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ABSTRACT

Heterogeneous single-metal-site catalysts or single-atom catalysts research has grown rapidly due to
the accessibility of modern characterization techniques that can provide invaluable information at the
atomic-scale. Herein, we study the structural evolution of isolated single Pt sites incorporated in a
metal-organic framework containing bipyridine functional groups using in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) with CO as the probe molecule. The structure and
electronic properties of the isolated Pt sites are further corroborated by X-Ray Photoelectron
Spectroscopy (XPS), aberration-corrected scanning transmission electron microscopy (AC-STEM).
We find the prerequisite of high temperature He treatment for Pt activation and CO insertion and
inquire into the structural transformation of Pt site process by using dynamic nuclear polarization

(DNP)-enhanced solid-state nuclear magnetic resonance (SSNMR) spectroscopy.



INTRODUCTION

Studies of heterogeneous catalysts for the production of clean energy have increased rapidly over
the years. Single-atom catalysts (SACs) with atomic-scale precision, consisting of single metal atoms
stabilized on high surface area materials including metal oxides, zeolites, metal-organic frameworks
(MOFs), and carbon-based nanostructures, have demonstrated promising catalytic performance for
hydrogen production, CO, reduction, and solar energy conversion.®* SACs have shown the highest
atomic utilization efficiency in catalysis.”!''! Among various support materials, MOFs, constructed
from organic linker and inorganic secondary building units, have become an emerging platform for
the heterogeneous SACs due to their well-defined pore geometry, tunable pore sizes, large porosity,
high surface areas, and versatile chemical functionalities.”!! By carefully choosing MOFs of proper
structure and functionalities, it is possible to produce relatively uniform and isolated active sites.!>!
For example, Lin et al. developed single-atom catalysts using N-containing organic linkers to stabilize
transition metal active sites, such as Ru, Re, Ir, Pd, Co, and Fe, for various organic transformation
reactions.!®?° Other research groups also demonstrated that isolated single Pt atoms on similar N-
containing MOFs are promising catalysts for photocatalytic hydrogen production from water.>2!-2> To
understand the origins of these novel catalytic properties and the stability of SACs, extensive
characterizations of the coordination structure of single-atom metal sites with atomic-scale precision
are indispensable. Such studies are also crucial for the rational design of improved SACs.?!-23-26

Owing to recent instrumentation advancements, aberration-corrected scanning transmission
electron microscopy (AC-STEM), which can distinguish and locate the position of isolated single
metal atoms, has emerged as a powerful tool for directly interrogating isolated metal atoms in SACs.?":
28 However, the ‘exclusive’ presence of single-atom sites drawn from AC-STEM images provides
statistically limited information, because the observation is restricted to a tiny portion of the samples
due to practical reasons.?”” Besides, AC-STEM does not provide information relating to coordination
structures of single-atom sites. Infrared spectroscopy with CO being probe molecule has been widely
used as the approach to characterize the metal surface and distinguish different metal sites, especially

SACs and metal nanopartiles.>* %



Herein, we synthesize isolated Pt single atoms supported on N-containing MOFs (Pt@MOF-
253). Using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with CO as the
probe molecule, we study the structural evolution of Pt sites in MOF-253 with thermal treatments
under inert and reductive gas environments. We perceive the critical role of He treatment on Pt
activation for CO coordination. To have a deep understanding of the transformation of Pt during He
treatment, we utilize dynamic nuclear polarization (DNP)-enhanced solid-state nuclear magnetic
resonance (SSNMR) spectroscopy and investigate the evolution of Pt site and its circumference.
Results obtained from different techniques suggest that He treatment changes the coordination
structure of Pt and the elongate of Pt—N bond, which results in the Pt activation and enables the CO
coordination. On the contrary, H, treatment partially reduces single site Pt ions to form metallic Pt

nanoparticles.

EXPERIMENTAL

Sample Preparation

Synthesis of MOF-253. We chose MOF-253 as the support to immobilize Pt atoms due to the
availability of uncoordinated bipyridine functional groups on MOF linkers for metal coordination,
besides its high thermal stability up to 350 °C. The AI-MOF is synthesized according to reported
literature with slight modifications.’! In a 20-mL scintillation vial, 2,2'-bipyridine-5,5'-dicarboxylic
acid (244.5 mg, 1.0 mmol) is dissolved 20 mL dimethylformamide (DMF). Aluminum chloride
hexahydrate (241 mg, 1.0 mmol) is added to the DMF solution and sonicated for 5 minutes. The
solution is capped and transferred to a pre-heated 120 °C oven and incubated for 24 h. After cooling
to room temperature, the precipitate is isolated by centrifugation at 7500 rcf for 5 minutes. The isolated
solid is washed with a copious amount of DMF, followed by the solvent exchange with acetone, and
then dried at 80 °C in oven.

Synthesis of Pt@MOF. MOF-253 (100 mg, 0.175 mmol) and Pt(DMSO),Cl, (38.6 mg, 16 wt% Pt,
91.0 ymol) are dispersed in 10 mL of acetonitrile in a 6-dram vial. The suspension is heated to 80 °C

under stirring for 12 h in an oil bath. The yellow solid is isolated by centrifugation at 4000 rcf for 5



minutes. The isolated solid is washed with 10 mL hot acetonitrile at 60 °C three times by
centrifugation. The solid is dried in the oven at 80 °C. ICP-MS analysis of the yellow solid upon Pt
insertion shows that the metal loading for Pt is 13 wt%. The obtained sample is denoted as Pt@MOF.

Post-synthesis treatment of Pt@MOF'. Since Pt@MOF is inactive for CO adsorption (see Fig. S1
in Supplemental Material), the as-synthesized sample is activated under a dynamic 10% H,/Ar flow
for 2 h or a He flow for 2~16 h at 300 °C. The treated samples are exposed to a CO flow (10 ml/min)
for 20 min. The samples are referred to as PP@MOF-XY/Z, where X is the duration of pretreatment,
Y is the type of gas used for the pretreatment, and Z is the presence or absence of CO adsorption. For
example, Pt@MOF-16He/CO denotes the sample treated with He for 16 h, followed by CO adsorption.
Materials characterization

Powder X-ray diffraction (PXRD). The PXRD patterns are recorded at room temperature using a
Bruker D8 Advance diffractometer with Ni-filtered Cu Ka radiation (1.5418 A) at 40 kV and 40 mA.
Inductively coupled plasma mass spectrometry (ICP-MS) measurements are carried out using a
Thermo Fisher Scientific X Series 2 spectrometer. High-resolution AC-STEM imaging is performed
on a Titan Themis 300 probed corrected TEM with a Super-X EDX detector.

X-Ray Photoelectron Spectroscopy (XPS). The XPS measurements are performed using a Kratos
Amicus/ESCA 3400 instrument. The samples are irradiated with 240 W unmonochromated Mg Ka x-
rays. The binding energies of all peaks are calibrated using the C1s peak at 284.6 eV as the reference.
To prevent the oxidation of metallic Pt in air, Pt@MOF-2H, are freshly reduced and protected in Ar
atmosphere before the XPS measurement.

Thermogravimetric analysis and mass spectrometry (TGA-MS). TGA-MS is performed on
Netzsch DSC/TGA-MS in He flow (40 ml/min). Around 15 mg sample is packed in an alumina
crucible and heated with a ramping rate of 20 °C/min to reach 300 °C. The temperature is kept at 300
°C for 5 h. The TGA mass-loss is recorded after background correction to empty alumina crucible.

Brunauer-Emmett-Teller (BET) surface area. BET surface area measurement of the catalysts is
performed by nitrogen sorption isotherms at 77 K using Micromeritics 3Flex surface characterization
analyzer. Approximately 50 mg Pt@MOF samples are degassed under vacuum (~5 x 10 torr) at

specific conditions before the measurement (100 °C for 6 h or 300 °C for 16 h).



Diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS). The DRIFTS
measurements are performed using an Agilent Cary 670 FTIR equipped with a linearized Mercury-
Cadmium-Telluride (MCT) detector, a Harrick diffuse reflectance accessory, and a Praying Mantis
high-temperature reaction chamber. All spectra are recorded at a resolution of 2 cm™! from 700 — 4000
cm’! under atmospheric pressure.

About 20 mg of the sample powder is packed into the IR sample holder equipped with KBr
windows. KBr is used as the background, and the background is taken at 30 °C under He. The sample
is activated under dynamic He flow at 300 °C for 16 h. In-situ IR spectra are collected continuously
during the activation process to study the sample change.

CO adsorption studies are performed using in situ DRIFTS. The samples are first activated/reduced
at the designated condition (vide supra). After cooling to 30 °C, a spectrum of the sample is recorded
as the background under He atmosphere. Carbon monoxide (10 ml/min) was then introduced for 15
minutes to saturate the accessible Pt surface. The excess gas-phase carbon monoxide is purged from
the cell under a dynamic He flows (40 ml/min) for 30 minutes. In-situ IR spectra are collected
continuously at variable temperatures under the constant He flow to probe the stability of chemisorbed
species.

Dynamic nuclear polarization-enhanced solid-state NMR (DNP-enhanced SSNMR). DNP-
enhanced >Pt{'"H} BRAIN-CP/WURST-CPMG,** BC{'H}, and "N{'H} cross-polarization magic-
angle spinning (CPMAYS) is carried out using a Bruker DNP NMR spectrometer operated at 9.4 T,
equipped with a gyrotron generating a continuous wave at 263 GHz and a low-temperature magic-
angle spinning (MAS) probe. The samples are exposed to a 16 mM TEKPol** solution of 1,1,2,2-
tetrachloroethane (TCE) by incipient wetness impregnation in a mortar and then packed into 3.2 mm
sapphire MAS rotors. The Pt spectra are recorded under a static condition using 10 ms WURST
pulse sweeping over 250 kHz following an initial 2.5 ps of 'H pulse. The spectra consist of 8~10 sub-
spectra, obtained by stepping the carrier frequency in 90 kHz increments.**For each sub-spectra, 32
CPMG echoes are accumulated. The *C, '°N, and '"’Pt chemical shifts are reported using the delta
scale and are referenced externally to TMS, CH;NO,, and PtCls in aqueous solution at 0 ppm,

respectively.



RESULTS AND DISCUSSION

Prior to the DRIFTS experiments, the crystallinity of samples is examined by PXRD (Fig. 1a). The
diffraction pattern of Pt@MOF shows Braggs peaks at 20 = 6° and 12°, assigned to MOF-253.
Compared with MOF-253, the PXRD pattern of Pt@MOF has a low signal-to-noise ratio and broad
peaks, indicating the decreased crystallinity of the MOF-253 during Pt loading. The thermal treatments
of the Pt@MOF at 300 °C (Pt@MOF-2H, and Pt@MOF-16He) cause a small shift of the peak at 20
= 6.4°, attributing to the thermally induced disorder of the crystal structure.’> Previously reported TGA
study of MOF-253 observed no evident mass loss up to 350 °C.3! The remained diffraction peaks of
MOF after the harsh treatment confirms the good thermal stability of MOF-253. The H, reduction
yielded Pt nanoparticles, evidenced by the Pt(111) and Pt(200) peak at 20 = 40 and 47°, respectively.
Indeed, Pt nanoparticles are found in the AC-STEM images of Pt@MOF-2H, (Fig 1c, d) in addition
to single Pt atoms, and the particle size is measured to be ~4 nm (Fig. 1b). In contrast, the formation

of Pt nanoparticles is not detected in Pt@MOF-16He, despite the longer treatment time at 300 °C.
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Fig. 1. (a) PXRD patterns of MOF-253, Pt@MOF, Pt@MOF-2H,, and Pt@MOF-16He. (b) The size
distribution of Pt nanoparticles in Pt@MOF-2H, (100 counts). AC-STEM images of (c, d) Pt@MOF-
2H, and (e, f) Pt@MOF-16He. The red arrows indicate the isolated single Pt atoms.

The oxidation state of Pt in Pt@MOF-2H, is evaluated by XPS. The Pt 4f7/2 peak in Pt@MOF is
located at 72.5 eV that can be assigned to cationic Pt(II) (Fig. 2a). Upon coordination of PtCl,(DMSO),
to the bipyridine linker of MOF-253, the Pt remains cationic as suggested in a previous study.’ After
thermal treatment under H, for 2 h, approximately 12% of Pt is indeed reduced to metallic Pt(0) (Fig.
2b). Note the additional deconvoluted peak at 74.5 eV is a contribution from the Al 2p of the secondary

building unit in MOF-253 .57
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Fig. 2. Pt 4f XPS spectra of (a) Pt@MOF and (b) Pt@MOF-2H,. Red line: Pt** 4fs5, and Pt** 4f,,.

Green line: Pt° 4f5, and Pt° 4f;,. Blue line: Al 2p of the secondary building unit in MOF-253.

Measuring vibration bands of adsorbed CO by DRIFTS (CO-DRIFTS) is a broadly used technique
to characterize Pt isolated sites and continuous surface in catalysts. We find that CO could not adsorb
on as-synthesized Pt@MOF without any thermal treatment (Fig. S1). Fig. 3a shows the CO-DRIFTS

spectra from Pt@MOF-xHe/CO (thermal treatment in hours, x = 2, 4, 8, and 16), where a major CO



adsorption band at 2109 cm™! appears along with a shoulder peak at 2094 cm!'. The intensities of the
two peaks increase with the thermal treatment time under He, indicating more active Pt sites are
generated for CO adsorption. Empirically, peaks above 2100 cm! are assigned to CO adsorption on
cationic Pt.®® We speculate the peak at 2094 cm could be ascribed to CO adsorbed on the Pt
coordinating to nitrogen of different electronic properties due to the existence of defects in MOF-253,
which needs to be further explored. For the sample reduced under H, for different amounts of time,
we observe an additional CO adsorption peak at 2061 cm' that could be assigned to the linearly
adsorbed CO on metallic Pt surface (Fig. S1), which is consistent with the results from PXRD and
AC-STEM. The increased intensity of the 2061 cm' peak with the extended thermal treatment time
under H, indicates the formation of more metallic Pt surface upon more prolonged reduction. For
thermal treatment under the non-reducing He environment, the absence of 2061 cm! peak for
Pt@MOF-xHe/CO suggests that the isolated Pt sites are stable and do not agglomerate to
nanoparticles.* The Pt sites are indeed activated by the He treatment for CO adsorption, and their
integrated intensities increase 26-fold by extending the treatment time from 2 to 16 h. In contrast, the
appearance of peak at 2061 cm! in Pt@MOF under different reducing conditions (Fig. S1)

demonstrates that the isolated Pt site is not stable upon reduction at 300 °C.
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Fig. 3. (a) DRIFTS spectra of CO adsorbed on Pt@MOF with different He activation times at
300 °C. (b) Integrated peak areas of CO adsorption DRIFTS spectra measured from Pt@MOF

samples with different He activation times.

To further explore the activation process, in-situ DRIFTS spectra are recorded for Pt@MOF during
the thermal treatment under He flow. With increasing sample temperature, the broad water peak
gradually decreases and finally disappears at 300 °C (shaded area in Fig. 4a). Along with the water
peak, we also notice the intensity changes of peaks centered at 2931, 2252, 2292 cm!, which are

assigned to v(C-H), v (C=N), and combination bands of §(C-H) and v(C-C).*** These observations

suggest that water and acetonitrile (the solvent used for loading Pt) remain in Pt@MOF after drying
at 80 °C, which can be removed upon further thermal treatment under He. TGA-MS experiment
reveals that these species are readily removed upon heating (Fig. 4b). Both DRIFTS and TGA-MS
results show that water and acetonitrile are removed below 300 °C. Extending the thermal treatment
at 300 °C to 16 h under He does not induce further changes in DRIFTS spectra but a slight decrease
in the sample weight from TGA (< 2%). Considering the dramatically increased CO adsorption with

the thermal treatment time at 300 °C under He (Fig. 3), the results in Fig. 4 suggests that site-blocking



by the remaining solvent or water molecules is unlikely to be the reason for the inactive nature of as-
synthesized Pt@MOF for CO adsorption. We also confirm that CO molecules do not adsorb on

Pt@MOF after 2 h thermal treatment at 200 °C under He.
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Fig. 4. (a) DRIFTS spectra of Pt@ MOF measured at different temperatures and He activation
time at 300 °C. (b) TGA-MS result of as-synthesized Pt@MOF. Inset: MS signal of acetonitrile

during TGA (m/z=41).

We further explore the stability of the adsorbed CO in Pt@MOF-16He/CO by measuring DRIFTS
spectra of the temperature-dependent desorption of CO under He flow (Fig. 5). Both peaks at 2109
and 2094 cm! decrease gradually but are still visible even at 300 °C. Note that the peak positions of
these two vibrational bands shift toward lower frequency (red-shift) by 5 cm and 8 cm™!, respectively.
These two peaks do not fully reverse to their initial position after the sample cools down to room
temperature, suggesting permanent structural changes in the Pt@MOF. We raise the catalyst
temperature to 300 °C again and keep it for an additional 6 h. The peaks do not disappear after 6 h,

indicating strong CO coordination to the isolated Pt sites. We also do not observe any new CO



adsorption peaks appear at 2061 cm™! during the whole thermal treatment process, indicating the high
thermal stability of isolated Pt sites (Fig. S2). We also test the stability of adsorbed CO on Pt@MOF-
2H, (Fig. S3). The intensities of the two vibrational bands at 2109 and 2061 cm™! decrease gradually
with the increase of temperature. The peak intensity at 2061 cm™! decreases relatively faster than the
peak at 2109 cm! due to the stronger coordination of CO with cationic Pt sites than that on metallic
Pt surface.’® Unlike Pt@MOF-16He, both of these two peaks disappear before the thermal treatment

temperature reaches 300 °C.
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Fig. 5. Time-dependent DRIFTS spectra of adsorbed CO on Pt@MOF with 16 h He treatment from
30 °C to 300 °C under He flow.

To further scrutinize the Pt site and its circumference, the samples are characterized by using DNP-
enhanced SSNMR spectroscopy. The Pt spectrum of Pt@MOF identifies the Pt site as cis-
Pt(bipy)Cl,,** and changes significantly after the He/CO treatments (Fig. 6). In contrast, the *C{'H}
CPMAS spectra (Fig. 6b) show only minor changes upon the He/CO treatment; i) a weak acetonitrile
signal (03¢ = 2 ppm) found in the spectrum of Pt@MOF disappears, and ii) a signal from carboxyl
carbon in the linker (8,3c = 171 ppm) is broadened. Most likely, the lack of signal from adsorbed CO
is owing to the absence of protons in close proximity to the CO. The PN{'H} CPMAS spectrum of
Pt@MOF shows three signals at O;sx = -74, -141, and -175 ppm, assigned to the bipyridine,
acetonitrile, and bipyridine coordinated to Pt (Fig. 6¢).’%44 When nitrogen coordinates to metals, its
resonance frequency shifts toward higher field, so-called metal coordinating shift.* Indeed, the
resonance frequency of the pyridine nitrogen shift from -74 ppm to -175 ppm upon coordinating to

Pt(II). A shoulder peak at around -85 ppm is attributed most likely to the structural inhomogeneity of



the MOF-253 because the shoulder peak is also observed in the as-synthesized MOF-253 (see Fig.
S4). The absence of the metal coordinating shift in the acetonitrile signal indicates that the acetonitrile
is not coordinating to the Pt site, which is consistent with the structure of Pt site identified by the Pt
NMR. ¥ After the He/CO treatment, the -141 ppm N signal disappears and the intensity of -175 ppm
signal decreases, while a new signal appears at -133 ppm. The disappearance of both 8,3;c =2 ppm and
Osn = -141 ppm signals indicates the removal of acetonitrile. The decrease of 8,5y = -175 ppm signal
and the appearance of 8,5y = -133 ppm signal are likely attributed to the structural transformation of
Pt site. This deshielding shift suggests elongation of Pt—N distance that weakens the Pt—N interactions
and consequently enables CO insertion. The broadening of &;3c = 171 ppm signal also implies the
structural change of the frameworks and/or the cornerstones. Note that all changes shown in the *C
and the N spectra are also found in those of Pt@MOF-16He (Fig. S5), which suggests that the
observed changes are caused by the He treatment.

The above-mentioned evolutions of the Pt sites are substantiated further by the quantitative
analysis of "N spectra. Although the CPMAS experiment is not a truly quantitative technique, the
signal intensities from spins in a similar environment provide reasonable approximations in a relative
manner (Table 1). In both Pt@MOF-2He/CO and Pt@MOF-16He/CO, the intensities of -133 ppm °N
peak are similar to the decrease of -175 ppm signal upon the He/CO treatment, and consequently the
ratio of N peaks from uncoordinated (0,sy ~ -74 ppm) and coordinated (8,55 ~ -133 ppm and -175
ppm) signals is constant. Most likely, the change of whole Pt NMR spectrum suggests the elongation

of one of Pt-N bonds in the majority Pt sites, rather than the elongation of both Pt-N bonds in a part

of Pt sites.
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Fig. 6. DNP-enhanced (a) '"Pt{'"H} BRAIN-CP/WURST-CPMG, (b) “C{'H} CPMAS, and (c)
BN{'H} CPMAS spectra of Pt@MOF (top), Pt@MOF-2He/CO (middle), and Pt@MOF-16He/CO

(bottom).

Table 1. 15N Signal Intensity of samples.

Samples -75 ppm? -133 ppm -175 ppm  coordinated nitrogen (%)
Pt@MOF 0.73 0 0.27 0.27
Pt@MOF-2He/CO 0.74 0.05 (+0.05)° 0.21 (-0.06)° 0.26
Pt@MOEF-16He/CO 0.73 0.14 (+0.14)°  0.13 (-0.14)° 0.27

a) The spinning sidebands (not seen in the spectra) are also accounted. b) The numbers in parentheses represent the
decrease of signal intensity from that of Pt@MOF.

Based on the findings from SSNMR as well as XRD, XPS, TGA-MS, and DRIFTS, the evolution
of coordination structures shown in Scheme 1 is suggested. The partial degradation/deformation of the
framework of Pt@MOF could be caused by thermal treatment under He, indicated by the decreased
PXRD peak intensity (Fig. 1a) and BET surface area (Fig. S6). The thermal treatment under He
induces elongation of one of the Pt-N bonds in as-synthesized Pt@MOF (Scheme 1b). Most likely,
this distorted coordination structure of the Pt site enables the additional adsorption of CO (Scheme

Ic). Indeed, such 5-coordinated Pt(I) complexes are reported in earlier studies.*6-48
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Scheme 1. Potential evolutions of the coordination structure of Pt(II) centers in MOF-253.

CONCLUSIONS



In summary, we used the surface sensitive DRIFTS with CO as the probe molecule to study the
stability and structural transformation of the isolated single Pt sites during thermal treatments under
reductive or inert conditions. We found the prerequisite of high-temperature He treatment for the
activation of Pt sites for CO adsorption. Thermal treatment under He does not cause Pt reduction and
aggregation, in contrast to that under H,. Using DNP-enhanced SSNMR spectroscopy, we identified
the high-temperature activation in He leads to change of local coordination of the isolated Pt sites by
elongating and weakening the Pt—N bond, which enables CO adsorption to form 5-coordinated Pt(II)
complex. We envision that the deep understanding of structure evolution of Pt could shed light on the

rational design of SACs and the evaluation of their catalytic performance.
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