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Introduction

Journal ofsMaterials‘Chemistry A

Presentation of Gas-phase-reactant-accessible Single-rhodium-
atom Catalysts for CO Oxidation, via MOF Confinement of an
Anderson Polyoxometalate

Qin Liu,*2° Zhihengyu Chen, Hafeera Shabbir,d Jiaxin (Dawn) Duan,” Wentuan Bi,>P Zhiyong Lu,¢
Neil Schweitzer,f Selim Alayoglu,f Subhadip Goswami,® Karena W. Chapman, Rachel B Getman,¢
Qining Wang,® Justin M. Notestein,? and Joseph T. Hupp*®

Geometric or electronic confinement of guests within nanoporous hosts holds promise for imparting catalytic functionality,
including single-metal-atom catalytic functionality, to existing materials. When the nanoporous host is a metal-organic
framework (MOF), single-metal-ion catalysts have typically been installed by grafting to an open site on an inorganic node,
with the node effectively becoming the support for the catalyst. This approach, however, imposes compositional constraints,
as the node not only needs to be receptive to grafting, but also must be capable of stabilizing the framework against solvent
evacuation, chemical exposure, and heating. Here, we show that disk-like, Anderson polyoxometalate clusters (RhMogO,,™
and Mo,0,,™; POMs) can be confined in pore-specific and orientation-specific fashion within the hierarchically porous,
Zr(IV)-based MOF, NU1K. Self-limiting loading of one cluster per pore, and associated nano-confinement, serve to isolate
each POM and prevent consolidation caused by sintering. Additionally, the oriented confinement serves to expose individual
rhodium atoms to candidate gas-phase reactants, while enabling the rhodium atom to employ a well-defined oxy-
molybdenum cluster, rather than a MOF node, as a support. Synchrotron-based difference-electron-density maps and
differential pair-distribution-function analyses of scattered X-rays establish cluster siting and orientation and confirm
isolation. Nanoconfined (i.e., MOF- and POM-confined) single-rhodium(lll)-atoms are catalytically competent for an
illustrative gas-phase reaction, CO oxidation by O,, with the MOF-isolated POM enormously outperforming nonporous,
MOF-free, solid (NH4)3[HsRhMo0g0,4]-6H,0. This work highlights the value of MOF-based nano-confinement and oriented
isolation of planar POMs as a means of uniformly presenting and stabilizing potent single-metal-atom catalysts, in reactant-

accessible form, on well-defined supports.

catalysis of gas-phase chemical transformations and
condensed-phase electrochemical reactions. Among the more

In view of their inherent simplicity, single-atom-catalysts? (also
termed “atomically dispersed supported metal catalysts”)
present exciting opportunities for advancing our understanding
of Catalysis Science,? especially in the context heterogeneous
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widely explored approaches to single-atom-catalyst
presentation, especially in sinter-resistant form, are methods
centering on: a) dilute, nanoparticulate metal alloys,® b)
pyrolysis-derived metal-ion coordination within the exposed
planes of nitrogen-doped, high-area graphite,* and c) grafting of
metal ions to organic-linker-separated, inorganic nodes
(typically oxy-metal clusters) of porous metal-organic
framework (MOF) compounds.>® While all are effective, each
can at times present challenges with respect to active-site
characterization, catalyst-uniformity, or catalyst-stability.
Herein, we describe a complementary approach that, in
favorable cases, can help circumvent these challenges. By way
of illustration, we show that disk-like, Anderson
polyoxometalate (POM) clusters'® can be confined in pore-
specific and orientation-specific fashion within a MOF offering
size-matched micropores, together with pores of larger size that
can facilitate molecular transport of reactants and products.
The installed single-metal-atoms inhabit identical coordination
environments, resist agglomeration, and display sustained
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Figure 1. (a) Crystal structure of NU1K, showing the mesoporous (31 A) and microporous (12 A) channels. Each layer is separated by 10
A windows. The channels are interconnected with each other through the 8 x 10 A windows (c-pores). The structures for the nodes and

linkers are given. Polyhedral representation and size of (b) [M0,0,4]% and (c) [HsRhMo0g0,4]3 seen from the top and side.

competency and high activity for catalysis of a representative
gas-phase reaction.

Briefly, POMs constitute a large class of polynuclear oxo-
bridged early transition-metal compounds with a rich topology
and versatile chemical and physical properties.!! They are based
on the assemblage of MO,, (M = addenda atoms e.g., WV, MoV,
VY, TiV, NbY, TaV) polyhedra, most commonly octahedra,
interconnected via corner and edge sharing. Prominent subsets
include Keggin [XM1,040]™ (10A),12 Dawson [X,M1506,]™ (12A4),13
and Anderson [XMgO,4]™ (8.5A)415 type POMs. Anderson
polyoxoanions are composed of six edge-sharing MoOg or WOg
octahedra surrounding a central, edge-sharing heteroatom of
octahedral geometry (XOg) defining a planar arrangement
having approximate Dsy symmetry. Three modes of oxygen
anion coordination are found in the structure: 1) six triple-
bridged oxygen atoms (13-O) connect the heteroatom and two
addenda atoms, 2) six double-bridged oxygen atoms (u,-O)
connect two addenda atoms, and 3) two terminal oxygen atoms
(Oy) are connected to each of the six addenda atoms. The
general formula can be written as [H,(XOg)MgO15]™, where y=0-
6, n=2-8, M=addenda atoms (Mov' or WV"'), and X=central
heteroatom. The heteroatom can be any of several transition
metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, Pt, etc.) as well as certain
main-group atoms (Te, |, Sb, etc.).?® The combination of
adjustable structure, and manifold compositions, has enabled
polyoxometalates to contribute solutions to a great variety of
chemical problems, but most notably catalysis,'”!8 including
water oxidation,’®2° alkene epoxidation,?>3 and aldehyde?*
and/or alcohol oxidation.?> Nevertheless, pure Anderson POMs
typically offer limited active-site accessibility due to low surface

2| J. Name., 2012, 00, 1-3

area (<10 m?/g),%® low melting points, and difficulties for
separation in solution-phase reactions, thus limiting their
catalytic utility.

To overcome these limitations, porous supports such as
mesoporous silica,?”28 organic polymers,?®3° covalent organic
frameworks (COFs),3! and metal-organic frameworks (MOFs)32
34 have been used to anchor POMs and/or form hybrid
heterogeneous materials. MOFs are porous crystalline
materials consisting of metal-ion-containing nodes and
multitopic organic linkers.3>3® The tunability, crystalline
periodicity, and porosity of MOFs make them promising both as
heterogeneous catalysts3” and as well-defined supports for
subsequently introduced catalysts.3%3° Zr-based MOFs, in
particular, hold great potential for applications involving gas-
phase catalysis due to their extraordinary thermal and chemical
stabilities, as well as their substantial internal surface areas.%®
Suitable aperture and cavity sizes are key to confining and
isolating individual POMs. Isolating POMs from each other via
organic spacers could preclude unwanted POM migration and
sintering, a common mode of deactivation of supported
heterogeneous catalysts, especially at elevated temperature.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 3 of 9

Journal ofcMaterials . Chemistry A
a b c - 0.5
NPT R Tm —s—NU1K
O OO DR O-C—OR 0 " 0.4 ——RhMo0,,@NU1K
— o
s ——RhMo 0, @NU1K 5 5 Mo,0,,@NU1K
5 6 24 Hm 4 g o3l
i E CF‘J 3 DO O—O—Oe8—C—0—080—CO-3-H 0" - §
E Mo,0,,@NU1K % 3 g 0.2
2
£ 5 —a—NU1K =
NUTK B —e—RhMo,0, @NU1K ‘5 0.1
— Mo,0, @NU1K E ‘-\L‘- J
7
v T T T T T T T T T g 0.0 1 < T_f ; S
5 10 15 20 25 02 0.4 0.6 0.8 10 E 5 10 15 20 25 30 35 40

2Theta (degree)

0 1Zr] -

Pressure (PIPU)

Pore Width (Angstrom)

—NU1K
Mo,0, @NU1K

—RhMo 0, @NU1K
3667

Qo o

3658

Kubelka-Munk

3675

2745
rs

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

4000

s

Figure 2. (a) PXRD patterns for NU1K, Mo;0,,@NU1K and RhM06024@NU1‘|2. (b) and (c) are N, isotherm and pore size distribution of
NU1K, Mo;0,,@NU1K and RhMogO,,@NU1K. (d) TEM images show that the size and morphology of NU1K crystallites are well
maintained by RhMogO,4 installation. (e-h) EDS mapping suggests uniform distribution of RhMogO,, clusters within NU1K crystallites. (i)
HAADF-STEM image of RhMog0,,@NU1K clearly displays the Rh single atoms (highlighted by white circles) randomly dispersed on the
NU1K. (j) DRIFT spectra of the NU1K, Mo;0,,@NU1K and RhMog0,,@NU1K. Vibrational spectra recorded at 125 °C overnight in Argon.

Thus, we selected the hierarchically porous framework NU1K
(Figure 1a). Featuring csq topology, it ideally comprises Zrg(p3-
0)4(p3-OH)4(H20)4(OH)43* nodes**3 and tetratopic 1,3,6,8-(p-
benzoate)pyrene (TBAPy*) linker that define 1D hexagonal and
triangular channels of diameters ~31 A and ~12 A, respectively,
with node-bounded cavities of diameter ~10 A (denoted as c-
pores) interconnecting the channels. Linkers occupy eight of
twelve potential carboxylate-compatible node-binding sites,
leaving four displaceable, nonstructural aqua/hydroxo ligand
pairs. These ligands are oriented toward both hexagonal pores
and/or c-pores, with the latter orientation being potentially
useful for forming Zr-O(H)-POM linkages and immobilizing size-
matched Anderson clusters.

Herein, we report our investigations on CO oxidation,
catalyzed by RhMog0,,@NU1K, as a proof-of-concept reaction
to demonstrate that spatial confinement of guests inside
nanoporous hosts affords an effective strategy for obtaining
and stabilizing reactant-accessible and uniformly sited single-
metal-atom catalysts, particularly when the guest itself
comprises a structurally well-defined, nanometer scale support
for the catalytic atom. We prepared (NH;)3[HsRhMogO,4]-6H,0
(abbreviated as RhMogO,;) using (NH4)s[M07054]-4H,0
(Mo50,,) as a template, followed by confinement of RhMogO,4
in the c-pore of NU1K via solution-based impregnation.
Synchrotron-based X-ray scattering methods, together with
other spectroscopic methods, were used to establish the
framework siting and corroborate the structure of the catalyst
and its support. Competency for CO oxidation, a commonly
used model reaction for single-atom catalysts, was then

This journal is © The Royal Society of Chemistry 20xx

assessed. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was adopted to probe the interaction of
CO with single Rh atoms, with the results providing insights into

the basis for catalytic activity.

Results and discussion
An example isomer of the standard Anderson POM structure is
B-heptamolybdate (B-Mo50,4), which features “bent” rather
than planar structure (Figure 1b).** B-Heptamolybdate can be
viewed as three edge-shared octahedra in line with two
octahedra located on each side of the space between the three
octahedra. The two octahedra on each side are shifted by a half
octahedron resulting in the “bent” structure (Figure 1b bottom).
The average dimensions of the Mo,0,, cluster are
9.32Ax8.6Ax5.65A.  Pale-yellow rhombic  crystals
(NH4)3[HsRhMo0gO4]-6H,0 were obtained from a mixed
aqueous solution containing Rh(NO3)-H,0 and
(NH)6Mo0,0,4:4H,0. Substitution of Rh(lll) for the central Mo of
Mo-,0,, yields RhMogO,,4 (Figure S1). As depicted in Figure 1c,
planar RhMogO,4 consists of a {RhOg} octahedron connected to
six {MoOg} octahedra in edge-sharing fashion. Based on single-
crystal X-ray diffraction data (Table S1), this construct is
characterized by a range of Rh-O bonds of varying (differing)
lengths of 2.005-2.020 A. The average dimensions of the overall
clusterare ca. 8.55 Ax8.55 Ax3.15 A 45

Due to the presence of large channels in NU1K, the direct
impregnation was used to install RhMogO,4 and Mo;0,4. TO
synthesize POM@NU1K compounds, powder NU1K was added
and suspended in an aqueous POM solution at room

of
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Figure 3. DEDs corresponding to the location of (a) RhMogO,,@NU1K (golden surface) and (b) Mo;0,4@NU1K (purple surface) in electron
density viewed parallel to the c-axis. Differential PDFs and polyhedral structures of (c, d) RhMogO,,@NU1K and (e-g) Mo;0,,@NU1K

obtained by subtraction of the PDF for pristine NU1K.

temperature. After 3 days, the solid was washed and rigorously
solvent-exchanged with acetone, resulting in permanently
porous, solvent-evacuated, hybrid materials after thermal
treatment under vacuum. Details of the synthesis and activation
of Mo;0,,@NU1K and RhMogO,,@NU1K are discussed in the
Experimental Section. Their unit cells, as seen by the Bragg peak
positions on powder X-ray diffraction (Figure 2a), resemble that
of NU1K, except for a decrease of the intensity of diffraction
peaks at 20 = 7.44° corresponding to a decrease in the
coherency of planes with a spacing of 1.0 nm, highlighted in
yellow. The diffraction pattern matches well with a
predicted/simulated pattern where the POM is
between two nodes in the MOF c-pore.*®

Consistent with POM incorporation, BET surface areas from
experimental N, isotherms of RhMogO,;@NU1K and
Mo,0,,@NU1K decrease to 1330 and 1640 m?/g, from 2170
m?2/g for vacant NU1K (Figure 2b). Similar to that of NU1K, the
isotherms of RhMogO,,@NU1K and Mo;0,,@NU1K show a
type-1V feature-a step near P/Py = 0.23 -which is associated with
the mesoporosity. The pore size distributions (PSDs) for
RhMogO,,@NU1K and Mo,0,,@NU1K both indicate a decrease
in the width of the hexagonal pores to 27 A compared to ~30 A
for POM-free NU1K, and for the trigonal pores a shrinkage 13 to
11 A (Figure 2c). While the chemical basis for pore contraction
is not clear, it has been observed previously when metal ions
were deposited solvothermally in the c-pore of NU1K*’ and
when aqua ligands were thermally removed from the nodes of
formate-free NU1K-FF-Cl.*3 TEM images show that the size and

located

4| J. Name., 2012, 00, 1-3

morphology of NU1K crystallites are well unperturbed by
RhMogO,4 installation (Figure 2d). EDS mapping suggests
uniform distribution of RhMogO,4 clusters and, separately,
Mo-,0,4 clusters, within NU1K crystallites (Figure 2e-h, Figure S2
and Figure S3). To identify the form of the Rh atoms distributed
in c-pore of NU1K, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was used. It is
shown in Fig. 2i that isolated Rh atoms were observed all over
the support with no obvious nanoparticles or clusters present.

Initially present, node-sited formate ions are removed almost
completely by POM installation, i.e., only 0.38 formate per node
remained following installation of Mo,0,4, and only 0.13
formate per node following installation of RhMo0gO,4, compared
with 3.0 £ 0.2 formate ligands (of a possible maximum of 4) per
Zrg node of NU1K (Figure S4), based on solution-phase 'H NMR
spectra obtained by digesting samples in NaOD/D,0. For
POM@NU-1K, after 125°C heating in Ar overnight to remove
physisorbed water, the sharp peak of NU1K at ~3675 cm™ in the
DRIFT spectrum is replaced with a broad peak at 3658 cm™! for
Mo,0,,@NU1K and at 3667 cm™ for RhMogO,.@NU1K, while
the formate-associated peak at 2745 cm disappears with
installation of either POM (Figure 2j).*3> Formate anions are
evidently displaced by anionic Anderson POMs. ICP-OES
measurements indicate molar ratio of ca. 6:1 for Mo to Rh,
consistent with the chemical composition of RhMogO,4. For
[HeRhMo0g0,4]3, the maximum loading after thorough washing,
is 1.08 per Zrg node (or essentially one for each c-pore; see
below). The maximum loading of [Mo0;0,4]% is slightly lower:

This journal is © The Royal Society of Chemistry 20xx
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0.67 per Zrg node. XPS (X-ray photoelectron spectroscopy)
measurements reveal that the oxidation state for neither Rh nor
Mo is altered. N 1s XPS spectra, NH;* counter-ions are
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bond, and peaks at 3.3 (b), 5.8 (d) and 6.7 A (e) related to the
Mo-Mo/Rh distances (Figure 3c and 3d).In the dPDF of
Mo;0,,@NU1K (Figure 3e), sharp peaks are evidentat 1.8 A

converted to NH; probably due to pH change, after (a)and3.3A (b). These correspond to the Mo-O bond length

100 100
a ——NU1K b RhMo,0,,eNu1k | € |—RhMo 0, @NU1K
= 80 Me, OneNUIK 804 —RnhMo,0,,
e —+—RhMo_ 0 = =
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Figure 4. CO oxidation performance. (a) CO conversion profiles over NU1K, RhMo0gO,4, M0,0,,@NU1K and RhMogO,,@NU1K catalysts.
(b) Stability test using RnMogO,,@NU1K at 180 °C. (c) DRIFT spectra of CO adsorption on the RhMogO,4 and RhMogO,,@NU1K catalysts
at room temperature. Spectra were collected after CO adsorption to saturation and Ar purging.

encapsulation and subsequent washing steps. (Figure S5).48

To pinpoint the siting of the POMs, difference envelope
density (DED) analyses of synchrotron-based X-ray scattering
data were employed. This technique generates a surface
envelope between regions of high and low electron density
which can be extracted from low order, intense, independent
reflections in a high-resolution PXRD pattern. Using differential
analysis with a parent framework can yield a coarse map of
electron density attributable to the incorporation of guest
molecules.® DED analyses of RhMogO,;@NU1K and
Mo;0,,@NU1K reveal the localization of electron density
exclusively within the MOF c-pore; see Figure 3, panels a and b.
In the PDF (pair-distribution function) analysis of X-ray total-
scattering data for pristine NU1K (Figure S6), sharp peaks
at1.4,2.0, 3.5 and 5.0 A are associated with C-C, Zr-O, Zr...Zr
and Zr......Zr distances. Peaks at high r and oscillation are
indicative of long-range order (as one would expect, for a
crystalline material). The local and long-range order of the
framework are well preserved as most of these features are also
observed in PDF plots for POM-loaded samples. In the PDFs
of POM-loaded samples, a peak indictive of the Mo-O bond
length occurs at 1.7 A. With RhMogO,, installation in NU1K, the
peak at 2.0 A acquires a shoulder around 2.4A. A peak at
3.5 A broadens and shifts to lower r, with more peaks growing
and overlapping at higher r. With Mo,0,, incorporation, other
than the Mo-O peak growth, changes are too subtle to be
observed.

To better understand the structure of the cluster when
sited in the MOF, as well as the cluster’s possible chemical
interaction with the MOF, difference PDF (dPDF) data were
acquired by scaling and subtracting the PDF of pristine NU1K
from that for POM-loaded NU1K samples. The structure of
RhMogO,, in the NU1K is clear, as the dPDF of RhMogO,.@NU1K
matches well with the RhMogO,4 structure in the notable peaks
at 1.7 (a), 2.0 (a') and 2.4 A (a") corresponding to the Mo-O

This journal is © The Royal Society of Chemistry 20xx

and the shortest Mo...Mo separation distance in edge-sharing
Mo-O polyhedral-findings that are nominally consistent with
the known single-crystal X-ray structure of “bent” Mo,0,4
(Figure 3g).5°The large peak at 3.8Ain the dPDF plot
is likely related to the interaction between the framework and
the POM, ije. Zr..Mo.** The peak can be speculatively
rationalized based on Zr(1V)-O(H)-Mo(VI) linkages, i.e. chemical
grafting of the POM to nodes. Interestingly, dPDF peak
locations at higher r differ from those expected for indicates the
connection between these polyhedrais not the same as the
“bent” structure. B-Mo;0,4, with a boat-like configuration, has
a greater variety of Mo...Mo distance than does the planar a-
Mo-,0,4 configuration. Comparison of calculated dPDF plots for
these two to the experimental plot for RhMogO,,@NU1K
reveals closer agreement of RhMogO,,@NU1K with a-Mo;0,4
(Figure 3f). We note, in particular, the absence vs. presence of
a Mo...Mo peak at 4.2 A (c') that is unique to B-Mo;0,4, was
found related to the Mo...Mo distance in the model. The
combined results suggest that Mo;0,4 siting in NU1K is
accompanied by isomerization of the “bent” B to the “planar” a
form.

CO oxidation by dioxygen to carbon dioxide is a classic model
reaction for heterogeneous catalysis. Here CO oxidation was
evaluated in a fixed-bed flow reactor with a reaction gas of 0.5
vol% CO + 20 vol% O, and He balance. Pure RhMogO,4 barely
registers catalytic activity in measurements up to 220°C. In
contrast, samples of RhMogO,,@NU1K, despite offering much
lower Rh content, show a light-off temperature (the
temperature at which CO conversion reaches 10%) of 120°C and
a Tig0 (the temperature for 100% CO conversion) of 220°C,
evincing both its high activity and the salutary effects of MOF-
based nano-confinement. The activation energy for the reaction
is extracted from the Arrhenius plot and estimated as 55 kJ mol?
(Figure S7). Control experiments established that rhodium-free
Mo,0,,@NU1K is inactive at temperatures below 200°C,

J. Name., 2013, 00, 1-3 | 5



Journal of:Materials.Chemistry A

implying that the extremely high activity of RhMogO,,@NU1K
originates either from the single Rh atoms or from the
cooperation of the Rh atom and the localized molybdenum-
oxide support (Figure 4a). For practical use, long-term stability
obviously is crucial. We, therefore, tested the stability of
RhMogO,,@NU1K at 180°C. The initial conversion was
controlled below 100% to avoid activity saturation. The material
remains a free-flowing powder after catalysis, showing no signs
of sintering on stream. This reactivity profile is maintained
throughout a 24 h stability test (Figure 4b), indicating negligible
catalyst deactivation. RhMogO,4 and RhMogO,,@NU1K were
further monitored by in situ DRIFTS following CO exposure,
because this technique is reliable for assessing rhodium atom
accessibility and for differentiating between single rhodium
atoms and rhodium clusters. After 10 min of exposure to CO,
followed by 10 min of argon purging, stable DRIFT spectra were
obtained. For RhMogO,4s@NU1K, exposure yields prominent
peaks at approximately 2093 and 2027 cm™, attributable to
symmetric and asymmetric vibrations, respectively, of gem-
dicarbonyl Rh(l) (Figure 4c).>! These values are also in line with
the computed IR frequencies of a Rh(l) gem-dicarbonyl POM
(see supporting information for the computational study
details, Figure S8-9 and Table S2-3). In contrast, nonporous,
low-surface-area RhMogO,4 registers almost no response to CO
and, in particular, no obvious response indication of gem-
dicarbonyl species.

Returning to the MOF-confined Rh species, as the
temperature increases from 40 to 130°C, the intensities of the
gem-dicarbonyl rhodium peaks decrease slightly, implying slight
desorption. Exposure to O, at 150°C vyields slightly larger
decreases. Notably, however, peaks due to bridged CO (1860
cm?) or linear CO on Rh? (2070 cm™) are absent (Figure S10)-
thus ruling out the formation of Rh clusters and indicating the
preservation of the catalyst in single-rhodium-atom form.>2 DED
analysis of RhMogO0,,@NU1K after catalysis reveals that POM is
still in c-pore (Figure S11).The dPDF of RhMo0g0,,@NU1K after
catalysis is similar to that of fresh sample(Figure S12), indicating
that no migration and agglomeration of isolated cluster
happened during reaction. Post-catalytic characterization of
RhMogO,,@NU1K samples yielded PXRD patterns that align
well with the as-synthesized materials, shown in Figure S13. In
addition, N, isotherm analysis shows a slight drop in porosity,
with the drop occurring mainly in the material’s mesopores of
these (Figure S14). This can be attributed to a combination of
partial pore collapse and residual low surface area support
materials from the reactor bed (SiO, and quartz wool). This
phenomenon is consistent with the post-catalytic of NU1K and
other MOFs.>3 XAFS fitting data before and after catalysis were
used to demonstrate consistency of bond lengths and
coordination numbers of isolated RhMo0gO,, cluster (Figure S15-
17 and Table S4-6).

A systematic investigation of the mechanism of single-
rhodium-atom-catalyzed (RhMogO,,@NU1K-catalyzed)
oxidation of CO by O, is beyond the scope of this study.
Nevertheless, we note that: a) RhnMogO,, as initially formulated
features coordinative saturation of Rh(lll) by bridging oxo
anions, b) exposure of RhMogO,,@NU1K to CO, a potential
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reductant, is accompanied by conversion of Rh(lll) to Rh(l) and
by coordination of two carbonyls, and c) gem-dicarbonyl
rhodium(l) formation implies loss of two core oxo ligands from
the cluster, and suggests formation of oxygen vacancies
proximal to the single rhodium atom. Thus, an important
feature of the cluster-based oxy-Mo(VI) support may be to
stabilize vacancies. In turn, the apparent presence of proximal
vacancies suggests O, activation and CO oxidation, at least in
part, by a Mars-van Krevelen or similar mechanism, i.e. a
mechanism entailing transfer of a lattice (cluster) oxygen atom
to CO to yield CO,, presumably with cycling between single-
rhodium-atom oxidation states Ill and I.

Conclusions

We find that stabilization of single rhodium atoms by isolation
in  molybdenum-based Anderson POMs, followed by
spontaneous installation and grafting of the POMs within sized-
matched pores of NU1K serves to spatially isolate the rhodium
atoms. Loading is quantitative and isolation persists even with
prolonged heating and time-on-line as catalysts. DED and PDF
analyses of scattering of synchrotron-generated X-rays pinpoint
the location of the POM and establishes that it is oriented such
that the planar, hexa-molybdenate cluster, rather than the MOF
node, serves as the support for the isolated rhodium atom.
Exposure to CO establishes that: a) the MOF-confined and POM-
confined Rh atoms are easily accessed by gas-phase molecules,
b) each Rh center can bind two carbonyls, c) the oxidation state
of the rhodium atom is reduced from Il to I, d) two (or more)
bridging oxo ligands are shed by the rhodium atom, but e)
evolution of the coordination environment does not lead to
rhodium atom clustering, loss or agglomeration. Simultaneous
exposure of the confined single-rhodium-atoms to CO and O,
leads to rapid and sustained catalytic conversion of CO to CO,
at modest temperatures. In striking contrast, pure, MOF-free
(NH4)3RhMo0g0,4:6H,0, a nonporous compound, displays
almost no interaction with CO and exhibits little or no
detectable catalytic activity even at 220°C, the highest
temperature examined. The contrast underscores the
effectiveness of MOF/Anderson-POM ensembles for presenting
stable, uniform, reactant-accessible arrays of single-atom
catalysts. Given the large number of central-metal variants of
Anderson POMs and their close size-matching with the c-pore
of the platform MOF, NU1K, we suggest that many more
opportunities exist for similarly presenting stable arrays of
single-metal-atom catalysts, including arrays presenting
combinations of single-metal-atom catalysts that may be
suitable for cascade catalysis.

Experimental Details

Synthesis of (NH;)s[HsRhMo0gO,4]-6H,0: Pale-yellow rhombic
crystals were obtained from a mixed aqueous solution
containing Rh(NO3)-H,O and (NH;)sM0,0,4:4H,0 (M070,4),
modified according to the literature.*> The Rh replaced the
central Mo of (NH4)sMo070,4:4H,0 to form
(NH,)3[HsRhMo060,4]-6H,0

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of RhMogO0,,@NU1K: In a centrifuge tube, RNMogO,4
(60 mg, 0.023 mol) was dissolved in 10 mL of deionized water.
To solution, NU1K (50 mg, 0.023 mmol) was added and
suspended by sonicating for about 1 min. The suspension was
shaken periodically. To monitor uptake of POM, the solutions
with and without NU1K were analyzed by ICP-OES and
compared to each other. After 3 days, the solid was washed
with water three times. Then, the solid was washed with
acetone. RhMogO,,@NU1K was allowed to soak in acetone
overnight before being washed two more times with acetone to
ensure adequate removal of water. Samples were dried at 80°C
for 4 h under a vacuum prior to activation on the Smart VacPrep.
The solid material was subject to ICP-OES to determine the final
POM loading. Synthesis of Mo,;0,,@NU1K is similar to that of
RhMogO,,@NU1K using commercial Mo,0,,.

Catalysis with gas-phase reactants: The catalyst evaluation was
performed using a modified, Altamira BenchCAT4000 reactor
system housed in the Reactor Engineering and Catalyst Testing
(REACT) core facility at Northwestern University. The reagent
gases were supplied using a 0.5% CO, 20% O, balanced with He
mixture (AirGas). The POM content of all catalysts is unified to
5mg diluted with 1.5 g of low surface area, white quartz sand
(Sigma-Aldrich, 299.995% trace metals basis) and packed in a
quartz tube. The catalyst temperature was controlled with a K-
type thermocouple at the top of the catalyst bed. For Figure 4a,
the catalytic performance was investigated by temperature-
programmed heating with rate of 1 °C -min-! with mixed gas at
a flow rate of 10 mL/min. For Figure 4b, the reactions were kept
at a specific temperature for 24 h. The gas products were
analyzed with an on-line Agilent 7890A GC, equipped with a HP-
PlotQ column and a FID detector. The FID detector utilized an
Advanced Research Company Jetanizer methanizing unit for the
detection of CO and CO,.

DRIFTS experiments: In situ diffuse reflectance infrared Fourier
transform (DRIFT) spectra experiments were carried out by
using a Thermo-Nicolet iS50 FTIR spectrometer, and Harrick
Scientific’'s Praying Mantis DRIFTS accessory and heating
reaction chamber. For the DRIFTS experiments, neat samples
(RhMogO,4 and RhMogO,,@NU1K) were crashed by using
mortar and pestle, and placed in the sample cup of the DRIFT
reaction chamber. During the test, the gas pressure is
atmospheric pressure. Then, temperature was raised to the
setpoint (190°C) under H, in balance Ar flowing at about 30
mL/min; and kept isothermal for the removal of physisorbed
water and the reduction of sample. This process was monitored
by FTIR; a background spectrum was taken when temperature
reached at a given setpoint, and used as reference for the
subsequent spectra. IR spectra were acquired for the course of
30-45 min until spectral changes in the OH stretch region are
negligible. The gas was switched to neat Ar flowing at 30
ml/min. Then, sample was cooled down to 40°C with 20°C
temperature intervals while a background spectrum was
collected at each point. Next, sample was treated with 5% CO in
balance Ar flowing at about 30 mL/min. IR spectra were

This journal is © The Royal Society of Chemistry 20xx
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continuously acquired during this dosing step. When the main
CO band at about 2050 cm™was plateaued the flow was
switched to pure Ar. This purging step was carried out for about
15 min until the gas phase CO peak disappeared and the main
metal-CO band is not changing. A spectrum was recorded at the
end of this step. The chamber temperature was then increased,
and a sample spectrum was acquired by using the reference
spectrum taken prior at the designated temperature. After the
spectrum in Ar atmosphere at 130°C was acquired, the chamber
was cooled to 70°C at which a final spectrum in Ar was collected.
Next, the gas was switched to 10% O, in balance Ar, and sample
spectra were taken in the 70-150°C range with 20°C intervals.
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