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ABSTRACT: The selective hydrogenolysis of glycerol to 1,3- o &srwo, o W
propanediol (1,3-PDO) necessitates the precise tandem reactions of s o

deoxygenation at a specific location and the ensuing hydrogenation K e

steps. Herein, a solid solution-supported catalyst Pt/Nb,W O, was T |/ ! @
reported for the hydrogenolysis of glycerol to 1,3-PDO. We o ~‘ i " wo
engineered the exceptional interaction between active Pt and oxygen , ‘ __________________ S

vacancies to efficiently integrate the deoxygenation and hydrogenation g Sesmo Vitomo
steps in tandem. The strong interaction between active Pt and oxygen ¢ ¢ \ ¥
vacancies was established via hydrogen (H,) spillover and induced the ./(\qr(“f f

generation of 1,3-PDO in situ. This synergistic effect confers Pt/ L3P0 ,ycerol
Nb,W;Os, with high catalytic performance, combining a 75.6% W species o
conversion of glycerol and 66.5% selectivity to 1,3-PDO at a low H, Nb species

pressure of 1.0 MPa (noting that most catalysts require H, pressures
of >4 MPa). Moreover, the structure—performance relationship validated that there is a linear correlation between active Pt, oxygen
vacancies, and 1,3-PDO yield. This study provides mechanistic insights into further catalyst developments for the valorization of
other biomass-derived oxygenates.

KEYWORDS: Pt/Nb,W,sOs, active Pt, oxygen vacancies, H, spillover, low H, pressure

H INTRODUCTION to 76%.'"° Based on such research, the most promising
candidate for an optimal catalyst appears to be the loading
of noble metals on an oxyphilic metal oxide, as these
correspond to hydrogenation- and deoxygenation-active
centers, respectively. The catalytic performance of different
catalysts for glycerol hydrogenolysis to 1,3-PDO is listed in
Table S1. Especially, Pt—W- and Ir—Re-based catalysts have in
this regard evolved as prototypical examples.” Although Ir—Re-
based catalysts have high selectivity, they were limited by low
yield and high cost. Considering the feasibility of production,
Pt—W-based catalysts have become the main candidates due to
their stable yield and relatively lower cost.

In these initial studies, the pursuit of a maximized 1,3-PDO
yield was the prime goal, in view of its economic potential, but
as a concomitant result, the intrinsic relationship between the
precise catalyst structure, the detailed mechanism, and the
improved performance did not attract equal attention. More
recently, the mechanism has started to receive more detailed

To pursue the vision of sustainable development, the green
and low-carbon transformation of global energy will become an
important way to coordinate the common development of
energy, environment, and economy.l’2 Valorization of over-
capacity glycerol (the main byproduct of biodiesel) can not
only reduce energy waste and environmental problems but also
obtain economic benefits and expand the biodiesel industry
chain. In this context, the catalytic conversion of glycerol into
value-added chemicals is considered to be one of the most
promising chemical upgrading reactions.””> When assessing
the downstream derivatives, specifically, 1,3-PDO seems to
have a high potential given by its large use in the polyester fiber
field and its already wide application in textile, food, cosmetics,
pharmaceutical, and other industries.® Yet, it is difficult to
achieve the precise activation and cleavage of this secondary
C—0O band in glycerol hydrogenolysis, as it is limited by steric
hindrance and thermodynamic factors.” However, glycerol
valorization to 1,3-PDO is advanced specifically by hydro- —
genolysis reactions catalyzed over heterogeneous catalysts, Received: December 9, 2023 Sustafnable
which requires optimization of the near-synchronous deoxy- Revised:  March 22, 2024
genation and hydrogenation steps.” In the 1980s, Che et al. Accepted: March 27, 2024
pioneered the formation of 1,3-PDO in glycerol hydro- Published: April 10, 2024
genolysis, to provide a 21% yield.” In recent years, the steady

progression of catalyst design has allowed the yield to increase
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attention, and following the concept of a bifunctional catalyst,
strategies such as doping, acid site modulation, and structure
regulation have led to a focus on establishing structure—
performance relationships.'' "> This yielded that specific
active centers, such as Bronsted acid sites, can positively affect
the selectivity of the reduction of secondary C—O bonds.'*"
Recently, Fu’s team modulated the dynamics of Brensted acid
sites on a Pt/WO,, catalyst to drive the selective activation of
the secondary C—O bond and reached an order of magnitude
increase in the dehydration average reaction rate under the
action of periodic hydrogen pulses.'® With an eye to analogous
control over the Bronsted acid site, Fan et al. selected different
phases of ZrO,-supported Pt—W catalysts, which display a
diversity of acid sites.'” Pt-WO,/t-ZrO, catalysts with more
Bronsted acid sites were favorable for the formation of 1,3-
PDO. Even so, subtle changes in the catalyst structure upon
the regenerative reduction of the surface (formation of Pt(0)
and W(V)) make it difficult to directly link the precise catalyst
structure to the observed performance, thus hampering
detailed mechanistic insights. The generation of dynamic
active sites was intimately coupled with catalyst reducibility.
The coupling of these different but near-synchronous
processes makes it difficult to directly link the catalytic
mechanism to the overall catalytic performance.'® On the
other hand, researchers believe that H, spillover exists in the
redox reaction involving H,.'® The electron migration induced
by this spillover strengthens the interaction between the
support and the noble metal.'” Choi et al. encapsulated
platinum in an aluminosilicate matrix with controlled diffusion
properties, elucidating that surface hydroxyls (presumably
Bronsted acids) are essential for the utilization of H, spillover
on the support surface.”’ Afterward, a linear relationship
between the amount of Pt-bound H (H/Pt) and the overall
glycerol conversion was discovered by carefully adjusting the
H, spillover capacity of the catalyst.”’ This indicated that H,
spillover is of great significance in the glycerol hydrogenolysis
on WOj;-rich nanocatalysts.

Obviously, the acid sites and H, spillover mentioned above
are related to the deoxygenation- and hydrogenation-active
centers of the bifunctional system, respectively. Therefore, to
successfully drive the deoxygenation—hydrogenation tandem
reaction, it is necessary to effectively integrate the two active
centers. However, this makes the exploration of interactions
even more difficult, as changes in the electronic structure and
unsaturated coordination environment resulting from the
interactions between these active centers are prone to generate
defects in the catalysts, especially in metal oxides.”* The effects
of defects on the catalytic performance are easily overlooked,
as they are often difficult to identify and an almost intrinsic
feature of the coupling of the deoxygenation and hydro-
genation reactions.

In this article, we developed a sol-assisted cationic
coordination assembly strategy to synthesize a solid solution-
supported catalyst Pt/Nb,W,;05,. Multiple structural charac-
terization and in situ DRIFTS measurements were used to
clarify the formation and connection between active Pt and
oxygen vacancies. In this study, we aimed to further elucidate
the mechanism and to find reaction conditions in which a high
selectivity can be combined with a low H, pressure, as the
latter would effectively reduce the costs associated with
industrial operation. Combined with activity test results,
structure—performance relationships were established, which
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further elucidate the mechanistic links between active Pt and
OXygen vacancies.

B EXPERIMENTAL SECTION

Chemicals and Materials. Ammonium hydroxide (NH;-H,O),
hydrogen peroxide (H,0,), ethylene glycol ((CH,OH),), glycerol,
1,2-PDO, 1,3-PDO, i-PO, n-PO, and 1,4-butanediol (1,4-BDO) were
obtained from Sinopharm Chemical Reagent Co. Ltd. Citric acid
(C¢HO;), ammonium metatungstate ((NH,)s(H,W,04,)-nH,0),
and platinum(Il)nitrate (Pt(NO;),) were purchased from Aladdin
Reagent, and niobium oxide (Nb,O;) was produced from Sinopharm
Chemical Reagent Co. Ltd. All of the above were directly used
without further purification. Hydrogen—Argon (H,—Ar) (10% H,),
high-purity grade hydrogen (H,, >99.9%), air, and nitrogen (N,,
>99.9%) were purchased from Beijing Shunan Fancy Gas Co., Ltd.

Catalyst Preparation. 15 g of citric acid, 15 mmol of
(NH,)s(H,W,04)-nH,0, and 2 mmol of niobium hydroxide
(Nb(OH);) were dissolved in 100 mL of deionized water; the
preparation of Nb(OH); has been reported before.'” § mL of
(CH,0OH), (AR, 99%) was introduced into the mixture to promote
the dispersion of components. Then, S mL of H,0, (AR, 30 wt % in
H,0) was added. After being mixed thoroughly, NH;-H,O was used
to bring the pH value to 3.5. The solution was slowly heated to dry at
90 °C for § days to form a sol and calcined at 800 °C for S h to obtain
Nb—W support. Using the same sol—gel method,
(NH,)4(H,W;,040)-nH,0 was added only to obtain WOs;.

Pt(NOs;), as the precursor of Pt was loaded onto Nb—W support
by incipient wetness impregnation, the loading of Pt was 3 wt %. The
impregnated sample was dried at 110 °C for 12 h and then calcined at
350 °C for 4 h to obtain Pt/Nb,W;Os. Using the same
impregnation method, Pt was loaded onto the WOj; support to
obtain the comparative sample Pt/WOj.

Characterization of Catalysts. Scanning electron microscopy
(SEM) images were obtained with a ZEISS GeminiSEM 300 scanning
electron microscope (acceleration voltage = 3 kV).

High-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEM-2100F microscope operated at 200
kV and equipped with an energy-dispersive X-ray spectroscopy (EDS)
microanalysis system. The particle size distributions of Pt nano-
particles were obtained using a Nano measurer.

The nitrogen adsorption and desorption isotherms were collected
at 77 K and obtained by the application of the Brunauer—Emmett—
Teller (BET) analysis method. The pore size distributions (PSD)
were calculated using a Barrett—Joyner—Halenda (BJH) model.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
Ultimate IV instrument in the scanning range 5—80° at a speed of 2°
min~" with a Cu Ka radiation source operated at a tube voltage of 40
kV and a current of 40 mA.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were acquired on a JEM-
2100F electron microscope operated at 200 kV; for these images, the
catalyst was evenly dispersed into ethanol and carefully dropped onto
a copper grid to be measured.

Temperature-programmed reduction of hydrogen (H,-TPR) was
performed on a Micromeritics Auto Chem II 2920 chemical
adsorption analyzer; for such measurements, a 100 mg of the sample
was weighed and placed in a U-shaped quartz tube, dried, and
pretreated in He at 300 °C for 1 h. After cooling to room temperature
and introducing a 10% H,/Ar mixture flowing gas (50 mL min™") for
0.5 h, which allowed the baseline to stabilize, the sample was heated
to 1200 °C at a ramp of 10 °C min™". The amount of H, consumption
was detected and calculated by a thermal conductivity detector
(TCD).

Thermal gravimetric analysis (TGA) was conducted on a
NETZCH STA-449C thermal analyzer system in the air of catalysts,
measuring temperature from room temperature to 800 °C.

X-ray photoelectron spectra (XPS) were performed on a Thermo
ESCALAB 250XI spectrometer equipped with an Al Ka radiation
source (working voltage = 12.5 kV; filament current = 16 mA; pass

https://doi.org/10.1021/acssuschemeng.3c08096
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Figure 1. Electron microscope images of Pt/Nb,W;;Os,. (a) SEM images, (b, c) HRTEM images, and (d) particle size distributions of Pt
nanoparticles. (e) EDS mapping images of Pt/Nb,W;Os, (f) W, (g) Nb, and (h) Pt.

energy for full spectrum scanning = 100 eV). All binding energies
were calibrated with reference to the C 1s peak at 284.8 eV, and the
narrow spectrum of Pt and W elements was deconvolution fitted. The
catalyst was tested after the reduction treatment. The detailed steps of
pretreatment are as follows: the sample was reduced in a H,
atmosphere at 350 °C for 1 h. Subsequently, the samples were
passivated in a N, atmosphere for 1 h, and then cooled to room
temperature to be measured.

Raman spectra were obtained on a Scientific LabRAM HR
Evolution spectrometer in the range 0—1500 cm™" under a $32 nm
excitation laser. The catalyst was tested after reduction treatment, and
the pretreatment method is consistent with that of the XPS test.

X-band electron paramagnetic resonance (EPR) was performed on
a Bruker ES00 EPR spectrometer at room temperature. The catalyst
was tested after reduction treatment, and the pretreatment method is
consistent with that of the XPS test.

Temperature-programmed desorption of NH; (NH;-TPD) was
carried out on the same instrument of H,-TPR. About 100 mg of the
sample was pretreated in a He atmosphere at 300 °C for 1 h; after
subsequent cooling to 30 °C, 10% NH;/He mixture flowing gas (30—
50 mL min~") was introduced for 1 h until adsorption saturation. The
tube was purged with a pure He flow for 1 h to remove the weak
physical adsorption of NH; on the surface. The sample was desorbed
and heated to 800 °C at a rate of 10 °C min~' in a He atmosphere
with a record of TCD.

In situ diffuse reflectance infrared Fourier transform spectra of H,
(DRIFTS-H,) adsorption were recorded with a Nicolet iS50 Fourier
transform infrared (FTIR) spectrometer with an MCT/A detector.
About 100 mg of the catalyst was loaded in the high-temperature
chamber, and the catalyst was pretreated at 350 °C in a He stream for
0.5 h to remove impurities and moisture. After being cooled to 130
°C (reaction temperature), the background spectrum was recorded.
Then, H, was introduced for adsorption until adsorption saturation
with a continuous record, followed by purging with a He stream to
remove physical adsorption of H,.
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In situ DRIFTS of CO adsorption were collected on the same
instrument as that used for H, adsorption. The method of in situ
pretreatment of the catalyst is consistent with H, adsorption. After
pretreatment, the sample was cooled to 130 °C and treated with 10%
H,—Ar flow for 0.5 h, after which the gas flow was switched to a He
stream again for 0.5 h to remove any additional physical adsorption of
H,. Cooled to 30 °C, the background was recorded when the
spectrum was stable, and then CO was introduced for adsorption, and
the adsorption state was recorded continuously, which was followed
by purging with He when the CO adsorption reaches saturation.

CO chemisorption was performed on the same instrument as H,-
TPR. About 100 mg of the samples were pretreated in a He
atmosphere at 10 °C min~' from room temperature to 350 °C for 1 h.
Subsequently, a 10% H,—Ar mixture was introduced, and the sample
was reduced for 1 h. Cooling to 50 °C, He flow was introduced again
to purge the surface H, until the baseline was stabilized. The CO
pulse titration was performed until the intensity of the elution peak
was stable.

In situ DRIFTS of glycerol hydrogenolysis were recorded on the
same instrument as used for H, and CO adsorption. The pretreatment
and prereduction of the samples were consistent with the DRIFTS-
CO adsorption experiments. The background spectrum was collected
in a He atmosphere at 130 °C. Then glycerol solution was quickly
introduced, and a continuous recording spectrum of the reactant
adsorption state was started. Next, the atmosphere above the sample
was switched to H,—Ar, the spectra were collected to obtain the
reaction state information on glycerol and the products, and finally
switched back via He purging until the signal was stable.

Catalytic Reaction. The reaction of glycerol hydrogenolysis was
conducted in a 30 mL capacity Teflon-lined stainless-steel autoclave.
Reaction conditions: 3 g of 20 wt % glycerol aqueous solution, 0.2 g of
catalyst, 1 MPa H,, 130 °C, 12 h. After the reaction, the liquid phase
product was separated by differential centrifugation and analyzed by a
gas chromatograph (SP-3530) equipped with a flame ionization
detector (FID) and KB-Wax (30 m X 0.25 mm X 0.25 gm) column.

https://doi.org/10.1021/acssuschemeng.3c08096
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Figure 2. (a) Raman spectra, (b) H,-TPR profiles, (c) TGA curves, and (d) EPR spectra of Pt/Nb,W O, and Pt/WO;.

Using 1,4-BDO as the internal standard, the liquid products were
quantitatively analyzed by the internal standard method. The carbon
mass balance was above 95% in all cases, and the selective sum of
liquid products was normalized. The conversion of glycerol and the
selectivity of each product were calculated using the following
equations:

(%) = (moles )/ (moles

Conversion

glycerol glycerol consumed glycerol fed)

(%)

= (molespmdudobsemd X stoichiometric factor)

SelectivitySP

ecific product

/ (mOIesglyceroI consumed)

i 9
Yleldspeciﬁc product ( % )

= Conversiongy .., (%) x Selectivity (%)

specific product

B RESULTS AND DISCUSSION

Catalyst Structure. The SEM and HRTEM images of Pt/
WO; exhibited a jumbled stack of heterogeneous polyhedrons
(Figure S1). EDS mapping results demonstrate the uniform
dispersion of W and Pt species inside Pt/WO, (Figure S1). Pt/
Nb,W,505, possessed an irregular columnar structure with a
diameter of 100—250 nm (Figure 1). Pt nanoparticles with
average sizes of 2.15 and 2.07 nm were uniformly dispersed on
WOj; and Nb,W 505, respectively. The EDS mapping further
verified the homogeneous distribution of W, Nb, and Pt inside
Pt/Nb,W,5sOs. The nitrogen adsorption and desorption
isotherms and PSD profiles of the two catalysts and their
support are presented in Figure S2. WO; and Pt/WO; feature
a type III adsorption isotherm, implying that both have low
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Sger (Table S2). However, Nb,W;,05, and Pt/Nb,W,;O¢,
feature type-IV isotherms with H1 hysteresis loops, which were
assigned as a mesoporous structure. After the incorporation of
Pt nanoparticles, the Sgpr of Nb,W,sO5, was decreased from
23 to 10 m* g~ (Pt/Nb,W5Os,, Table S2), indicating that Pt
was anchored to the support surface. Simultaneously, the PSD
results revealed a more uniform porosity after the introduction
of Pt.

XRD patterns are shown in Figure S3. The Bragg peaks
observed at 23.1, 23.6, and 24.4° of Pt/WO; were attributed to
the (002), (020), and (200) planes of monoclinic phase WO,
(PDF#83-0950). The addition of Nb changed the WO, phase
from monoclinic to tetragonal. There are two main crystal
planes, (001) and (110), on Pt/Nb,W; Os, which were
assigned as belonging to the tetragonal phase WO, (PDF#8S-
0808). Considering that the ionic radius of Nb>* (0.65 A) is
larger than that of W** (0.60 A), this shifts the (110) spacing
to a lower value when Nb* was incorporated into the WO,
lattice. This change is linked to the formation of a solid
solution structure, and such configuration has been described
in detail by Li et al.”> HAADF-STEM images further
demonstrated that lattice distortion occurred in some regions,
which was caused by the integration of Nb ions (Figure S4).
Despite the observation that the tetragonal WO; phase was
basically unchanged (as derived from the XRD results), the
electrostatics in the crystal had become unbalanced in this
process, resulting in a residual positive charge. Therefore, there
is a tendency to adsorb anions induced by specific factors.”*
Moreover, the weak characteristic peak of Pt (red marked) in
the XRD pattern demonstrates a smaller particle size and high
dispersion of Pt nanoparticles, which is consistent with the
conclusions of PSD and EDS.
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Table 1. Catalytic Activity of Pt/Nb,W,;O;, and Other Catalysts”

entry catalysts glycerol solution conversion (%)
1 Pt/WO; 3g 20 wt% 25.9
2 Pt/Nb,W, 05, 3g 10 wt % 787
3 Pt/Nb,W,Oso 3g 20 wt % 726
4 Pt/Nb,W,Oso 3.g 30 wt % 68.2
5 Pt/Nb,W,Oso 3.g 40 wt % 64.2
6 Pt/Nb,W,Osp 4g 20 wt % 69.8
7 Pt/Nb,W,Oso S g 20 wt % 66.0

selectivity (%)

1,3-PDO 1,2-PDO n-PO i-PO yield; 3 ppo (%)
49.9 5.6 37.5 7.4 12.9
62.0 3.5 282 6.3 489
66.5 2.4 23.7 7.5 48.2
65.3 3.3 22.3 9.1 44.6
65.2 2.2 254 73 41.9
65.5 1.8 28.1 4.6 45.7
65.6 1.8 28.0 4.7 433

“Other reaction conditions: reaction time of 12 h, 1 MPa H, pressure, reaction temperature 130 °C, 0.2 g of catalyst, 3 wt % Pt loading.

Importance of Active Pt in Oxygen Vacancy
Formation. Figure 2a displays the Raman spectra of Pt/
WOj; and Pt/Nb,W;Og,. The stretching vibration modes at
715 and 805 cm™! of Pt/WO; are assigned to the W—O—-W
oxygen bridge of WOq octahedra, while the two peaks at 271
and 324 cm™! were attributed to W—O vibrations.”
Compared with Pt/WO;, the integration of Nb broadened
all vibration modes, while accompanied by a red shift. Such
results mirror that abundant surface oxygen vacancies were
formed on the Pt/Nb,W,5O5, catalyst.zs’2

H,-TPR was used to further verify the oxide domain of the
catalyst in a H, atmosphere (Figure 2b). The peak at 57—70
°C was ascribed to the reduction of Pt*, while the peak near
353 °C was attributed to the reduction of WO, species
adjacent to Pt sites.”” Interestingly, despite the identical Pt
loading, a higher H, consumption was observed for Pt** on Pt/
Nb,W 505, (0.164 cm® g™') than for Pt/WO, (0.129 cm® g™").
Simultaneously, the significant shift of the reduction temper-
ature (70 vs §7 °C) reflects that the integration of Nb induced
an interaction with Pt. Moreover, compared with Pt/WO;, the
reduction peak within the range of 500—1000 °C over Pt/
Nb,W,505, was increased by a factor of S, and mirroring rich
oxygen vacancies were generated in situ. In addition, H,
consumption in the high-temperature regions of both supports
was similar to Pt/WO;, mirroring that individual support
cannot form oxygen vacancies (Figure SS).

TGA was used to further investigate the origin of the oxygen
vacancies (Figure 2c). No more than 2% mass loss occurred in
Pt/WO; when the temperature rose to 800 °C in air, while Pt/
Nb,W ;05 had almost no mass loss, confirming the good
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stability of both catalysts. Interestingly, the mass of Pt/
Nb,W 505, even exerted a slight increase before 600 °C, this
phenomenon may be caused by oxygen filling the vacancy or
oxidation of Pt species.”” However, the Pt/WO, catalyst and
Nb,W 505, support do not conform to this trend. Combined
with the H,-TPR results, mirroring that Pt species on Pt/
Nb,W;Os, has a wider redox domain.

This could be easily observed by EPR measurements
(Figures 2d and S6): a signal at a g value of 2.003 was
attributed to the oxygen vacancies on Pt/Nb,W O, while no
signal of electron trapping was detected on the monoclinic
phase Pt/WOj. Filho et al. suggested that Nb,Og was the cause
of these defects.’® To further clarify the origin of the oxygen
vacancy, EPR analysis was performed for Nb,W;sOs, and
WO;, respectively. However, no oxygen vacancy was detected
on both supports (Figure S6), demonstrating that the
Nb,W O, support cannot spontaneously induce electron
transport and form oxygen vacancies in situ without the
participation of Pt. Since these oxygen vacancies were only
measured on the catalyst after H, reduction, given the
electrostatic equilibrium, it is reasonable to assume that the
electrons obtained on the oxygen vacancies were transferred
from H, spillover.”"** Combined with the TGA and H,-TPR
results, it can thus be hypothesized that the generation of these
oxygen vacancies was triggered by active Pt on the support.

The surface chemical states of the catalyst after H, reduction
were conducted by XPS (Figures 3a,b, S6—S7 and Table S2).
The doublets with W 4f;, BEs of ca. 34.9 and 35.9 eV on Pt/
WOj; could be ascribed to W** and W', respectively.'” The
doublets were shifted to lower binding energy of 34.6 and 35.5
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Figure 4. Catalytic performance of glycerol hydrogenolysis on Pt/Nb,W,;Os. (a) Product distributions of glycerol hydrogenolysis at different
reaction times. (b) Effect of H, pressure on the catalytic performance. (c) Effect of reaction temperature on glycerol hydrogenolysis. (d) Stability
test results of glycerol hydrogenolysis on Pt/Nb,W;;05, (130 °C, 10 h). Note: reaction conditions: 130 °C, 1.0 MPa, 12 h, 3 wt % Pt loading, 0.2 g

of catalyst, 3.0 g of 20 wt % glycerol solution.

eV on Pt/Nb,W;sOs, suggesting that some W species
(presumably associated with oxygen vacancies) trapped
electrons, causing the trapped electrons to be taken up by W
nucleus.”® This trend was also found in Pt 4f,,, BEs of Pt/
Nb,W,505, confirming a more conducive reduction of Pt
species on Nb,W ;Os,. However, XPS experiments were not
strictly in situ tests, during which the catalyst was briefly
exposed to air, which may trigger the oxidation of trace
amounts of Pt. Compared with Pt/WO;, the proportion of Pt
and W in the low state was increased significantly, mirroring
the presence of rich redox couples and frequent electron
transport.”* These results further identified the electron
transfer between Pt and oxygen vacancies via H, spillover,
which can accelerate the rate of redox reaction.>® Moreover,
the 4 Pt 4f,, BEs and W 4f,,, BEs of Pt/Nb,W O, did not
change after the reaction. The proportions of Pt’ and W**
showed small variations, which may be due to experimental
errors in the testing process.

Catalyst Performance. The catalytic activity of catalysts
was investigated for glycerol hydrogenolysis under conditions
of 3 wt % Pt loading, 0.2 g of catalyst, 130 °C, 1.0 MPa H,, 12
h, and 3 g of 20 wt % glycerol solution. As summarized in
Table 1, Pt/WO; delivered a low glycerol conversion of 25.9%
with 49.9% selectivity to 1,3-PDO (Entry 1). In contrast, Pt/
Nb,W,505, gave a 75.6% conversion with 66.5% selectivity
(Entry 3) under the same conditions, affording a 1,3-PDO
yield of 48.2%, which was almost 4 times that of Pt/WO,.
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Noteworthily, Pt/Nb,W;O5, was endowed with high
selectivity to 1,3-PDO, and this selectivity is not reduced
even at higher glycerol concentrations (Entries 4 and ).

The product distribution of glycerol hydrogenolysis was
investigated every 2 h on Pt/Nb,W,Os, (Figure 4a). The
glycerol conversion increased from 18.1 to 72.6% with an
increase of reaction time from 2 to 12 h. The initial selectivity
of the primary products 1,3-PDO and 1,2-propanediol (1,2-
PDO) were 73.6 and 6.7% (2 h reaction time), respectively,
implying a high selectivity for secondary C—O bond activation.
In general, with the increase of reaction time, the excess
hydrogenolysis of these diols will cause a continuously
increasing yield of monohydric alcohols (i-propanol (i-PO)
and n-propanol (n-PO)). However, the yield of n-PO increased
significantly, while that of i-PO remained nearly constant.
These results suggest that n-PO is the main product of 1,2-
PDO hydrogenolysis. Moreover, isolated —OH groups were
shown to be difficult to hydrolyze, and the presence of at least
two adjacent —OH is a prerequisite for hydrogenolysis, which
is consistent with the conclusion of Shishido et al** In
addition, when 1,3-PDO concentration was dominant, the
reaction was dominated by the hydrogenolysis of the main
product 1,3-PDO, leading to a rapid decrease in the selectivity
to 1,3-PDO (Table S4).

In glycerol hydrogenolysis, H, dissociation and spillover are
of significant importance to the dehydration and hydro-
genation steps. In other words, it is a shortcut to optimize the
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catalytic performance if the catalyst can rationally utilize H,
and maximize the H, dissociation ability. Encouragingly, Pt/
Nb,W 05, exhibited a high hydrogenolysis activity also at low
H, pressure (1 MPa), achieving a 1,3-PDO yield of still 48.2%
(Figure 4b). As the H, pressure continuously increased, it was
beneficial to the conversion of glycerol, but the selectivity of
1,3-PDO was not improved (Table S4). This mirrors that the
H, activation ability can be saturated at lower pressure on Pt/
Nb,W,;Os. In addition, the Nb-rich catalysts in the previous
work are similar to most catalysts in that their catalytic activity
Under the
same conditions, only a 17.2% yield of 1,3-PDO was obtained
on the Nb-rich catalyst (Table S4). This contrast further
highlights the stronger H, activation capacity on Pt/
Nb,W,50s.

shows a strong dependence on high H, pressure.'’
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The influence of the reaction temperature on glycerol
hydrogenolysis was investigated, and the results are displayed
in Figure 4c. Increasing temperatures accelerated the reaction
rate and drove the rapid hydrogenolysis of glycerol. A yield of
56.2% was obtained at 140 °C, which is the highest yield
achieved so far under low-pressure conditions (1 MPa). The
reusability of Pt/Nb,W Oy, is examined in Figure 4d. After
each reaction, the catalyst was recovered from the liquid phase
and put into the next activity test without any treatment. Even
though the yield of 1,3-PDO exhibited a slight decline after
each reuse run, we attribute this decline in the catalytic
performance to the loss of catalyst mass. However, only 5% of
the yield was lost after five runs, indicating a passable
reusability of Pt/Nb,W,5Ox.

Structure—Performance Relationship. To establish the
structure—performance relationship, in situ DRIFTS of CO
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adsorption were obtained to investigate the effect of Pt and the
support (Figure 5). Two peaks located at 2173 and 2116 cm™
(Figure Sa) on Pt/WO; were assigned to CO adsorbed on the
positively charged Pt and the linear adsorption of CO onto
metallic Pt, respectively.37 These two peaks result from the
physical adsorption of CO, which is easy to remove under
gentle He purging. In contrast, a strong chemisorption peak
appeared at 2085 cm™! on Pt/Nb,W,;05, (Figure Sb), which
is attributed to CO adsorbed on the active Pt.*® This result
proves that Nb,W;Oy, can provide a large amount of active
Pt, which is essential for the overall redox reaction. The
information on active Pt was further clarified by CO
chemisorption (Table SS). The cumulative quantity of CO
chemisorption on Pt/Nb,W;{Og, (1.502e-02) was much
higher than that on Pt/WOj; (5.506e-03), which was consistent
with the results of CO—DRIFTS. In addition, the dispersion of
active Pt on Pt/Nb,W,505, was much higher than that on Pt/
WOj;, which may be one of the reasons affecting the catalytic
performance. The in situ DRIFTS of H, adsorption further
revealed the interaction between oxygen vacancies and active
Pt. Figure 3d exhibits two peaks on the two catalysts, one peak
at 3406—3415 cm ™" was ascribed to the stretching vibration of
the O—H chelate,®” while the other located at 2065—2068
cm™! (Figure 3c) is interpreted as resultin% from the vibration
of hydride on the active Pt (Pt—H).” Importantly, the
presence of Pt—H is a prerequisite for glycerol hydrogenolysis.
The higher intensity of Pt—H peaks on Pt/Nb,W; O,
compared with Pt/WO; confirms an increased ability of H,
dissociation. This is the intrinsic impetus of Pt/Nb,W ;O for
the exceptional hydrogenolysis activity at low H, pressure,
which is the fundamental reason for the results in Figure 4b.

To prove the conclusion in reverse, the oxygen vacancy
strength on Pt/Nb,W Oy, with different Pt loadings was
investigated by EPR (Figure 6a). The strength of oxygen
vacancy on Pt/Nb,W;sO05, with 3 wt % Pt loading was
significantly enhanced compared with 1 wt % Pt loading.
Therefore, it can be considered that the amount of active Pt
was positively correlated with the strength of oxygen vacancies.
However, the relationship between these two active centers on
the performance of the catalyst still needs to be further verified.
For this purpose, the effect of different Pt loadings on catalytic
performance was carried out (Figure 6b). The glycerol
conversion showed a linear correlation with Pt loading, while
52.5% yield of 1,3-PDO was obtained at 5 wt % Pt loading.
Nevertheless, a slight decrease in 1,3-PDO selectivity occurs
when the Pt load exceeds 3 wt %, mirroring that 3 wt % Pt
loading was capable of supplying the H, activation required for
the hydrogenolysis. These in situ DRIFTS experiment with
EPR and XPS results indicate a strong interaction between
active Pt and oxygen vacancies through H, spillover. Under the
premise that the utilization of active Pt is maximized (Pt
loading <3 wt %), the yield of 1,3-PDO positively correlates
with both active Pt and the strength of the oxygen vacancies.

In situ DRIFTS data of glycerol hydrogenolysis were
obtained to track the adsorption state on Pt/Nb,W;Os,. In
a He atmosphere of 30 °C (Figure Sc), two absorption bands
were observed at 1111 and 1056 cm™!, corresponding to the
stretching vibration of adsorbed 2° hydroxyl group (2°—OH)
and 1° hydroxyl group (1°—OH), respectively.”’ When the
temperature was increased to 130 °C, the adsorption strength
of the two —OH groups on the catalyst was significantly
enhanced. Particularly, the band of 1°~OH was shift from
1056 to 1039 cm™, indicating that 1°—~OH was adsorbed by
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the catalyst more easily than 2°—OH groups during the heating
process. When the atmosphere was switched to H,, an obvious
red shift was observed on 2°—~OH band (from 1110 to 1106
cm™'), while the 1°~OH band was maintained at 1139 cm™.
This phenomenon reveals that the secondary C—O bond
interacted more strongly with the catalyst in the reaction.”" It
can be considered that both —OH groups will be adsorbed by
the catalyst in the reaction, while 2°—~OH was activated as the
main reaction.

Previously, Ma et al.'> and Ren et al.*' through attenuated
total reflectance-infrared (ATR-IR) spectroscopy combined
with FTIR spectra of pyridine adsorption verified that the
adsorption sites of 2°—~OH and 1°—OH were corresponding to
Bronsted acid and Lewis acid, respectively. According to their
conclusions, Brensted acid sites were generated in situ on Pt/
Nb,W,5O05, during the reaction, which is the key to the high
yield of 1,3-PDO. The NH;-TPD results are shown in Figure
SS. Compared with Pt/WO;, the strong acid site of Pt/
Nb,W,;Os, had almost disappeared, to be replaced by the
dominant medium strong acid site. This suggests that a
uniform and mildly acidic environment is more conducive to
the formation of 1,3-PDO.

Subsequently, the reaction states of two types of —OH on
Pt/Nb,W,;Os, with different Pt load were studied (Figure 5d).
It was found that more Bronsted acid sites were generated with
the increase of active Pt sites, which was manifested by the red
shift and the increasing adsorption strength of 2°~OH bond.
The generation of the Bronsted acid site is related to the strong
interaction between active Pt and oxygen vacancies. Therefore,
the structural property relationship of glycerol hydrolysis on
Pt/Nb,W,Os, can be illustrated as Scheme 1: The active Pt

Scheme 1. Catalytic mechanism of the active site on Pt/
Nb,W;505,

B i
H + E
H Pt !
r : o, i ¢ 3
“v"\,i PO T gt
P o , Nb,W1505 ' ¢
glycerol . 1,3-PDO

with strong H, dissociation ability has an interaction with the
oxygen vacancies via H, spillover. In turn, oxygen vacancies
can trap the hydrogen species from H, spillover, while rich
Bronsted acid sites were generated in situ. However, due to the
limitation of equipment conditions, the above characterization
cannot strictly reproduce the actual working state of the
catalyst. Therefore, the reaction mechanism of the catalyst in
the actual working state is still restricted by many factors such
as high temperature, H, pressure, agitation, and solvent, which
needs to be further explored and improved.
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B CONCLUSIONS

A solid solution-supported catalyst Pt/Nb,W,;05, with oxygen
vacancies displayed a high catalytic performance under low H,
pressure for glycerol hydrogenolysis to 1,3-PDO. The unique
electronic environment of the Nb,W Oy, solid solution
stimulated a large number of active Pt sites, which significantly
enhanced the H, dissociation ability. In turn, this active Pt is
associated with the oxygen vacancies on the support via H,
spillover and further induced the in situ formation of Brensted
acid sites and 1,3-PDO. The structure—performance relation-
ship reveals that this synergistic effect can effectively connect
the deoxygenation and hydrogenation steps in tandem,
delivering a high glycerol conversion (75.6%) and 1,3-PDO
selectivity (66.5%) under mild conditions (1 MPa, 130 °C).
This study thus provides a new perspective for the in-depth
study of the synergistic effects of metal—support dynamic
interactions on catalytically active sites.
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