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Discovering positively charged Pt for enhanced
hydrogenolysis of glycerol to 1,3-propanediol†

Binbin Zhao,a Yu Liang,a Lei Liu, *a Qian He *b and Jinxiang Dong a,c

Atomically-dispersed Pt supported on WOx-modified tantalum

oxide was developed as a highly active catalyst for selective hydro-

genolysis of glycerol, with the productivity of 30.80 g gPt
−1 h−1

toward 1,3-propanediol. The WOx species pre-deposited on

T-Ta2O5 were found to assist the atomic dispersion of platinum.

The WOx-stabilized Ptδ+ species adsorb hydrogen easily and facili-

tate the hydrogen heterolytic dissociation, which significantly

enhances the capability of in situ generated Brønsted acid sites

and the hydrogenation activity. This provides a new strategy for

developing bi-functional catalysts for a broad range of hydrogen

and acid-involved reaction.

The boom in the biodiesel industry brings about a significant
amount of surplus glycerol, thus converting glycerol into
value-added chemicals is of great importance to the sustain-
ability of global biodiesel production.1 Converting glycerol to
1,3-propanediol (1,3-PDO), an important monomer for produ-
cing polytrimethylene terephthalate, is an attractive approach
that could reduce our dependence on fossil feedstock.2,3

Among many recent works on searching for suitable
catalysts,4–13 supported Pt and WOx catalysts show high com-
mercialization potential due to their superior catalytic per-
formance and high stability. Normally, high loadings of tung-
sten (e.g. 10 wt%) and platinum (e.g. 2 wt%) are required to
achieve the desired productivity of 1,3-PDO (15.2 g gPt

−1 h−1,
Table S1†). The active sites are thought to be the interface
between the Pt and WOx species, which are optimized to a
certain extent by increasing their loadings.11,14,15 However,
such high loading of Pt and W often results in inactive highly
polymerized WOx species or large particles, leading to a low

atomic utilization efficiency and unsatisfying catalytic
results.8,11,16–18 Therefore, improving the platinum and WOx

dispersion and further optimize their interaction promises
further enhancements for the overall catalytic performance.

It is now widely accepted that glycerol hydrogenolysis to
1,3-PDO over bi-functional catalysts proceeds through dehydra-
tion of glycerol to 3-hydroxypropanal (3-HPA) over Brønsted
acidic sites followed by consecutive hydrogenation over Pt
metal nanoparticles.19–26 The intermediate of 3-HPA is very
unstable and fast hydrogenation of 3-HPA is very crucial to
achieve a high selectivity toward 1,3-PDO.27

Recently, atomically dispersed platinum catalysts as hydro-
genation active sites were widely studied, showing high activity
and selectivity for the hydrogenation of substrates containing
polar functional groups.28–30 For example, Yan et al. reported a
stable Pt single-atom catalyst using phosphomolybdic acid-
modified active carbon as support, in which the positively
charged Pt could adsorb hydrogen easily, showing a high
hydrogenation activity in the case of the substrate containing
–CvO group.29 Inspired by this, we prepared a positively
charged single/pseudo-single atom Pt catalyst on WOx-modi-
fied tantalum oxide, achieving high productivity of 1,3-PDO
(30.80 g gPt

−1 h−1) for glycerol hydrogenolysis. Such high cata-
lytic performance was attributed to both the high dispersion
of Pt and an optimized interface between Pt and WOx species.
The crystalline T-phase Ta2O5 (T-Ta2O5) was prepared from
hydrated oxide (Ta2O5·nH2O) by calcination at 900 °C,31 and
was chosen as support owing to its outstanding thermal and
hydrothermal stability, and the high similarity with W-species
in electronegativity and ionic radius which would be helpful to
enhance the dispersion of WOx species on its surface.32

Especially, the negligible acidic property for T-Ta2O5 could
minimize glycerol dehydration on the support, and allow us to
investigate the reaction mechanism over the Pt and WOx-based
catalysts. T-Ta2O5 with nano-scale size (∼200 nm) was prepared
using a solvothermal method followed by calcination at 900 °C
(ESI†). To ensure the high dispersion of WOx on the T-Ta2O5

surface, a simple impregnation–centrifugation method has
†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0gc03364b
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been developed to load the WOx species. Platinum was further
dispersed onto the WOx/T-Ta2O5 with a second impregnation
step (denoted as Ptδ+/WOx/T-Ta2O5). The essential physico-
chemical properties of T-Ta2O5 before and after loading W and
Pt were summarized in Table S2,† wherein the actual loading
of W and Pt was determined by ICP-AES method, with
0.68 wt% for Pt and 0.51 wt% for W in a typical Ptδ+/WOx/
T-Ta2O5 catalyst, respectively (Scheme 1).

The structure of T-Ta2O5 remains unchanged after loading
WOx and platinum species, as evidenced by powder XRD pat-
terns (Fig. S1†). The absence of Pt and WO3 nanoparticles
diffraction peaks revealed the homogeneous dispersion of Pt
metal and low polymerized tungsten oxide species on the
support surface.17,25,33

Raman and UV-vis characterization was also used to
identify the dispersion and the polymerization degree of
WOx species. For WOx/T-Ta2O5 and Ptδ+/WOx/T-Ta2O5 samples,
Raman spectra (Fig. S2†) show there is no typical characteristic
peaks for crystalline WO3 (805 cm−1 for W–O stretching,
270 cm−1 for W–O–W deformation).17,18 And only the band at
950–1000 cm−1 corresponding to the stretching mode of WvO
in the highly dispersed WOx species was observed.34–36 The
absorption edge of WOx/T-Ta2O5 in UV-vis spectra move to a
higher wavelength of 315 nm compared with pristine T-Ta2O5

(Fig. S3†), confirming that no high polymerized WOx species
were formed on the T-Ta2O5 surface.37,38 And the band cen-
tered around 225nm-260 nm is attributed to isolated tungsten
species or low polymeric tungsten oxide species in a distorted
tetrahedral or an octahedral coordination environment,39 the
similar results were also observed on the W/SiO2, and further
confirmed by X-ray absorption spectroscopy study.40 From
these results, it can be seen that the developed impregnation–
centrifugation method is a powerful strategy to achieve highly-
dispersed WOx species with a low polymeric state on T-Ta2O5

surface, which was suggested to be the actual active com-
ponents combining with Pt species for glycerol hydrogenolysis
to 1,3-PDO.8,11,14

SEM images show that Ptδ+/WOx/T-Ta2O5 has a coral-
shaped morphology with a particle size of 100–200 nm
(Fig. S4†). The dispersion of Pt and WOx were further investi-
gated using aberration-corrected scanning transmission
electron microscopy (STEM). High angle annular dark-field

(HAADF) Z-contrast STEM images of the Ptδ+/WOx/T-Ta2O5

catalyst are shown in Fig. 1(a and b). Ultra-small (e.g. 1 nm or
less) species can be found on the T-Ta2O5 support. The small
size and similarity of the atomic number of Ta (Z = 73),
W (Z = 74) and Pt (Z = 78) made it difficult to directly differen-
tiate these elements.9 Therefore, two additional samples were
studied for comparison, namely WOx/T-Ta2O5 and Pt/T-Ta2O5.
WOx clusters can be found in the WOx/T-Ta2O5 (Fig. 1(c and
d)) which are very similar in size compared to the ones in the
Ptδ+/WOx/T-Ta2O5 catalyst. And Pt nanoparticles can be
clearly seen from the Pt/T-Ta2O5 sample (Fig. 1(e and f )).
From these comparisons, it is reasonable to speculate that Pt
dispersion has been significantly improved due to the pres-
ence of WOx species deposited priority on the support, acting
as anchoring sites. Since no obvious size increase was
observed in those clusters shown in Fig. 1(a) compared to
Fig. 1(c), it can be inferred that no Pt nanoparticles were
formed onto WOx and Pt is likely to be atomically dispersed
on the entire WOx/T-Ta2O5 surface.

Probe molecule infrared (IR) spectroscopy with CO has
been widely used to identify the valence state and dispersion
for Pt species on the catalyst. Because the adsorbed CO could
not be detected on the bare WOx/T-Ta2O5, the peaks upon
loading Pt were derived from the CO adsorbed on different Pt
species (Fig. 2a). Two dominant peaks at 2138 cm−1 and
2091 cm−1 for Ptδ+/WOx/T-Ta2O5 were ascribed to the linearly
bonded CO on isolated Ptδ+ species and PtOx clusters (<1 nm),

Scheme 1 Illustration of preparation process of Ptδ+/WOx/T-Ta2O5.
Fig. 1 STEM-HAADF images of (a and b) Ptδ+/WOx/T-Ta2O5 catalyst, (c
and d) WOx/T-Ta2O5 catalyst and (e and f) Pt/T-Ta2O5 catalyst.
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respectively.41–45 For Pt supported catalysts, the peak position
for the adsorbed CO molecules are closely associated with the
electronic structure of Pt species and the bonding configur-
ation of the Pt to CO.46,47 The bonding energy of Pt species in
Pt/T-Ta2O5 is less than that of Ptδ+/WOx/T-Ta2O5, as confirmed
by X-ray photoelectron spectroscopy (Fig. 2), as a result, the
peak corresponding to CO adsorbed on isolated Ptδ+ species
was red shifted to 2124 cm−1 from 2138 cm−1 for Pt/T-Ta2O5.
The peaks at 2078 cm−1 and 1830 cm−1 are assigned to the lin-
early bonded CO on Pt nanoparticles and the bridge-bonded
CO on Pt nanoparticles in more large size, respectively, while
the latter is not observed on Ptδ+/WOx/T-Ta2O5.

41,42,48 Also, the
peak intensity corresponding to the isolated Ptδ+ species in
Ptδ+/WOx/T-Ta2O5 is much higher than that of Pt/T-Ta2O5,
showing that much more isolated Pt species were formed on
WOx/T-Ta2O5. The Pt species could be well held in a highly dis-
persed state by their strong interaction with WOx islands
formed on the T-Ta2O5 surface.

The electronic state of the two supported Pt catalysts were
further investigated with X-ray photoelectron spectroscopy
(XPS). XPS spectra (Fig. 2c) show that only cationic platinum

species between those of Pt(II) and Pt(IV) were detected in Ptδ+/
WOx/T-Ta2O5 catalysts. It should be noted that the Pt 4f bands
shift to the higher binding energies (Pt 4f5/2 72.98 eV and Pt
4f7/2 76.36 eV) after depositing WOx species on the support,
indicating the strong interaction between the Pt and WOx

species behaved on the support surface. According to H2-TPR
test results (Fig. S5†), the main reduction peaks of Ptδ+ species
on Ptδ+/WOx/T-Ta2O5 occurs at 545 °C that is higher than that
of WOx-free catalysts, while the H2 consumed for reduction of
Ptδ+ species is greater than that observed on Ptδ+/T-Ta2O5 with
the same Pt content, indicating that the strong metal–support
interaction (SMSI) between Pt and WOx/T-Ta2O5 as well as a
more high-dispersion of Pt species on WOx/T-Ta2O5. Based on
TEM, IR, XPS, and H2-TPR results, we can conclude that the
isolated Ptδ+ species and platinum oxide clusters were highly
dispersed on the surface of the support, and the SMSI between
Pt and WOx assure the Ptδ+ species to disperse at the atomic-
level.9,49

The catalytic properties in the glycerol hydrogenolysis were
shown in Table 1. It can be seen that Ptδ+/WOx/T-Ta2O5 catalyst
exhibits significantly high catalytic activity and selectivity
toward 1,3-PDO (1,3-PDO/1,2-PDO molar ratio = 68.61) com-
pared to the pristine T-Ta2O5 supported Pt catalyst. Moreover,
the catalytic results of glycerol hydrogenolysis over Ptδ+/WOx/
T-Ta2O5 (Table S3†) during the reaction process indicated that
the selectivity of 1,3-PDO was stable, showing excellent per-
formance for the selective cleavage of the second C–O bond of
glycerol. The nature and the number of acidic sites on catalysts
are also very important to glycerol hydrogenolysis. The NH3-
TPD and FTIR of adsorbed pyridine over catalysts were per-
formed to reveal the acidic property (Fig. S6 and S7†), however,
only the weak Lewis acid sites in Py-IR spectra were observed
on Ptδ+/WOx/T-Ta2O5, which is associated with the presence of
terminal WvO group upon loading WOx species on T-Ta2O5.
Generally, Brønsted acid sites play a crucial role to achieve a
high selectivity toward 1,3-PDO in glycerol hydrogenolysis over
bi-functional catalysts.5,8,17 To confirm if the protonic acid site
could be in situ generated on Ptδ+/WOx/T-Ta2O5 catalyst during
the glycerol hydrogenolysis, the control Py-IR experiment was
conducted by co-feeding H2 with pyridine. Interestingly, we
observed a new peak at 1540 cm−1 corresponding to the pyri-

Fig. 2 IR spectra of CO adsorbed on various catalysts during desorp-
tion processes, and XPS spectra of Pt 4f: Ptδ+/WOx/T-Ta2O5 (a and c),
Pt/T-Ta2O5 (b and d).

Table 1 Catalytic results of glycerol hydrogenolysis over various catalysts in aqueous mediaa

Entry Catalyst Time (h) Conversion (%)

Selectivity (%)
Selectivity ratio
(1,3/1,2)1,3-PDO 1,2-PDO 2-PrOH 1-PrOH

1 WOx/T-Ta2O5 12 — — — — — —
2 Pt/T-Ta2O5 12 3.77 7.24 21.02 5.83 60.93 0.34
3 Ptδ+/WOx/T-Ta2O5 12 89.88 44.8 0.65 4.42 42.36 68.61
4 Pt0/WOx/T-Ta2O5

b 12 22.71 54.35 3.74 5.18 30.92 14.53
5 Ptδ+/WOx/T-Ta2O5

b 12 53.71 49.41 1.60 5.58 35.50 30.88
24 87.00 45.61 0.76 4.15 38.56 63.96

a Reaction conditions: 6.184 g of 3 wt% glycerol solution, 0.2 g of catalyst, 160 °C, 5.0 MPa H2 pressure, stirring rate of 600 rpm. 1-PrOH, 2-PrOH,
and 1,2-PDO refer to 1-propanol, 2-propanol, and 1,2-propanediol, respectively. b 30 wt% glycerol solution was applied under identical reaction
condition.
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dine on Brønsted acid sites (Fig. S8†), indicating that the
Brønsted acid sites could be available for the first-step de-
hydration of glycerol by H2 dissociation over the interface of Pt
and WOx during the reaction. Hydrogen activation is signifi-
cantly important for the selective hydrogenolysis of glycerol to
1,3-PDO, which is associated with the in situ Brønsted acid
generation for dehydration and the activated H-species for
hydrogenation.9,10,12 The activation mode of H2 on atomically
dispersed metal species is closely related to the local coordi-
nation environment, the hydrogen heterolytic dissociation is
more favored on positively charged single atoms than that on
metallic atoms.30 The positively charged Pt species in Ptδ+/
WOx/T-Ta2O5 enable H2 to heterolytically dissociate to Hδ+ and
Hδ− species, and Hδ+ species spilled over the surface of
support via Pt–O–W interfacial, forming O–Hδ+ and Pt–Hδ−

species.9,50 A control experiment was conducted on Pt0/WOx/
T-Ta2O5 catalyst obtained from Ptδ+/WOx/T-Ta2O5 by H2

reduction treatment, in which the Pt species mainly existed in
the form of Pt0, as evidenced by XPS (Fig. S9†). The catalytic
results (Table 1, entry 4) show the glycerol conversion on Ptδ+

catalyst is about 2.5 times higher than that on Pt0 catalyst,
indicating that the high catalytic activity is attributed to the
Ptδ+–O–W species.51

H2–O2 titration experiment was carried out to investigate
the hydrogen absorption performance of Pt-based catalysts.
The H2 consumption was not detected on WOx/T-Ta2O5

(Fig. S10†) and consequently, any H2 uptake is attributed to
the presence of Pt species on support. Control experiments
demonstrate that Ptδ+/WOx/T-Ta2O5 exhibits a significantly
high H2 adsorption capacity compared to the two other cata-
lysts with the same Pt loading (Fig. 3). The excellent H2 absorp-
tion capability was attributed to the atomically dispersed plati-
num species, as well as the maximized interface between Pt
and WOx which facilitates the dissociated H-species spillover
and form the Brønsted acid sites on the catalyst,9 implying

that Ptδ+/WOx/T-Ta2O5 has potential in successive hydration–
hydrogenation reaction.

It has been recognized that fast hydrogenation of 3-HPA
over Pt is a key step for the formation of 1,3-PDO from glycerol
hydrogenolysis.22,23 Since 3-HPA is not stable and not commer-
cially available, we attempted to use propanal as a model mole-
cular to evaluate the hydrogenation activity of the carbonyl
group on various Pt containing catalysts. Ptδ+/WOx/T-Ta2O5

catalyst exhibited much higher activity than that of the
reduced catalyst of Pt0/WOx/T-Ta2O5 in the hydrogenation of
propanal to 1-PrOH (Fig. 3d) at room temperature. Based on
this fact, we infer that the positively charged Pt species in
atomic-level dispersion are ideal active sites compared with
metal Pt for the fast hydrogenation of 3-HPA intermediate to
1,3-PDO, further illustrating the applied potential of the posi-
tively charged single metal atoms in hydrogen-involved
reaction.29

Combining the current characterization and catalytic reac-
tion results, a plausible reaction scheme was proposed for gly-
cerol hydrogenolysis on the studied catalyst (Scheme 2). First,
hydrogen was absorbed and heterolytically dissociated to Hδ+

and Hδ− species over the positively charged Pt single atoms,
and Hδ+ species could spillover from Pt atoms to the support
via Pt–O–W interfacial leading to the generation of W–(OH)–Ta
species as Brønsted acid sites.12,52,53 The primary –OH group
of glycerol molecular was inclined to chemisorb on the cat-
ionic Pt cluster owing to the high charge density. The in situ
generations of Brønsted acid sites are favorable for eliminating
the secondary –OH group to form a secondary carbenium,
then 3-HPA by keto–enol tautomerism. The high activity of Ptδ+

species assured the speedy hydrogenation of 3-HPA to 1,3-
PDO.

The reusability and stability of Ptδ+/WOx/T-Ta2O5 were firstly
investigated with four successive runs under the regular reac-
tion condition (Table 1, entry 3). After each reaction run, the
catalyst was recovered, washed with distilled water and dried at
110 °C temperature before the next reaction. As shown in

Fig. 3 H2–O2 titration profiles Ptδ+/WOx/T-Ta2O5 (a), Pt/T-Ta2O5 (b),
Ptδ+/WOx/T-Ta2O5 (c) and the catalytic results (d) of propanal hydrogen-
ation over various Pt-containing catalysts.

Scheme 2 Proposed reaction mechanism of glycerol hydrogenolysis to
1,3-PDO over Ptδ+/WOx/T-Ta2O5.
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Fig. 4, the conversion rate of glycerol showed a small decrease
from 89.88% to 78.56% after four successive runs, while the
selectivity toward 1,3-PDO kept stable at about 45%. It should
be noted that, the glycerol conversion dropped relatively
quickly (about 6%) after the first run, then very slowly in the
next successive runs. Elemental analysis for the reaction liquid
was done and no leaching of Pt or W from the catalyst was
detected. XPS was used to identify the valence states of Pt-
species in the catalyst after the first and 4th run (Fig. S11†),
and the fitting results are summarized in Table S4.† It was
found that the surface Ptδ+/(Ptδ+ + Pt0) ratio in catalyst rapidly
decreased to about 55% from 100% after the first run,
however, the further reduction of Ptδ+ species had not been
obviously observed in the next runs, and there is still more
than 44% Ptδ+ species remained on the catalyst even after the
4th run. Therefore, the obvious drop in activity for the 2nd run
probably resulted from the reduction of a portion of Ptδ+

species during the reaction, and this easily reducible Ptδ+

species could be ascribed to their weak interaction with WOx.
By contrast, the Ptδ+ species having strong interaction with
WOx could be well kept during reaction owing to its high
reduction temperature as confirmed by H2-TPR results
(Fig. S5†), which showed much higher catalytic activity com-
pared to the easily reducible ones. Consequently, the catalytic
activity for Ptδ+/WOx/T-Ta2O5 could remain at a high level in
the next successive runs. Moreover, only one peak corres-
ponding PtOx clusters (<1 nm) was detected in the IR spectra
of CO adsorbed on the used catalyst (Fig. S12†), indicating
that high dispersed WOx could enhance the stability of plati-
num species and effectively inhibit their agglomeration during
the reaction. These results certify that Ptδ+/WOx/T-Ta2O5 cata-
lyst has an operational reusability and remarkable stability in
our current reaction condition for the hydrogenolysis of gly-
cerol, and potential in a candidate for practical application.

In conclusion, we prepared a stable positively charged Pt
catalyst with atomic-level dispersion by loading an extremely
low content of WOx species on T-Ta2O5, exhibiting remarkable

productivity of 1,3-PDO in the hydrogenolysis of glycerol,
which is much higher than the reported results so far with Pt-
WOx-based catalysts. The superior catalytic performance was
attributed to the highly-dispersed Ptδ+ and the strong inter-
action between Pt and WOx/T-Ta2O5, which facilitates the
hydrogen heterolytic dissociation and H-species spillover to
produce Brønsted acid sites, and affords a high catalytic
activity for hydrogenation. This discovery will be helpful to
understand the glycerol hydrogenolysis mechanism, and also
provide an ideal in designing powerful bi-functional catalysts
for the hydrogen and acid-involved reaction.
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