
showed that the coordination numbers of Pt-O decreased substan-
tially from 6.0 to 2.0 after H, reduction. The more rapid declinein the
amplitude of k>-weighted oscillations inthe high krange (~8to12 A™) of

PtMo,0,,@NUIK-R (Supplementary Fig.46) alsoimplied a pronounced
decrease in coordination of the Pt. Notably, a peak corresponding to
Pt-Mo bonds appears at ~2.74 A. The results of EXAFS fitting data are
summarizedin Supplementary Table 4, which provides parameters for
subsequent density functional theory (DFT) modelling. DFT calcula-
tions used Gaussianlé to simulate the structural transformation by
adding hydrogen atoms to PtMo,0,, and then calculating the relaxed
geometries® (see ‘Computational detailsand DFT calculations’ section
inthe Methods). Screening of 115 computationally simulated models
against experimental PDF and XAS data for PtMo,0,,@NUI1K-R (Fig. 3b)
were performed to assess the structural changes during reaction.
Amongthem, the file that gave the best match (Supplementary Fig. 47,

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-026-02104-x

file 88) was used to assess the reaction network. Among different
models, shorter Pt-Mo distances were consistently observed when
;-0 wereremoved (as water; Supplementary Fig.47). Inthese models,
the Pt coordination changes from six-coordinate octahedral PtO to
two-coordinate PtO,, ageometry that provides opensites for binding
gasmolecules. Earlier spectroscopic characterizations and DFT calcula-
tions confirm that when activated under areducing atmosphere, the
central Pt site protruded from the Mo, ring, leaving it more exposed,
with alower coordination number. Combining comprehensive insitu
synchrotronradiation characterizations with theoretical modelling, we
have successfully reconstructed the atomic structure of the PtMo,0,,
cluster confined in the c-pores of NUIK under reaction conditions
(Fig. 3¢), which is essential for elucidating the reaction mechanism
and establishing structure-activity relationships.

CO adsorption DRIFTS of the PtMo,0,,@NUIK showed a single
peak near 2,004 cm™ (Fig. 3d and Supplementary Fig. 48), assigned
to CO linearly adsorbed on isolated cationic Pt. The peak shifted
towards lower wavenumber at 1,999 cm™ after reduction®, with a
markedincrease inintensity (Fig. 3d and Supplementary Fig. 48). The
CO-DRIFTS results confirmed the preservation of isolated Pt sites, with
the exposed sites facilitating CO adsorption, consistent with the XANES
and EXAFS results. To investigate the H, activation process, in situ
DRIFTS were collected at temperatures from 30 °C to 200 °C under
ambient10% H,/Ar flow conditions. As shownin Supplementary Fig. 49,
a series of infrared bands at 3,600 cm™ corresponding to different
stretching vibrations of hydroxyls could be observed upon H, activation
at200 °C, demonstrating the combination of protons with O atoms™.
Meanwhile, a single peak at 2,031 cm™ corresponding to a Pt-hydride
vibrationwas captured*, providing strong evidence for heterolytic dis-
sociation of H,. Thatis, H,undergoes heterolytic dissociation induced
by Pt®* and spills over to the surrounding u,-O atoms in PtMo,0,,, gen-
erating O-H and Pt-hydride species (Fig. 3e). After sample heatingin H,
at 200 °C for an hour, the Pt-hydride vibration intensity decreased as
the temperature decreased (but still observable) at room temperature
as shown in Supplementary Fig. 50. The intensity decrease implies
thatthe activation of H,on the PtMo,O,,@NUIK catalyst is reversible.
Electron paramagnetic resonance (EPR) spectra were employed to
investigate the active sites for CO, activation. As shown in Fig. 3f, two
types of EPRsignals appeared on PtMo,0,,@NUIK-R. One s assigned to
the Mo’ ions withabroad axial resonance atg, =1.9378 and g, =1.8758
(ref. 35), the other sharp and nearly symmetric resonance is dueto a
free electron trapped in oxygen vacancies (Oy) at g=1.9973 (ref. 33).
Vacancies are anticipated based on net extraction of neutral oxygen
by H,toformwater, leaving behind two electrons per extracted atom.
Therole of oxygen vacancies is probably to trap the CO, molecule. We
speculate that the CO, moleculeisactivated by electron transfer from
Pt® and Mo®". If the central Mo in the Mo,0,, cluster is replaced with Pt,
the concentrations of oxygen vacancies and Mo*" in PtMo,0,,@NU1K
increase markedly compared with Mo,0,,@NUIK. We attribute the
increase to accelerated hydrogen dissociation on Pt** and to hydrogen
spillover to the nearest u,-O and peripheral Mo 0, nanorings™.

To observe the interior structure, ultramicrotomy was used to
slice the microcrystals thinly (~70 nm), facilitating the alignment of
the structure along the [001] direction. Given that the reduced and
post-reaction samples are highly reactive in air (with observed spark-
ing or combustion phenomenon) and that the ultrathin slicing process
inevitably involves exposure to moisture, these factors may all lead to
changesinthesamplestructure. To accurately analyse the position of
the clustersinNU1K, we used fresh samples for slicing and analysis. Typ-
ical STEM and enlarged images of PtMo,0,,@NU1K acquired along the
[001] direction are shown in Fig. 3g,h and Supplementary Fig. 51. The
high-resolutionimages clearly display the ordered structure of NUIK,
revealingits characteristic hexagonal channels (31 A) and smaller trigo-
nalchannels (12 A) in certain regions. Notably, the empty hexagonal and
triangular channelsin Fig. 3h confirm that the clusters are exclusively

located within the c-pores rather than residing in the ab-plane chan-
nels, with the Ptatom of the disc-shaped cluster being accessible from
boththe mesopore and the micropore, whichaligns with the DED data
in Fig. 2c. The corresponding atomic model of PtMo,0,,@NU1K-R
from the dashed-red frame in Fig. 3h was fabricated in Fig. 3i based
on earlier characterizations”. Energy-dispersive spectroscopy (EDS)
mapping detected signals of platinum and molybdenum elements in
theimaged area, with spatial distributions matching well with that of
zirconium (Fig. 3j—m). These suggest uniform dispersion andisolation
of the PtMoO,, cluster in c-pores throughout the crystal.

In situ DRIFTS measurements (Fig. 4a) were used to track the
evolution of reactionintermediates during CO, hydrogenation. When
the reaction gas (CO,:H, =1:3) was introduced into a PtMo,0,,@
NU1K-R sample, CO* and CH,0* species (with the asterisk indicating
the adsorbed state) were observed. The peak at 1,999 cm™is assigned
to linearly adsorbed CO*, while the peak at 2,035 cm™ is assigned a
Pt-hydride vibration. The peaks at 1,032, 2,859, 2,871, 2,905 and
2,941 cm™ are attributed to a C-O stretching vibration v(CO), C-H
symmetric and C-Hasymmetric stretching vibrations v(CH) of CH,0*,
respectively?”, The peak intensities increased with increasing tem-
perature (Fig.4a), implying that CO*and CH,;0* areintermediatesin the
catalytic hydrogenation of CO,to methanol. The time course of inter-
mediate formation suggests that decomposition of CO,to CO*occurs
first, followed by hydrogenation of CO* to form CH,0*. The DRIFTS
results (Fig. 4a) strongly suggest that CO, hydrogenation proceeds via
the RWGS (CO, + H, » CO + H,0) and subsequent CO* hydrogenation
(the RWGS + CO-hydro pathway)*. These results clearly demonstrate
that CO, activation and hydrogenation occur over the PtMo,0,,-R
cluster, even under ambient pressure and room temperature condi-
tions. When the pressure was increased to 1.5 MPa, DRIFTS intensities
ofallintermediate speciesincreased over time. Among them, a peak at
2,745 cm™ emerges, characteristic of the formate species (HCOO*)*;
meanwhile, the amount of CO intermediates generated increases
substantially, with its concentration exceeding that of the formate
intermediates (Fig. 4a and Supplementary Fig. 52). Building on the work
of Schlogl, Behrens and Studt regarding the competition between the
CO*and HCOO* pathways on Cu**"*?, we used ®C isotopic labelling and
measured methanol formation rates under varying gas compositions
to distinguish the dominant reaction mechanism. Isotopic labelling
experiments were used to determine the CO* pathway during the
reaction using'>CO, + H,and 2CO, +*CO + H, as reaction gases, respec-
tively. The gas chromatography-mass spectrometry experiments in
Supplementary Fig. 53 show that *CH,0H appeared when co-feeding
BCOinreaction gas at reaction conditions, confirming the existence of
the CO* pathway. Furthermore, the comparable methanol formation
rates (36.2 and 43.2 pmol g.,. * min™ at 200 °C in hydrogen from CO
and CO,, respectively) also suggests that CO is one direct source of
methanol on PtMo,0,,@NUIK-R catalyst* (Supplementary Fig. 54).

Reaction mechanism

DFT calculations were performed to study the underlying reaction
mechanisms (Fig. 4b,c). CO, can chemisorb to oxygen-vacant sites
between Ptand Mo, with carbon binding to Ptand oxygen to Mo. Next,
CO,dissociates to CO* + O*. This step is thermodynamically and kineti-
cally (AG*=1.25 eV) more favourable than generation of either adsorbed
carboxyl (COOH*) (AG*=1.47 eV) or formate (HCOO*) (AG*=1.82 eV)
intermediates (Fig. 4b and Supplementary Figs. 55 and 56). The result-
ing O*is hydrogenated via hydride transfer from the Pt site to form OH*,
which subsequently desorbs as H,O through further hydrogenation.
Desorption of CO* is unfavourable, with a desorption free energy of
2.76 eV, while hydrogenation of CO* to CHO* has a barrier of 1.49 eV.
Thus, hydrogenation of COis favoured over desorption (Fig. 4b). Hydro-
genation of CO*to COH*is both kinetically (AG* = 3.33 eV) and thermo-
dynamically less favourable than CHO* formation, further supporting
CHO* as the preferred intermediate (Fig. 4b). Further hydrogenation
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Fig. 4 |Study on the reaction mechanism of CO, hydrogenation to CH,OH
over PtMo,0,,@NUIK. a, In situ DRIFTS of CO, hydrogenation over the
PtMo,0,,@NUIK catalyst under different reaction conditions. ‘Mo-O-Mo/Pt
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of CHO* to CH;OH proceeds through CH,0* and CH,0* as intermedi-
ates, whose formation are thermodynamically and kinetically more
favourable thanthe formation of CHOH* and CH,OH* asintermediates

(Fig.4b). This finding supports the presence of CH,0* intermediatesin
insitu DRIFTS. Overall, DFT calculations suggest that CO, hydrogena-
tionto methanol primarily follows direct CO, dissociation (RWGS-like)
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coupled with subsequent CO hydrogenation: CO,* > CO* + O* > CO* +
OH* > CO* > CHO* » CH,0* » CH,0* » CH,0H* (Fig. 4b).

Theemergence of aHCOO*intermediate at high temperature and
pressure suggests asecond pathway could become viable under those
conditions. HCOO* forms owing to direct hydrogenation of CO,*. DFT
calculationsindicate that CO,* hydrogenation to COOH*is more favour-
able; however, the COOH*intermediate facilely connects to the RWGS
pathway owing to arelatively low barrier (AG* = 0.72 eV) for dissociation
to CO* + OH*(Fig.4b). Thisis inalignment with the observation of CO*
species in in situ DRIFTS. On the other hand, HCOO* species that are
formed would be converted to HCOOH* (AG* = 0.87 eV), which then
would be converted to CHO* + OH* (AG* = 0.76 eV) before reconnect-
ing main hydrogenation channel after OH* removal as water (Fig. 4b
and Supplementary Fig.57). These findings support the experimental
observation of HCOO*as astable catalystintermediate: COOH* species
readily dissociate to CO* + OH*and probably have low coverages, while
higher energiesin the formate pathway slows HCOO* conversion, lead-
ing to observation of unconverted HCOO* on the catalyst. Overall, the
formate pathway is less competitive than the direct CO, dissociation
and COOH* routes owing to the larger barrier to HCOO* formation
(AG*=1.82eV) that exceeds direct CO, dissociationand COOH* forma-
tion (AG*=1.25eVand1.47 eV, respectively). This finding supports the
experimental finding that trace amounts of HCOO* only emerge in high
temperature and pressure conditions.

Conclusion

Themainproductsof CO,hydrogenationonPt-based catalystsarewidely
reported to be CO and water”****, as also observed with our control cat-
alyst PtMo,0,,/Zr0,, Pt@NUIK, PtV,0,,@NUIK and PtW,0,,@NUIK.
By contrast, we find that well-defined PtMo,0,, clusters, when iso-
lated and stabilized by Zr-MOF confinement, are catalytically com-
petent for CO, hydrogenation to methanol. In situ spectroscopic
measurements together with DFT calculations give clear picture of
H,-activated PtMo,0,,-R. Notably, H, is heterolytically dissociated on
isolated, single-atom Pt sites to produce Pt-hydride and -OH species;
CO, is trapped by an oxygen vacancy and subsequently reacts with
hydrogen species to form CO* and water. Two more cluster-initiated
H, dissociation cycles provide the hydrides and protons needed to
form CH,OH*. At higher pressure and temperature, the HCOO* inter-
mediate appeared. Combined with *C isotopic labelling and meas-
ured methanol formation rates suggest that CO, hydrogenation to
methanol on the PtMo,0,,@NUIK catalyst proceeds predominantly
through the RWGS + CO-hydro pathway, with the HCOO* pathway
acting as an auxiliary route that may occur under high temperature
and pressure. The PtMo,0,,@NUIK catalyst achieved per-pass yields
ranging from 1.2% at 100 °C to 13.1% at 200 °C, exceeding that of the
state-of-the-art catalysts under similar conditions. PtMo,0,,@NU1K
displayed excellent durability, that is no detectable loss in activity
or selectivity over 3,600 h, making it a simple and promising model
system. This discovery opens a frontier in catalyst development, not
only for low-temperature methanol synthesis and CO, conversion
reactions, but also for other reactions catalysed, electrocatalysed
or photocatalysed by well-defined, molecular-scale inorganic clus-
ters. The uniformisolation and stabilization of single heteroatoms
(catalysts) with clusters that, in turn, are organized and stabilized as
periodic arrays by crystalline MOFs promises to enable fundamen-
tal mechanistic investigations and to facilitate discovery of catalyst
performance-relevant structure-activity relationships.
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Methods

Chemical and materials

Disodium hexahydroxoplatinate (Na,Pt(OH),), sodium molybdate
dihydrate (Na,M00,-2H,0), ammonium molybdate tetrahydrate
((NH,)¢M,0,,-4H,0), zirconium oxychloride octahydrate (ZrOCl,-8H,0),
chloroplatinic acid hexahydrate (H,PtCl,-6H,0), zirconium dioxide
(Zr0,), benzoic acid, dimethlyformamide (DMF), trifluoroacetic acid
(TFA), solvents and reagents were purchased from Sigma-Aldrich with
a purity more than 99%, and were used without further purification.
Ultrapure deionized water (18.2 MQ cm resistivity) was obtained from
aMillipore Milli-Q Biocel A10 instrument (Millipore). All gases used for
the adsorption and desorption measurements were of ultrahigh-purity
grade 5 and were obtained from Airgas Specialty Gases. All solutions
used in experiments were prepared with ultrapure deionized water.

Catalyst preparation

Synthesis of Na,[H,PtM0,0,,]-29H,0 (abbreviated as PtMo,0,,).
The PtMo40,, was synthesized according to the synthesis method
reported in our previous literature'. Light-yellow platinum crystals
were obtained from a mixed aqueous solution containing Na,Pt(OH),
and Na,Mo0,-2H,0. Then 0.7328 g Na,M00O,-2H,0 was dissolved in
5ml H,0 and 0.1732 g Na,Pt(OH), was dissolved in 10 ml H,O. Then
these two solutions were mixed and stirred for 30 min. Crystallization
began after adjusting the pH to 1.8 using 1 mol I HNO,. Crystals were
collected via vacuum filtration.

NU1K synthesis. First, 4.85 g ZrOCl,-8H,0 and 100 g benzoic acid were
mixed in300 ml of DMF in a glass bottle and ultrasonically dissolved.
The clear solution was incubated in an oven at 100 °C for 1 h. In the
meantime,2 gH,TBAPywasadded to 100 mIDMF and heated to 100 °C
for1h. After cooling downto roomtemperature, the H,TBAPy solution
and 2 mI TFAwere added to premade Zr node containing solution and
sonicated for 20 min. The yellow suspension was placed ina preheated
oven at 120 °C for overnight (18 h). After cooling down to room tem-
perature, the yellow powder material was washed with DMF three times
and soaked for about 1 h between washes. To remove the coordinated
modulator (benzoic acid) from the node, an HCl washing step was
performed as follows. The resulting yellow powder was suspended in
650 mlDMF ina glass bottle and 25 ml of 8 M aqueous HCl was added.
This mixture was heated inan oven at 100 °C overnight. After cooling
to room temperature, the powder was washed with DMF three times
and acetone three times (soaked for -1 h between washes) and soaked
inacetone overnight. NU1K powder was collected by centrifugationand
driedinavacuumdesiccator and then activated at Micromeritics Smart
VacPrepinstrument as described later (yield of -2.8 g activated NUIK).

Synthesis of PtMo,0,,@NU1K. In a centrifuge tube, 137 mg PtMo,0,,
was dissolved in10 ml of deionized water. To the solution, 50 mg NU1K
was added and suspended by sonicating for about 1 min. The suspen-
sion was shaken periodically or stirred. After 3 days, the solid was
washed with water two times. Then the solid was washed with acetone
three times. PtMo,0,,@NUI1K was allowed to soak inacetone overnight
toensure adequate removal of water. The yellowish target product was
obtained after dryinginavacuum desiccator before activation on the
Smart VacPrep. The solid material was subjected to inductively coupled
plasma optical emission spectroscopy (ICP-OES) to determine the final
POM loading Supplementary Table 1.

Synthesis of PtMo,0,,/ZrO,. PtMo,0,,@Zr0O, was prepared by
incipient wetness impregnation. The Pt loading content in PtMo40,,/
Zr0O, was comparable to that of PtMo40,,@NUIK, as determined by
ICP-OES analysis.

Synthesis of Pt@NU1K. Pt nanoparticles were synthesized accord-
ing to a modified literature method**. The H,PtCl, solution (6.0 mM)

was prepared through dissolution of H,PtCl¢-6H,0 in ultrapure water.
Then 16.6 mg of PVP (molecular weight of 55,000) was dissolved in
45 ml of ethanol and 5.0 ml of a 6.0 mM H,PtCl, solution was added
dropwise. After stirring for approximately 10 min at room temperature,
the mixture was refluxed for 3 hunder air to form the PVP-stabilized Pt
nanoparticles. Next, 80 mg of NUIK powder was added to the solution
under vigorous stirring at room temperature for 3 h. The resulting Pt@
NUIK was then collected by centrifugation at 5,017g for 10 min and
washed three times with ethanol. Finally, the Pt@NUI1K powders were
dried at room temperature ina vacuum oven.

Catalyst characterizations

XRD analysis. PXRD measurements were performed at the IMSERC
X-ray Facility (Northwestern University) using a STOE-STADI-MP dif-
fractometer configured with an asymmetric curved Ge (111) mono-
chromator for CuKa; radiation (1=1.54056 A),aMYTHEN21 K silicon
strip detector (DECTRIS) and aline-focused Cu X-ray source operating
at 40 kV/40 mA. Sample preparation involved packing the powder in
a 3-mm stainless steel sample holder with polyimide tape windows.
Data were collected in the 2-20° 20 range with 5-10 min exposure
time. Instrument calibration was verified using NIST Silicon standard
reference material 640 days before measurements.

Sorption studies. N, adsorptio-desorptionisotherms were acquired
at 77 K using a Micromeritics TriStar Il 3020 surface area analyser
(Micromeritics Instrument Corp.). Before measurements, approxi-
mately 40 mg of each sample was degassed at 120 °C for 24 h under
dynamic vacuum (<10 pm Hg) using a Micromeritics Smart VacPrep
preparation station. The Brunauer-Emmett-Teller specific surface
area was calculated from the adsorption branch in the relative pres-
sure range (P/P,) of 0.005-0.05. Pore size distributions were derived
from the adsorption isotherms using DFT calculations with a carbon
slit-pore model and N, adsorption kernel at 77 K.

ICP-OES. Elemental analysis was performed using a Thermo Scientific
iCAP 7600 ICP-AES system operating across the 166-847 nm spec-
tral range. Samples (2-6 mg) were digested in 2-3 m concentrated
HNO; (trace-metal grade, Fisher Scientific) with heating in a Biotage
SPX microwave reactor (software version 2.3, build 6250) at 150 °C
for 20 min. The digestate was diluted to 10-13 ml final volume with
Milli-Q water (18.2 MQ cm) and quantification was achieved by moni-
toring three/four emissionlines per element: Pt (265.945,214.423 and
203.646 nm), Mo (202.030, 204.598 and 203.844 nm), Zr (339.198,
343.823and 327.305 nm), W (339.198,343.823,327.305 and 349.621 nm),
V (310.23,292.402, 290.882 and 309.311 nm), Zn (202.55,206.19 and
213.86 nm) and Al (309.27,396.15, 237.34 and 308.22 nm). Calibration
utilized seven-point standard curves (1.563, 3.125, 6.25,12.5, 25,50 and
100 ppm) prepared from certified reference materials (high-purity
standards) for each analyte.

The EPR spectra were acquired at room temperature using a
JEOLJES-FA200 spectrometer. Before measurement, samples (NUIK,
Mo,0,,@NUIK and PtMo,0,,@NUIK) were pretreated under 5% H,/Ar
flow at 200 °Cfor1h. After cooling to ambient temperature under reac-
tiongas, the quartzreactor was sealed and transferred to anargon-filled
glovebox (0, <0.1 ppm, H,0 <0.1 ppm). Samples were transferred
under argon protection to quartz EPR tubes (4 mm optical density)
and sealed. The operating conditions of the EPR spectrometer were
asfollows: microwave power 1 mW, y-microwave frequency (MHz) and
H-resonance field (mT)

g = 0.07145 x y(MHz)/H(mT).
High-angle annular dark-field-STEM images were recorded on a

JEM ARM20OF cold-field emission microscope equipped witha probe
Cs-corrector operating at 200 kV. The MOF samples were loaded on Cu
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microgrid (300 mesh) forimaging. Theinterior structure of MOF sam-
ples was prepared using a Leica ultramicrotome to slice 70-nm-thick
slices with a Diatome diamond knife. The elemental composition and
distribution were analysed by an energy-dispersive X-ray analyser
(EX-230**BU EX-37001) mounted on the electron microscope. The
crystalline structure was analysed using Gatan DigitalMicrograph
software 3.53.4137.0.

In situ X-ray total scattering measurements. High-energy X-ray total
scattering data (1= 0.2115 A) were acquired at beamline 11-ID-B for
PDF analysis and at beamline 17-BM for DED analysis at the Advanced
Photon Source (APS), Argonne National Laboratory. Powder samples
of PtMo40,,@NUIK and NU1K were packed into a1.0-mm ID quartz
capillary mounted on a flow-cell reactor® to evaluate the structural
changes during the H, activation and CO, hydrogenation to methanol.
The samples were first heated to 200 °C in 20 sccm of 10% H, in He at
ramp rate of ~10 °C min™ and annealed for 1 h. After cooling to room
temperature and purging with He, the samples were reheated to 200 °C
in mixture of 18 sccm of H, and 6 sccm of CO, at the same ramp rate.
Scattering data for PXRD and PDF analyses were collected at two dif-
ferent sample detector distances. Two-dimensional scattering images
were reduced to one-dimensional data arrays using GSAS-1I*°. PDFs
were extracted from the total scattering data with PDFgetX3 (refs.
47,48). The dPDFswere obtained by subtracting the reference PDF data
of NU1K-formate free at 200 °C from that of PtMo,0,,@NUIK using
fityk***°. Pawley refinements were performed in TOPAS7" to determine
lattice parameters and peak intensities. The difference envelope densi-
tieswere calculated by scaling and subtracting the structure envelopes
of pristine, formate-free NUIK from PtMo,0,,@NU1K under identical
conditions®” and visualized using Chimera®.

Model screening based on the PDF data. The PDFs of computational
models were simulated using Diffpy-CMPP*. A Pearson correlation analy-
sis®was applied to compare the similarity between the simulated PDFs
of the models and the experimental dPDFs of the PtMo,0,,-R sample.
The range for the analysis was selected to be 1.5-5.0 A.

In situ XAS measurements were conducted at beamline 5-ID-D
using PIPS detectors at the APS, Argonne National Laboratory, in trans-
mission mode at room temperature. XAS data were collected from
room temperature to 200 °C under a 3.5% H,/N, atmosphere. Spectra
were recorded at the platinum L;-edge (11,564 eV) and molybdenum
Kedge (20,000 eV) in transmission mode. The X-ray beam was mono-
chromatized using a Si (111) monochromator and detuned by 15% to
minimize higher-order harmonic contributions below the noise level.
Metallic platinum and molybdenum foils were used as energy calibra-
tion references and were measured simultaneously with the experi-
mental samples. PtO,, PtMo,0,,@NU1K and MoO, were analysed as
reference samples. Data processing was performed using the Athena
and Artemis programs within the IFEFFIT package, based on FEFF 6
(refs.56,57). Before merging, spectrawere calibrated against reference
spectra, aligned to thefirst peakinthe smoothedfirst derivative of the
absorption spectrum, background noise was removed and spectra
were normalized to obtain a unit edge step. XAS curve fitting of the Pt
L;-edge was conducted inthe interatomic distance (R) space withinan R
range of 1.25-3.05 A for k>-weighted y(k) functions, employing Hanning
windows (dk=1.0 A) and a krange of 2.65-10.55 A,

In situ DRIFTS measurements were performed on a Thermo Sci-
entific Nicolet iS50 FTIR spectrometer equipped with a mercury-
cadmium-telluride detector and a high-temperature cell with ZnSe
windows. For the DRIFTS CO chemisorption measurement, after
loading 20 mg sample into the cell, the sample was purged with Ar
and a background spectrum was collected. Afterwards, 10% CO/Ar
at a flow rate of 20 ml min™ was introduced to the cell for 20 min to
saturate the sample. Finally, the sample was purged with Ar at a flow
of 20 ml min™ for 30 min to remove the gas-phase CO, and aspectrum

before reduction was collected with 16 scans at aresolution of 4 cm™.
Then the sample was purged with Ar and reduced in 10% H,/Ar at
200 °C. After cooling the sample to room temperature under Ar, a
background spectrum was collected. Afterwards, 10% CO/Ar at a flow
rate of 20 ml min™was introduced to the cell for 20 min to saturate the
sample. Finally, the sample was purged with Ar at a flow of 20 mI min™
for 30 min to remove the gas-phase CO, and aspectrum after reduction
was collected with 16 scans at aresolution of 4 cm™. For the DRIFTS H,
dissociation measurement, after loading freshsample into the cell, the
sample was purged with Ar,and abackground spectrum was collected.
Afterwards,10% H,/Ar ataflow rate of 20 ml minwasintroduced to the
cellwithtemperature graduallyincreased to 30 °C, 50 °C,100 °C,150 °C
and 200 °C, during which the infrared spectra were continuously col-
lected at each temperature with 16 scans ataresolution of 4 cm™. After
aseries of spectrawere collected until the signals stabilized at 200 °C.
The spectra were continuously collected at each temperature during
the process of cooling from 200 °C t0 150 °C,100 °C, 50 °C and 30 °C.
In situ DRIFTS measurements during exposure to CO, + H, reac-
tion gases were performed on a H,-activated sample at different tem-
peratures and pressures. The sample was first reduced in10% H,/Ar at
200°C,0.1 MPafor1h. Thenabackground spectrumwasthen collected
afterreduction step. The reaction gas (24% CO,, 72% H,and 4% Ar) ata
flow rate of 20 ml min™and 0.1 MPa was introduced to the sample for
50 min with temperature gradually increased to 30 °C, 60 °C, 100 °C,
150 °C and 200 °C, during which the infrared spectra were continu-
ously collected at each temperature with 16 scans at a resolution of
4 cm™. Afterwards, a series of spectra were collected until the signals
stabilized at 200 °C. Next, the pressure was gradually increased to
0.5MPa, 1.0 MPa and 1.5 MPa, during which the infrared spectra were
continuously collected at each pressure until it stabilized.

Isotopic labelling experiments. In the isotope experiment, a mix-
ture of reaction gas and C-labelled CO were co-fed in the ratio of
BCO:CO,:H,:Ar of 6:6:18:1. The reaction was conducted at 200 °C under
a pressure of 1.5 MPa and the products were collected through an air
bag and analysed using gas chromatography-mass spectrometry.

Catalyst performance evaluation
The catalytic performance for CO, hydrogenation was evaluated using
atubular fixed-bed continuous-flow reactor (Hefei In Situ Technology).
In a typical reaction, 200 mg of catalyst diluted with 1.0 g of quartz
sand was loaded into the reactor and reduced in 10% H,/N, (0.1 MPa,
30 mlmin™) at 200 °C for 1 h. After reduction, the reaction gas (24%
CO,, 72% H, and 4% Ar) was introduced into the reactor and pressur-
ized to 5.0 MPa at room temperature. The temperature was raised to
200 °C and then decreased to room temperature, with a data meas-
urement every 20 °C, running for 4 h at each temperature. The flow
rate was adjusted to achieve the desired weight hourly space velocity.
The outlet gas was analysed using an online gas chromatograph (Fuli
GC9720Plus) equipped with thermal conductivity and flame ioniza-
tion (FID) detectors. Porapak Q and 5A packed columns connected
to the thermal conductivity detector were used to analyse CO, Ar and
CO, products; whereas a PLOT Q capillary column connected to the
flame ionization detector was used to analyse methane, methanol
(MeOH), dimethyl ether (DME) and other products. The conversion of
CO,, selectivity, space-timeyield (STY) and methanol yield—denoted
as C(CO,), S(CH;0H), STY(CH;0H) and Y(CH,0OH)—were calculated
using equations (2)-(5), based on an internal normalization method
described elsewhere™

Cx,out X FAr,in

®

F =
X,out CAr,out

Feo,in—F
C(C02)= CO,,in COz,out’ (2)

FCOZ,in
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S(CH;0H) = Fonson ®3)
3 _ZXFDME+2><FC2H4+2XFC2H5+FCO+FCH4+FCH30H’
Feo, in X X(CO5) x S(CH;OH
STY(CH,0H) = 222" ¢ lj/) (CH:OH) M(CHsOH),  (4)
Y(CH;0H) = C(CO,) x S(CH;OH), )

where F;is molar flow rate of the product and reactant and Wis the
weight of catalyst sample.

The STY of MeOH was calculated according to equation (4) and
was normalized by the catalyst mass (Zy.on k€. ' h™), where M504 is
the molar mass of methanol (32 g mol™). Note that all data points were
collected after 4 h of reaction to ensure the catalyst reached steady
state at each temperature.

Computational details and DFT calculations
Identification of the cluster structure after H, reduction of the
[PtMo,40,5(OH)]* cluster model was performed systematically through
sequential hydrogenation and dehydration steps. Specifically, starting
froma[PtMo,0,5(OH),]* model, hydrogen atoms were introduced at
oxide (0%), hydroxide (OH") and platinum sites, reflecting the likely
reduction sites under H, and the structure was re-optimized. In cases
where hydrogenadded to y1;-OH could form H,0, the H,0 was removed
and the structure was re-optimized again. A total of 115 candidate
structures were evaluated. Both singlet and triplet spin states were
considered during the geometry optimization process. All structures
were screened against experimental dPDF data. Among these, the
H,PtMoO,, cluster (Supplementary Fig.47) showed the highest Pear-
soncorrelation (Fig. 3b) and reproduced key local structural features,
including shorter metal-metal bond distances and lower coordination
at Ptsites. Similar approaches have previously been used toidentify the
structure of H,-reduced [RhMo,0,5(OH)]* clusters and to determine
encapsulated species in both polyoxometalates and transition-metal
sulfide clusters by matching simulated and experimental dPDFs'%*"¢,
The chemical composition of H, reduced modelled structures is as
follows: (1) HsPtMo,0,, species formed after the addition of H, in the
[PtMo040,5(OH),]* cluster, (2) H,PtMo,0,; species formed after the
removal of one H,0 from the HgPtMo,0,, cluster species, (3) H,Pt-
Mo,0,, species formed after the removal of two H,0 molecules from
the HgPtMo,0,, cluster species, (4) H,PtMo,O,, species formed by the
further reduction of H,PtMo,0,, with H,, (5) H,PtMo,0,, species formed
after the removal of one H,0 from the H,PtMo,O,, cluster species, (6)
H,PtMo0,, species formed after removal of two H,0 from the H,Pt-
Mo,0,, cluster species, (7) HgPtMo,0,, species formed by the further
reduction of H,PtMo,0,, with H, and (8) H,PtMo,0,, species formed
after the removal of two H,O from the HsPtMo,O,, cluster species. DFT
calculations for the ten model structures exhibiting the best agreement
with experimental dPDF data, including key intermediates and transi-
tion states along the CO, hydrogenation pathway, are available in the
ioChem-BD repository®-*>and can be accessed via ref. 63.

DFT calculations were carried out using the Gaussian16 program®.
The geometries of all studied species were optimized in gas phase,
mostly without geometric constraints, except for certain geometries
where the Mo-Mo distances were held fixed to resemble geomet-
ric constraints inside the pore of MOF (Supplementary Fig. 47). The
MO6-L functional and the def2-TZVP basis set for all atomic centres
were employed®*®, Relaxations were carried out using default conver-
gence criteriain Gaussian16. The natures of all stationary points were
confirmed by vibrational frequency analysis: minima exhibited no
imaginary frequencies and transition states were verified as first-order
saddle points with exactly one imaginary frequency. Gibbs free ener-
gies (AG,298.15K,1atm) were obtained from harmonic frequency cal-
culations atthe M06-L/def2-TZVP level of theory, including zero-point,
enthalpic and entropic contributions.

Initial free energies obtained under the rigid-rotor-harmonic-
oscillator (RRHO) approximation (Gggyo) Were refined using Good-
Vibes v3.2to obtain quasi-harmonic free energies (G,,)*°. A vibrational
scale factor of 1.0 was used, and Grimme’s quasi-harmonic scheme
was applied with a 50 cm™ cut off to damp the exaggerated entropic
contributions from low-frequency modes by interpolating between
harmonicand free-rotor limits®’. Allreported G, values were evaluated
at298.15K and referenced to alatm standard state.

Astheunderlying quantum-chemical calculations were performed
onisolated gas-phase clusters, the resulting free-energy profiles rep-
resent upper bounds to the true thermodynamics under MOF confine-
ment, where translational and rotational motionis strongly restricted®®.
To better approximate the confined pore environment, translational
and rotational entropy contributions were neglected and only vibra-
tional and electronic terms were retained when comparing interme-
diates and transition states (Fig. 4b and Supplementary Figs. 55-57).
The vibrational-only free energies (G,;,) were evaluated with the
same quasi-harmonic correction, ensuring low-frequency modes
were treated consistently. At 298.15 K and referenced to the gas-phase
standard state, AG,;, for the most part lie between AG,, and the cor-
responding electronic energies, with the exception of afew reactions
thatoccuronthe catalyst, where AG,;, are lower than but within 0.12 eV
oftheelectronicenergies (Supplementary Fig. 58). Thisillustrates that
AG,;,is aphysically realistic middle ground.

MO6-L is ameta-GGA functional that offers reliable performance
for transition-metal chemistry and catalytic thermochemistry, with
its suitability for CO, hydrogenation catalysis supported by prior
studies®’, In addition, MO6-L has also been successfully applied in
previous works to identify the structures of encapsulated polyoxo-
and polythiolmetalate clusters'®***°, We tested the sensitivity of the
MO6-L-calculated energetics by performing single-point energy
evaluations with other functionals (M06, B3LYP and wB97X-D) on
the M06-L/def2-TZVP geometries for selected reaction steps’
(Supplementary Table 5 and Supplementary Table 6). We find that
therelative barriers and energetic preferences of the various pathways
arenot sensitive to the functional.

Data availability

All other data are available within the Article and its Supplementary
Information and are also available from the corresponding author upon
reasonablerequest. Source data are provided with this paper. MOFkey
isas follows: HZr.HVCDAMXLLUJLQZ.MOFkey-vl.csq (NU-1000).
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