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ABSTRACT: Metal nanoparticles (NPs) encapsulated within Zr-
based UiO-67 metal—organic frameworks (MOFs) have increased w
selectivity toward methanol in CO, reduction reactions. However, %& i

the reduction mechanism in these systems remains unclear. We \

built upon prior work examining the synergistic interaction 8 e

between Pt nanoparticles and ZrsO,(OH), clusters in UiO-67 -
and developed five distinct models representing the possible active
sites in the Pt C MOF system. Density functional theory (DFT)
calculations were employed to elucidate the CO, reduction
mechanism toward methanol, methane, and CO formation. Our W'
findings support previous evidence showing that the interface
between the Zr;O,(OH), cluster and platinum nanoparticles plays a crucial role in the activation of CO, to CO or formate
intermediates and its further reduction to methane and methanol, respectively. Furthermore, we found different CO, hydrogenation
mechanisms for interfaces involving Pt-flat terraces and Pt-edges. On Pt terraces and interfaces near Pt terraces, the reaction goes via
CO, which can be desorbed as CO(g) or be further reduced to methane. On interfaces near Pt-edges, the reaction proceeds via
formate and preferably forms methanol over methane. We designed experiments to validate our computational insights involving
large and small Pt nanoparticles interacting with ZrsO,(OH), clusters. These experiments showed that only CO and methanol were
formed when smaller nanoparticles were present. Notably, methane formed with CO and methanol in the presence of larger
nanoparticles, highlighting the need for flat platinum surfaces at the interfaces for methane formation. We could also associate the IR
signals corresponding to CO and bidentate formate with platinum nanoparticles and Zr,O,(OH), clusters, respectively. Theoretical
models and experimental data provided us with insights into the complexity of the reaction mechanism and emphasized the
significance of understanding both the individual components of the catalytic system and their interactions in enhancing catalytic
activity.

KEYWORDS: UiO-67 metal—organic frameworks, ZrsO,(OH), clusters, platinum nanoparticles, interface model, CO, hydrogenation,
methanol, mechanism, catalysis, density functional theory calculations, experiments

B INTRODUCTION methoxy intermediates at zirconia sites close to the copper
nanoparticles (NPs). The latter activates hydrogen and
facilitates the reaction through spillover, providing a source
of hydrogen. Interestingly, similar mechanisms were also
observed using homogeneous catalysts, e.g,, ruthenium'® and
iron'' catalysts, bridging the gaps between catalysis fields.
Recent studies on CO, hydrogenation to methanol over
metal-functionalized metal—organic frameworks (MOFs) have
focused on unraveling the mechanism of methanol formation
and have brought further evidence of the importance of

Carbon dioxide (CO,) is a primary greenhouse gas
contributing to global warming and ocean acidification’ yet
also a potential carbon source for the postfossil chemical
industry. The high stability of the CO, molecule renders its
utilization energy—dem:.mding.2 Co-reactants such as H, have
sufficient chemical energy to overcome the thermodynamic
constraints of CO, conversion, and CO, hydrogenation over
metal—supported catalysts is currently a hot research field.” As
such, CO, capture and utilization is a promising pathway to
reduce CO, emissions and produce fuels and high-value
chemicals. Received: July 24, 2023

For CO, hydrogenation, the interface between the metal and Revised:  November 22, 2023
support is essential."”® Among the most studied catalyst Accepted:  November 27, 2023
materials for CO, hydrogenation are Cu supported on Published: December 19, 2023
zirconia.”~” Cu-based catalysts supported on zirconia typically
undergo CO, hydrogenation by generating stable formate and
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interaction between the NPs and the support.'*~'* Especially
the UiO-type Zr-MOFs have received much attention due to
their high thermal and chemical stability.'”” The inorganic
cluster in UiO-type MOFs is the zirconium oxo cluster,
Zrs0,(OH),. The cluster consists of six zirconium cations in
an octahedral geometry, with each of the eight facets on the
octahedron alternating, capped by either u*-O or u*-OH
groups.16 For the archetype UiO MOFs, UiO-66 and UiO-67,
the clusters are connected by aromatic dicarboxylic acids, 1,4
benzenedicarboxylic acid and 4,4'-biphenyldicarboxylic acid,
respectively.'” The high stability of Zr-MOFs is attributed to
the strong interaction between the high valent cation, Zr*, and
the carboxylate groups of the linkers."> In ideal UiO-67, each
zirconium cluster is coordinated to 12 4,4’-biphenyldicarbox-
ylic acid linkers, although ideal coordination is rarely
achieved."® When a monodentate capping agent replaces a
linker, it is termed a missing linker defect.

Previously, three contributions have been published on UiO-
67 functionalized with Pt NPs formed in situ.””~"* In these
studies, exceptional stability of the UiO-67-Pt material was
observed, and the solid catalyst showed higher selectivity to
methanol than the reference materials Pt/Al,O5, Pt/SiO,, and
Pt/C (carbon black).'” However, the activity of the material is
limited by the CO poisoning of the Pt NPs. In situ IR
spectroscopy results suggested that methanol is formed via a
formate species and is mechanistically separated from CO and
methane, with the latter being a secondary product of CO. An
inverse kinetic isotope effect (KIE) was observed for the
methanol formation and, in combination with the presence of
stable formate species, the anticipated rate-determining step
(RDS) is the hydrogenation of the formate.'> The methane
formation rate also showed an inverse KIE upon H-D
exchange, suggesting that a hydrogenation reaction is the RDS
for methane formation. No KIE was observed for the
formation of CO, indicating that the formation of CO does
not involve breaking or making H—H, H—C, or H—O bonds in
the RDS. Postsynthetic linker insertion resulted in a notable
decrease in open zirconium sites, leading to a reduction of 60%
in methanol and methane formation rates. In contrast, the
formation rate of CO experienced only a minor decrease.
These results suggest that open zirconium sites are essential for
forming methanol and methane.'* Overall, the findings from
these experimental studies, supplemented by density functional
theory (DFT) calculations, have facilitated the development of
a viable mechanism for forming formate species. These
contributions did not study the subsequent mechanisms for
methanol and methane formation.

For UiO-type Zr-MOFs functionalized with Cu NPs, it was
recently reported that CO, is strongly adsorbed in a tridentate
mode at the interface of the copper NPs and the zirconium
cluster.”” However, no information about the mechanism of
CO, reduction was provided by DFT calculations. X-ray
photoelectron spectroscopy (XPS) analysis of similar Cu-
MOFs showed that Zr in the proximity of Cu NPs is partly
reduced, suggesting strong metal—support interactions.”’
Formate is formed after hydrogen spillover from the Cu
NPs, and the RDS is generally considered the hydrogenation of
surface formate species. Recently, Zhang et al. investigated the
mechanism of CO, hydrogenation to methanol over single-
atom sites in a Zn-functionalized MOF-808. The active site
was found to be Zn**—O—Zr*" sites, and formate was an
intermediate of the mechanism, but interestingly, the RDS was
the cleavage of the C—O bond in H,CO—OH*.*!
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In this study, DFT calculations were used to unravel further
mechanistic insight into CO, methane, and methanol
formation over UiO-67 functionalized with Pt NPs. Fur-
thermore, the effect of the Pt NP size on product selectivity
was evaluated experimentally. Our calculations showed that the
Pt NP size substantially influences product selectivity. A flat Pt
surface interfacing with the Zr-cluster favors adsorbed CO
formation, whereas an edged Pt surface favors adsorbed
formate formation. We also show that formate hydrogenation
is the RDS for methanol formation, consistent with the inverse
KIE associated with a change in hybridization (from sp” to
sp®). The computational findings are supported by exper-
imental results, where methane was only observed as a product
when the catalyst contained large Pt NPs [3.5—12.5 nm] with
a higher abundance of (111) microfacets.

B COMPUTATIONAL DETAILS

In this study, DFT calculations were performed using the
CP2K-8.1 package, where energy and forces were evaluated
using the Gaussian and plane wave (GPW) method”>* as
implemented in the Quickstep module™ of CP2K. We utilized
the PBE functional”’ with the DZVP-MOLOPT-SR-GTH
basis set. The Goedecker, Teter, and Hutter (GTH)
pseudopotentials”® were used to represent core electrons,
while double-{ basis functions were used to represent valence
electrons. Dispersion corrections are implemented using
Grimme’s DFT-D3 approach.””*® Gaussian basis functions
were mapped using a multigrid of size 5, with a cutoff energy of
360 Ry and a relative cutoff of 60 Ry for determining the grid
for Gaussian mapping. A tight convergence cutoff of 1 X 107°
was used for all geometry optimizations and vibrational
analysis.

Free energies are calculated at a temperature of 170 °C and
pressure of 8 bar for all gas phase species and adsorbed and
intermediate species on the active sites. In the case of adsorbed
and intermediate species, a partial Hessian was computed
involving only the atoms of the adsorbates for computational
ease. Thermal corrections for the Gibbs free energies were
computed from frequency calculations, using Shermo pack-
age, ? where translational and rotational contributions were
ignored for the adsorbed species, and only vibrational
contribution was included. Energy barriers were calculated
using the nudged elastic band (NEB) method, starting each
optimization with improved tangent NEB and switching to
climbing image NEB’' when the forces reached a threshold
lower than 0.3 eV/A, followed by a convergence criterion of
0.03 eV/A for CI NEB.

Adsorption AG,, desorption AGy, and hydrogenation AGy
free energies are calculated as follows

AG, = Gy — (Gyp + Gy)

AGd = (GA(g) + G*) - GA*

1
AGh = GAH* - (GA* + EGHZ(g)]

where Gy« is the free energy of adsorbed species, G,(y) is the
free energy of gas phase species, G« is the free energy of the
active site, Gy« is the free energy of hydrogenated species, and
Gi(g) is the free energy of the hydrogen molecule.

https://doi.org/10.1021/acscatal.3c03401
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Figure 1. Model systems developed to study the CO, reduction reaction on a platinum-encapsulated UiO-67 MOF. (a) 1600-atom platinum
nanoparticle encapsulated in UiO-67. (b) Defective zirconium cluster with linkers approximated as formate on top of a platinum (111) surface. (c)
Defective zirconium cluster with linkers approximated as formate on top of an edge of a platinum surface. (d) Platinum (111) surface to simulate
the flat surfaces of large nanoparticles. (e) 55-atom cuboctahedral nanoparticle of platinum to simulate the edges of the nanoparticle. (f) A defective
zirconium cluster was created by removing one benzoate from a zirconium node bonded to 12 benzoate capping agents.

B EXPERIMENTAL DETAILS

The starting material, further denoted as UiO-67, was
purchased from ProfMOF A/S and is UiO-67 functionalized
with 10% 2,2’-bipyridine-5,5’-dicarboxylic acid (BIPY). The
chemical composition of UiO-67 was determined by using an
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already published procedure and was found to be Zr,O,-
(OH),(BPDC)j o, (BIPY), ¢, (benzoate), o, (formate) o, (H,O/
OH)y5."> Using a previously published procedure, UiO-67
was further functionalized by incorporating platinum on the
BIPY linkers.'” Five grams of UiO-67 were submerged in 142 g

https://doi.org/10.1021/acscatal.3c03401
ACS Catal. 2024, 14, 382—-394
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of N,N-dimethylformamide (DMF), and 0.29 g of K,PtCl, was
added, resulting in a 1:2 ratio of platinum/BIPY (denoted
UiO-67-PtCl,). The mixture was heated at 100 °C for 24 h
while stirring before filtration. The isolated material was
dispersed twice in hot DMF and S times in ethanol for 5 min
before drying at 120 °C for 24 h.

Subsequently, pyrolysis of the Pt-containing UiO-67 frame-
work was conducted following two protocols, which produced
materials with large and smaller Pt NPs, respectively. In the
first protocol, UiO-67-PtCl, was first dried for 1 h at 200 °C
under N, in a tubular oven before being modified by reducing
the platinum in a continuous flow of H, at 350 °C for 4 h
(sample denoted UiO-67-Pt). Then, the reduced sample was
cooled and kept at 170 °C for 1 h and subsequently cooled
from 170 °C to room temperature (RT) in argon before being
subject to heat treatment at 550 °C in a continuous flow of N,
for S h (sample denoted Pyr-UiO-67-large NPs). In the second
protocol, UiO-67-PtCl, was first dried at 200 °C in N, for 1 h
before being treated at 550 °C in N, for 5 h. The material was
then cooled to RT before reduction in H, at 350 °C for 4 h
(sample denoted Pyr-UiO-67-small NPs) and cooled and kept
at 170 °C for 1 h before cooling to RT in argon. The Pt NPs in
Pyr-UiO-67-large NPs have a most abundant size of 7.5 nm,
while those in Pyr-UiO-67-small NPs have a most abundant
size of 2.2 nm (Table S3).

Powder X-ray diffraction (PXRD) measurements were
conducted on a Bruker D8-A2S instrument equipped with a
Lynxeye detector and a Ge (111) Johanssen monochromator
to select the Cu K, radiation. Measurements were performed
from 26 = 2—50 with a step size and speed of 0.019° and 1 s,
respectively. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF—STEM) imaging was
performed on a Talos F200X (FEI) microscope at 200 keV,
equipped with an X-FEG electron source and a Super-X
detector. Thermogravimetric analysis (TGA) results were
obtained on a Netzsch STA 449 F3-Jupiter instrument. The
samples were heated to 700 °C using a temperature ramp of 10
°C/min under a 100 mL/min flow of synthetic air using a
crucible of Al,O;. Nitrogen adsorption isotherms were
measured at —196 °C by using a BelSorp mini X instrument.
The samples were pretreated at 200 °C for 2 h under vacuum
using a Belprep vac II instrument. The specific surface areas
were determined by using the Brunauer—Emmett—Teller
(BET) theory. Scanning electron microscopy (SEM) images
were recorded on an FEI Helios NanoLab G3 UC. Samples
were loaded on aluminum stubs using a conductive carbon
tape. The accelerating voltage was set to 2 kV, and the current
was set to 0.10 nA. Microwave plasma atomic emission
spectroscopy (MP-AES) was performed by using an Agilent
4100 MP-AES spectrometer. Prior to the measurements, 10
mg of the sample was dissolved overnight at 150 °C using 0.5
mL of sulfuric acid. H,O, was then added to the hot solution
to remove the carbon, followed by adding 0.5 mL of aqua regia
and heating at 50 °C for two hours. 'H nuclear magnetic
resonance ('H NMR) spectra of the digested MOF were
obtained by using a Bruker AVIII HD 400 instrument. Sample
characterization results are presented in the Experimental
Details section of the Supporting Information.

The catalytic tests were performed using a fixed bed flow
setup inside a commercial Microactivity Effi reactor (PID Eng
& Tech). The setup consists of a stainless-steel reactor (I.D. 6
mm) coated with silicon, connected to an Agilent 8890 gas
chromatogram (GC) equipped with one thermal conductivity
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detector (TCD) and two flame ionization detectors (FIDs).
One of the FIDs was coupled to a methanizer to achieve lower
detection limits of CO and CO,. Before testing, the catalyst
(0.2 g) was first reduced in 10% H, in inert for 4 h at 350 °C,
using a 5 °C/min ramp with a total flow of 40 mL/min. The
samples were tested using a 1/6/2 ratio of CO,/H,/inert (10%
Kr in Ar) at 1—30 bar and 170 °C, with a contact time (7)
equal to 0.01 g, min/mL.

Strategy to Generate Computational Models and
Reaction Pathways. Computational Strategy. The target
system of investigation is UiO-67 MOF functionalized by Pt
NPs in situ formed by sorption of PtCl, onto the BIPY linkers,
followed by high-temperature reduction, as described in detail
in prior publications'>™"* and in the Experimental Details
section. An illustration of how a 2.2 nm Pt nanoparticle
embedded in a UiO-67 MOF will look is presented in Figure
1(a). As represented in the figure, the Pt NPs supported on
UiO-67 have a diameter larger than the diameter of the
tetrahedral and octahedral cavities of the UiO-67 structure,
which causes Zr-nodes to be displaced and decorate the
surfaces and edges of the NP. Prior studies demonstrated the
importance of the Pt NP—Zr-cluster interface as a CO,
hydrogenation site, particularly the key role of open Zr sites
for methanol formation.'>'* However, the interaction of Pt
NPs and MOF support and the missing linker defects that are
inherent to the Zr,O,(OH), clusters provide many possible
active sites for CO, hydrogenation reaction; these include
missing linker defect sites in MOFs, platinum terraces/edges
on the nanoparticle, and the interfaces of displaced Zr-clusters
and Pt NPs. To decrease the computational cost of this
comprehensive study, we constructed simple models separating
the identified active sites that could be studied independently.
In the interface models, formate was used as a computational
model for capping agents such as a linker, a linker fragment, a
modulator, and formate generated from the CO, reduction.

To study the interface between Zr-clusters and platinum
NPs, we needed two separate systems that simulate the
interface between the Zr-cluster and the Pt NP terraces and
edges. While creating these models, we found that the Zr-
cluster with formate capping agents can be adsorbed on the Pt
NP in two different orientations, one with three formates
pointing toward the surface and one with four formates
pointing toward the surface, as shown in Figure S17. These
two orientations relate to the NP growth on the tetrahedral
cage (3-formates) or octahedral cage (4-formates), as shown in
Figure S18.

Zr-clusters with one, two, and three missing linker defects
were also adsorbed on the Pt(111) surface. These calculations
showed that the Zr-cluster with two defects adsorbed on
Pt(111) in a 3-formate orientation has the lowest energy,
considering adsorption and linker dissociation energies (Table
S2 in the SI). This result and previous calculations suggesting
that the NP growth occurs in the tetrahedral cage to maximize
the Pt-linker interaction'’ made us select the 3-formate
orientation for our study. Defects on the adsorbed Zr-cluster
could result from initial missing linker defects or obtained
during the reduction process.

Taking these considerations into account, the Zr-cluster with
two removed formate capping agents adsorbed on a 3 atomic
layers thick platinum (111) surface periodically repeated in an
(8 x 8) supercell (Zr-cluster/Pt(111) model) was used to
simulate the Zr-clusters situated on terraces of Pt NP. To
simulate the interaction between the Zr-cluster and the edges
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TS_CH3;0H
[0.81)*

Figure 2. Calculated free energy (in eV) diagrams and energy barriers for CO, reduction reaction toward methane and methanol formation on Zr-

cluster/Pt(111) model at 170 °C and 8 bar.

of the nanoparticle (Zr-cluster/Pt-edge model), we took the
same model and removed Pt atoms from the first two layers,
creating an edge-like feature. Our group has used a similar
approach to study the hydrogen evolution reaction on Pt
NPs** and N, dissociation barriers for Ru NPs.>* This model
was also repeated in an (8 X 8) supercell. These two interface
systems are represented in Figure 1(b) and Figure 1(c).

The next set of active sites is on the flat surface of the
platinum nanoparticles (i.e., microfacets), which was modeled
by a Pt(111) slab of 3 atomic layers thickness periodically
repeated in an (8 X 8) supercell, as shown in Figure 1(d). The
close-packed (111) facet was chosen since it is the most
abundant and lowest energy facet of a cuboctahedral NP. The
choice for a three layers thick slab was made because,
according to previous studies, it is a good compromise between
accuracy and computational time.*>*® In addition, similar CO
hydrogenation energies were obtained using Pt slabs from
three to six layers (Table S1). The bottom two layers of the
Pt(111) slab and Zr-cluster/Pt(111) model and the bottom
one layer for the Zr-cluster/Pt-edge models are constrained for
computational ease. A cuboctahedral Ptys nanoparticle with a
diameter of approximately 11 A (~1 nm), as shown in Figure
1(e), is used to represent the edges as well as (111) and (100)
microfacets of the encapsulated nanoparticles in UiO-67.
Finally, a defective Zr-cluster model was made, stripped down
from UiO-67 to a single zirconium cluster with 12 benzoate
capping agents from which one benzoate was removed to
create an active site. The carbon atoms at the end of the linkers
were constrained in all directions to prevent the cluster from
deforming and simulate the cluster as part of the MOF
framework, as shown in Figure 1(f).

We used the following approach to determine the reaction
mechanism: after CO, adsorption on the active sites, hydrogen
atoms were added to the oxygen or carbon atoms of CO, or to
the 4*-oxygen atoms of the clusters. The hydrogen atoms result
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from the homolytic cleavage of H,(g) on the Pt surface, as
proposed experimentally. Only the pathways with intermedi-
ates that are thermodynamically favorable were calculated
further and are included in the original article or the SI. In
selected cases, kinetic barriers were calculated to differentiate
the formation of key products and intermediates.

Experimental Strategy. The experimental characterization
of pristine (nonpyrolyzed) UiO-67-Pt, reported previously by
us, revealed that Pt NPs had an average diameter of 3.6 nm,
squared borders, and an irregular shape with well-defined
terraces.”” The size of those nanoparticles was significantly
larger than the diameter of the tetrahedral (1.1 nm) and
octahedral (1.7 nm)*”?® cavities of the UiO-67 MOF,
suggesting (and confirmed by DFT calculations) that the
growth of Pt NPs is so energetically favorable that it may break
the bond between the Zr-clusters and the carboxylate-
functionalized linkers. The ensemble of results, including
quantification of formate intermediates by SSITKA experi-
ments,">"* suggested that Zr-clusters close to the Pt NPs were
(partially or fully) detached from the lattice and were
decorating the Pt NPs.

While the effect of linker defects and open Zr sites in UiO-
67 was experimentally investigated in prior contributions, the
effect of Pt NP size was yet unexplored. To this end, we
followed a novel strategy in this contribution, i.e, to produce
Pt NPs with substantially different particle sizes by pyrolyzing
the UiO-67 material after PtCl, sorption, using two different
experimental protocols (see the Experimental Details section).
Using these protocols, the produced materials have the most
abundant diameters of the Pt NPs of 2.2 nm (Pyr-UiO-67-
small NPs) and 7.5 nm (Pyr-UiO-67-large NPs). Character-
ization data for the two materials are presented in Table S3
and Figure S28.
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B RESULTS

Zrg04(OH), Cluster on a Pt(111) Surface (Zr-Cluster/
Pt(111) Model). The lowest free energy pathways for the
hydrogenation of CO, to methanol and methane with the Zr-
cluster/Pt(111) model are represented in Figure 2. First, the
adsorption of a gas phase CO, molecule onto the defect site at
the interface is endergonic (0.53 eV), followed by an exergonic
hydrogenation step of CO, to *OCOH (—0.3 eV). This
pathway is thermodynamically and kinetically (Figure S1)
more favorable than the hydrogenation of C to form formate,
which is endergonic (*OCHO, 0.3 eV). The hydrogenation of
*OCOH is also exergonic and yields desorbed H,O(g) and
*CO at the interface, with *CO being the lowest free energy
intermediate (Figure 2). Next, *CO undergoes three ender-
gonic hydrogenation steps, forming *OCHj; through *OCH
and *OCH,.

The *OCH; intermediate at the interface can be hydro-
genated to form methanol or methane, depending on the
hydrogenation of C or O, respectively. While both reaction
steps are exergonic, the energy barrier for hydrogenation of
*OCHj to form methane (2.24 eV) is much higher than for
methanol formation (0.41 eV, Figure 2). In addition, methane
desorbs to the gas phase upon hydrogenation, while methanol
is adsorbed on the interface (Figures S2 and S3 for minimum
energy pathways). From the free energy landscape and kinetic
barriers in Figure 2, methane’s overall activation free energy is
326 eV, and methanol is 1.43 eV. These energies are
calculated as the difference between the transition state to
form and desorb methane and methanol and the energy of
CO*, which is the lowest reaction intermediate.

As the kinetic barrier for hydrogenation of *OCHj; to form
methane was unusually high, we attempted to break the O—C
bond and migrate CH; onto the Pt(111) surface but were
unsuccessful. During NEB optimizations, we noticed that CH;
dissociates to CH, and H that adsorb on the Pt, as shown in
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Figure S12 of the SI. This prompted us to consider the
cleavage of the O—C bond in the *OCH, intermediate to form
the *CH, intermediate on the Pt(111) surface. This step has
an energy barrier of 1.57 eV (Figures 2 and S10). However, the
barrier and free energy state of the *CH, intermediate on the
Pt(111) surface is higher than the hydrogenation of *OCH, to
form *OCH; (Figure S11), the mechanism proceeds toward
methanol, as shown in Figure 2.

From the free energy diagram, the preferred mechanism for
CO, hydrogenation on the Zr-cluster/Pt(111) model goes via
a CO intermediate and prefers methanol formation instead of
methane. These results differ from the experimental observa-
tions for the CO, hydrogenation reaction on the UiO-67-Pt
system from our previous study,”” where the kinetic studies
with H, and D, suggested that formate is a reaction
intermediate for forming methanol. This absence of a formate
intermediate suggests that the Zr-cluster/Pt(111) model may
not represent the most abundant sites for methanol formation
in the experimental system.

From the free energy diagram in Figure 2, methane
formation is not favorable on the Zr-cluster/Pt(111) interface
due to a very high activation energy. However, the CO
intermediate can migrate from the interface to the Pt(111) slab
representing the (111) microfacet of the Pt NP. The free
energy for this migration step is 0.12 eV, after which the
hydrogenation reaction can continue on the Pt(111) surface,
which is discussed below.

Platinum (111) Surface. While studying the hydro-
genation reaction on a Pt(111) surface, we found that
CO,(g) did not adsorb onto the platinum surface. Therefore,
the hydrogenation reaction must start with a concerted step of
CO, hydrogenation and adsorption to form *COOH, which
may involve a substantial kinetic barrier and be a slow process.
However, as explained above, the CO, activation/adsorption
and formation of the *CO intermediate may occur at the Zr-

https://doi.org/10.1021/acscatal.3c03401
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Figure 4. Simulated IR spectroscopy plot of CO adsorbed on the Pts5 nanoparticle at varying surface CO coverage (100, 52, and 28%). The inset
image shows experimental FT-IR spectra of CO linearly adsorbed on the metal nanoparticles.
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Figure 5. Desorption-free energies for CO(g) on a Pt(111) surface slab with increasing CO coverage. Inset images show CO coverage of (a) 25%,

(b) 50%, (c) 75%, and (d) 100%.

cluster/Pt(111) interface, followed by migration of *CO to the
Pt(111) microfacet. On the Pt(111) surface, the *CO
intermediate is hydrogenated to *CHO and then to
*CHOH, as shown in Figure 3. From here, the mechanism
splits into two branches, one of which is the formation of
*CH,OH, followed by methanol desorption and the other
being the formation of *CH + H,O (g), *CH,, and then
*CH,, followed by methane desorption (Figure 3). Compared
with the Zr-cluster/Pt(111) model, forming methane over
methanol is favorable on a Pt(111) surface. The activation free
energy for methanol formation calculated from the lowest
energy intermediate *CO is 2.1 eV. In comparison, the overall
activation free energy for methane formation is referenced to
the lowest energy intermediate of *CHj; and is 1.5 eV.

Our calculations show that the CO migration from the Zr-
cluster/Pt(111) model interface to the Pt(111) surface is
feasible and reduces the activation energy to form methane
from 3.27 eV at the interface to 1.5 eV when hydrogenation
takes place on the Pt(111) slab. These results agree with our
previous experiments, which indicate that the interface
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between cluster and Pt NP facilitates methane formation and
that CO is an intermediate of this reaction."’

The formation of CO in UiO-67-Pt has previously been
experimentally characterized using FT-IR.'> It was observed
that a signal at 2040 cm™" (see the inset in Figure 4), which
was assigned to Pt—CO, was increasing gradually as the
reaction progressed. This signal could not be reproduced
computationally by using a Pt(111) slab. However, studies on
the Ptss nanoparticle show that this CO signal at around 2030
cm™ could be reproduced with varying CO coverages on its
surface (see Figure 4). Our theoretical model also shows that
the intensity increases as the CO coverage varies from 28 to
100%. With these results, we concluded that the edges of the
Pt nanoparticle are responsible for the CO signal and that CO
is a product of the CO, hydrogenation reaction at the interface
of the Zr-cluster/Pt(111) model.

CO Formation. While studying CO, hydrogenation on the
Pt(111) surface, we found that CO adsorbs very strongly on
the platinum surface with desorption-free energy to the gas
phase of 1.8 eV at low CO coverage. However, desorption-free
energies are significantly decreased when the CO coverage
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Figure 7. Simulated IR spectroscopy plot of bidentate formate intermediate at missing linker defect site (identical spectra were also observed on the
Zr-cluster/Pt(111) and Zr-cluster/Pt-edge models). Inset (a) is a magnified version showing the 1,(COO) and §(CH) that combine to be seen as
formate signals in the experiments.'> Inset (b) shows the FT-IR spectra of bidentate formate on Zr-clusters.

increases, as shown in Figure 5. The desorption-free energy of
CO at varying coverage was calculated using a periodic 2 X 2
platinum surface. These calculations show that as the CO
coverage increases to 75%, the CO desorption-free energy is
lowered to ~1 eV, and at 100% CO coverage, it is further
lowered to 0.7 eV. This high CO coverage is possible due to
the strong adsorption energies and high pressure, consistent
with the increasing Pt—CO IR signal observed in experiments.

Zrg0,4(0OH), Cluster on a Platinum-Edged Surface (Zr-
Cluster/Pt-Edge Model). The free energies obtained for the
Zr-cluster/Pt-edge model differ significantly from those
obtained with the Zr-cluster/Pt(111) model, as can be seen
from the free energy diagram in Figure 6. The differences begin
immediately with a CO, molecule being able to adsorb onto
the defect site exothermically, followed by hydrogenation of
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the carbon to form *OCHO (formate) instead of *OCOH
(carboxyl). In this case, formate (—0.1 eV) was found to be
thermodynamically more favorable than *OCOH (0.1 eV),
while in the Zr-cluster/Pt(111) model, *OCHO was less
stable than *OCOH by 0.6 eV.

For the next step, unlike the Zr-cluster/Pt(111) model, we
found that it is feasible to protonate the y-O at the defect site
on the ZrsO,(OH), cluster, and this is preferred over carbon
or oxygen hydrogenation of the *OCHO intermediate by 1.33
and 1.24 eV, respectively. The following step is the
hydrogenation of *OCHO (formate) to form *OCHOH
(formic acid). This step has a free energy barrier of 1.41 eV,
taking formate (the lowest free energy intermediate) as the
energy reference. Hydrogen transfer to the OH group of
formic acid eliminates water and adsorbed formaldehyde
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(*OCH), which is further hydrogenated to give *OCH, and
then *OCH,;. Finally, the formation of adsorbed methanol
from *OCH; occurs via hydrogen transfer from yx*-OH to
methoxy oxygen, which has a transition state of 1.12 eV above
formate. The desorption of methanol is only slightly
endergonic (0.26 eV).

Attempts to find a transition state for methane formation
from the *OCHj intermediate in the Zr-cluster/Pt-edge model
were unsuccessful and are discussed in Figure S12 of the SL
Similar to the Zr-cluster/Pt(111) model, further attempts to
break the O—C bond at the *OCHj intermediate to migrate
CH,; onto the Pt-edge were unsuccessful (see Figure S12 of the
SI). However, the O—C bond cleavage in the *OCH,
intermediate forms the *CH, intermediate on the Pt-edge.
This step has an energy barrier of 1.3 eV (Figures 6 and SS).
The *CH, can then be hydrogenated to form *CHj and then
desorbed as CH, by two consecutive hydrogen transfer
reactions, one from the surface and one from p*-OH, as
shown in Figure 6.

Overall, Figure 6 shows that the highest free energy barrier
for CO, hydrogenation on the Zr-cluster/Pt-edge model is the
hydrogenation of formate, which has a barrier of 1.41 eV. After
this step, the formation of methanol is preferred over the
formation of methane. This result is consistent with the
experimental data showing that formate is an intermediate for
methanol formation and the inverse KIE indicating a shift in
hybridization in the rate-limiting step, from sp” in *OCHO to
sp> in *OCH,O as shown in Figure S19 of the SIL

We further reproduced the IR signal at 2745 cm™" assigned
experimentally to formate with formate obtained by using the
computational models in Figure 1. This IR signal is a
combination mode of ,(COO) + §(CH) and can be obtained
only if the two modes are present. The formate intermediate is
thermodynamically favorable in our calculations during the
CO, reduction mechanism in the missing linker defect site
(Figure 1f) and the Zr-cluster/Pt-edge model (Figure 1c). In
the case of the Zr-cluster/Pt-edge model, it was found at 2648
cm™), as shown in Figure S13 of the SI; we think that this shift
is due to the stabilizing effect of the platinum surface on the
v,(COO) mode. On the missing linker defect site and the
formate linkers located at the top of the Zr-cluster and away
from the Pt surface of the Zr-cluster/Pt-edge and Zr-cluster/
Pt(111) models, the formate IR signal was observed at ~2747
cm™, very close to the experimental value, as shown in Figure
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7. It must be noted that for the formate linkers at the sides of
the Zr-cluster and closer to the platinum terraces and edges,
the ,(COO) signal was once again absent. To explain the
experimental observations with these results, we should
consider the flexibility of the Zr-cluster, in which formate
can change its coordination from bidentate (x*) to
monodentate (k). This process could allow the formate
intermediate generated at the interface to migrate to the top
position, where x* coordination is preferred. Similarly, formate
could migrate back to the interface to be further hydrogenated.

Missing Linker Defect and Pts; Nanoparticles. The
good agreement between the experimental and simulated IR
signals for the formate and CO intermediates in the missing
linker defect and Ptg; nanoparticle models, respectively (Figure
1fee), encouraged us to consider these models for the CO,
hydrogenation reaction, despite their clear limitations. For the
missing linker defect model, the thermodynamics for the CO,
hydrogenation reaction is highly energetically unfavorable. All
steps, including the CO, adsorption, are endergonic until the
formation of the OCH, which has an energy of almost 3 eV
(see Figure S14). This result suggests that the encapsulated Pt
NP, besides providing hydrogen atoms, activates the reaction
intermediates.

In the case of the Pts nanoparticle, as shown in Figure S15
of the SI, the adsorption of CO, is slightly favorable (—0.10
€V), and the following steps are highly exergonic until the
formation of CO, which has an energy of —1.48 eV. Further
hydrogenation of this intermediate is endergonic until the
formation of CHOH intermediate at —0.49 eV. This high
energy (0.99 eV) would limit the formation of both methanol
and methane. However, a study by Li, Lin, and co-workers on
the finite size effects of platinum metal clusters® shows
unreasonably high adsorption energies in small metal clusters
due to geometry and electronic finite size effect, which only
vanishes when the platinum clusters are larger than 1.6 nm. In
our case, the diameter of the Pt;; NP is 1.1 nm; therefore, the
adsorption energies may be overestimated. Therefore, we did
not further analyze the energies obtained by using this model.

Experimental Results with Pyrolyzed UiO-67-Pt (Pyr-
UiO-67-Small and Large NPs Models). The computational
results presented above suggest that the interface between the
Zr-cluster and a flat Pt(111) surface favors a mechanism via a
CO intermediate, which could be transformed to methanol at
the interface or migrate to the Pt(111) surface to form
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further to methane.

methane. However, for the Zr-cluster on a platinum-edged
surface, the reaction proceeds via a formate intermediate and is
selective for methanol formation. To support these results and
validate our computational models, we synthesized two new
catalytic systems with different encapsulated nanoparticle sizes
(large and small NPs). The specific surface area and size of the
Pt NPs of the pyrolyzed catalysts, Pyr-UiO-67-large NPs, and
Pyr-UiO-67-small NPs, are shown in Table S3. The Pt NPs in
Pyr-UiO-67-large NPs have a most abundant size of 7.5 nm,
while those in Pyr-UiO-67-small NPs have a most abundant
size of 2.2 nm. The substantial difference in size is attributed to
the order of sample pretreatments. NPs of mostly 6.5—8.5 nm
(Pyr-UiO-67-large NPs) are formed by reducing the sample in
H, before pyrolysis. The pyrolysis of the sample at 550 °C
caused a severe collapse of the framework (Figures $23, S24
and Table S4). The size distribution of the Pt NPs for Pyr-
UiO-67-large NPs (Figure S25) shows some NPs as large as
12.5 nm. Comparing this size with the NP size of UiO-67-Pt
(8.5 nm, Figure S26) suggests that the pyrolysis step causes
some NPs to sinter. For Pyr-UiO-67-small NPs, the sample
was first pyrolyzed, which caused a similar framework collapse
(Figure S24). It is believed that the reduced porosity of the
sample hindered the growth of the Pt NPs during reduction,
resulting in small NPs. As expected, the pyrolysis step caused a
complete loss of crystallinity in the frameworks (Figure S27).
For Pyr-UiO-67-large NPs, the Pt NPs are large enough to be
detected as broad peaks in the diffractogram.

The conversion of CO, and the selectivity to methane,
methanol, and CO for Pyr-UiO-67-large NPs and Pyr-UiO-67-
small NPs are shown in Figures 8 and S29. As expected, the
conversion of CO, for Pyr-UiO-67-large NPs is lower than for
Pyr-UiO-67-small NPs due to the lower percentage of surface
Pt atoms, effectively reducing the number of active sites as the
interface between Pt and Zr is diminished. For the Pyr-UiO-
67-large NPs catalyst, methane was detected at already 8 bar,
but no methane could be detected for the Pyr-UiO-67-small
NPs. The selectivity to methanol was larger under all
conditions investigated for Pyr-UiO-67-small NPs.
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B DISCUSSION

We can assume that the catalyst sample with large nano-
particles (Pyr-UiO-67-large NPs) has a high abundance of flat
surfaces, and therefore, the node/Pt interfaces could be
described by the Zr-cluster/Pt(111) model. On the other
hand, the catalyst sample with small nanoparticles (Pyr-UiO-
67-small NPs) has relatively abundant edges that can be
described by the Zr-cluster/Pt-edge at the interface. Using this
approximation, our computational results can be used to
propose a mechanism for the formation of methanol, methane,
and CO in the UiO-67-Pt catalytic system that can explain
many experimental observations.

A high activation energy for methane formation on the Zr-
cluster/Pt(111) and Zr-cluster/Pt-edge models suggests that
methane formation is not feasible at the interface sites. Indeed,
reasonable energy barriers were only found when considering
the C—O bond cleavage of the formaldehyde intermediate at
the Zr-cluster/Pt interfaces, followed by CH, hydrogenation in
the Pt surface. The activation energy is lowered by considering
that CO formed at the Zr-cluster/Pt(111) interface migrates to
the Pt(111) surface, where CO can be desorbed to the gas
phase or reduced further to methane. With these results, we
propose the methane formation mechanism shown in Figure 9,
where the activation energy for methane formation, referenced
to the lowest energy intermediate of *CHj, is 1.5 eV (see
Table 1). This mechanism is also supported by kinetic studies
that suggest CO as a reaction intermediate and the observation
of methane formation only on the catalyst sample with large
nanoparticles, as shown in Figure 8. Our studies have also
shown that CO is released from the Pt surfaces at high CO
coverages when the CO desorption energy decreases to 1.0 eV
or lower (Table 1). However, the CO adsorbed on Pt,
experimentally observed by IR, is located at the Pt-edges and
could be reproduced only on the Pt;s NP model with
increasing CO coverage.

Similarly, a mechanism for methanol formation is suggested
in Figure 10, which shows that the interface of a defective Zr-
cluster and Pt NP is necessary for methanol formation.
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Table 1. Density Functional Theory (DFT) Calculated the
Kinetic Barriers for Methane, Methanol, and CO
Formation”

Model Methane/eV Methanol/eV CO(g)/eV
Zr-cluster/Pt(111) 3.26 1.43
Zr-cluster/Pt-edge 141 (1.3) 141 (1.1)
Pt(111) surface 1.5 2.16 0.7-1.7

“The energies in parenthesis in the Zr-cluster/Pt-edge interface model
are the highest calculated to form methane and methanol after the
rate-limiting step, which is common for both products. CO(g)
formation takes place at the (111) microfacet of Pt NPs, but the CO
intermediates are formed from initial CO, reduction at the interface
between the Zr-cluster and Pt(111) and diffuse to the microfacet. The
interface between Zr-cluster and Pt-edges preferentially catalyzes
formate formation instead of CO.

Methanol formation via a formate intermediate, as supported
by the kinetic studies with H, and D,,"* was only observed on
the Zr-cluster/Pt-edge model and not on the Zr-cluster/
Pt(111) model. This result indicates that methanol is formed
in a larger amount when Zr-clusters interact with the edges of
the nanoparticle. Since this interaction with edges is possible
on both large and small nanoparticles, methanol can be
observed in both catalytic systems. However, the selectivity
toward methanol is twice as large when small instead of large
NPs are used, as shown in Figure 8. This is because, in the case
of small nanoparticles, more edges are available to form Zr-
cluster/Pt-edge interfaces. The activation free energy for
methanol formation at the Zr-cluster/Pt-edge model, from
the lowest energy intermediate *OCH,, is 1.29 eV. However,
the RDS for methanol formation is formate hydrogenation at
1.41 eV (see Table 1).

We could not assign the experimentally detected formate IR
signal to the formate intermediate formed at the Zr-cluster/Pt-
edge interface. However, a bidentate formate IR signal was
observed on the Zr-clusters, where the formate capping agents
point away from the Pt NP. This observation indicates the
possibility of formate migration from the interface through the
node via ligand exchange with other capping agents at the Zr
node.

The activation energies for the formation of methanol and
methane (Table 1) show that the most preferred pathway for
methanol formation is at the Zr-cluster/Pt-edge interface,
while methane is the preferred product at the Pt(111). Even
though methane has a similar activation energy to methanol,
only methane goes via CO formation and competes with CO
desorption, which is the preferred product at high coverages.
The latter result explains the methanol selectivity observed in
the UiO-67-Pt catalytic system.

B CONCLUSIONS

We have investigated different possible active sites within the
UiO-67 MOF containing platinum nanoparticles and aimed to
identify the most favorable pathway for CO, reduction toward
methanol, methane, and CO formation. The reaction
mechanism for this complex catalytic system can only be
understood with the combination of calculations and experi-
ments. Many experimental observations from previous studies
could be described by the combination of three computational
models: a ZrgO,(OH), cluster on a platinum-edged surface, a
Zrs0,(OH), cluster on a Pt(111) surface, and an isolated
Pt(111) surface. The interface model selection was based on
adsorption energies of the ZrsO,(OH), cluster with two
capping agent defect sites on the Pt(111) surface and missing
linker defect formation. The preferred orientation of the Zr-
cluster toward the Pt surface is consistent with the Pt NP
growing on the tetrahedral cage to increase its interaction with
the linkers and the Zr-nodes.

We found that a synergistic interaction between defective
ZrsO,(OH), clusters and encapsulated nanoparticles is needed
for favoring CO, activation. In the cases in which node defects
are located on Pt-edges, methanol is the preferred product. We
show that formate is an intermediate of this reaction, and its
hydrogenation is the RDS. Migration of formate over the Zr
node is feasible, slowing down its hydrogenation, and hence, it
can be detected experimentally. When node defects are located
on a Pt(111) surface, the formation of CO is preferred over
that of formate, and this CO migrates over the Pt surface,
favoring its hydrogenation to methane. CO desorption is
favored at large CO coverages, and this desorption is the RDS
for CO formation. This reactivity model is consistent with the
methane formation observed when pyrolyzed UiO-67 featuring
large Pt NPs is used and is also consistent with the selective
formation of methanol over methane in the UiO-67-Pt and
pyrolyzed UiO-67 with small Pt NPs characterized by a large
number of Pt-edges.

This study shows that NPs encapsulated in MOFs are
multicomponent systems that should be treated by considering
multiple models. The migration of reaction intermediates
among these models or components is key to account for the
experimental observations. These results highlight the
difficulties of having selective reactions using heterogeneous
catalysts. On the other hand, the possibility of understanding
the reaction mechanism allows for tuning the different sites to
favor the desired reactions and prevent those undesired.
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