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ABSTRACT: Rhenium substantially promotes the rate of Pt-
catalyzed glycerol hydrogenolysis to propanediols and shifts
the product selectivity from 1,2-propanediol to a mixture of 1,2
and 1,3-propanediols. This work presents experimental
evidence for a tandem dehydration−hydrogenation mecha-
nism that occurs over a bifunctional Pt−Re catalyst. Infrared
spectroscopy of adsorbed pyridine and the rate of aqueous-
phase hydrolysis of propyl acetate were used to identify and
quantify Brønsted acid sites associated with the Re component.
Near-ambient-pressure XPS revealed a range of Re oxidation
states on the Pt−Re catalysts after reduction in H2 at 393 and
493 K, which accounts for the presence of Brønsted acidity. A
mechanism involving acid-catalyzed dehydration followed by Pt-catalyzed hydrogenation was consistent with the negative
influence of added base, a primary kinetic isotope effect with deuterated glycerol, an inverse isotope effect with dideuterium gas,
and the observed orders of reaction.

KEYWORDS: heterogeneous catalysis, bimetallic, biomass, platinum, rhenium, Brønsted acidity, X-ray photoelectron spectroscopy

1. INTRODUCTION

Interest in bimetallic catalysts consisting of a late transition
metal such as Pt together with an oxophilic metal such as Re
has increased in recent years because of their potential
application in several reactions relevant to the transformation
of biomass-derived molecules to fuels and chemicals.1−14

Although alumina-supported sulfided Pt−Re bimetallic catalysts
have been used industrially for decades in naphtha reform-
ing,15−21 the unsulfided version of this catalyst exhibits a very
interesting catalytic performance in liquid water.
In the early 2000s, Dumesic and co-workers reported that

platinum group metals catalyze the aqueous phase reforming
(APR) of biomass-derived molecules.22 Soon thereafter, several
monometallic and bimetallic catalysts based on transition group
metals were developed to reform glycerol, a waste product of
triglyceride transesterification to produce biodiesel.23−25

Promotion of carbon-supported Pt nanoparticles with a second
oxophilic metal increased the rate of glycerol reforming to H2,
CO, CO2, and light alkanes in liquid water by an order of
magnitude compared with monometallic Pt.1−3

Supported platinum group nanoparticles are also effective
catalysts for the hydrogenolysis of glycerol. The hydrogenolysis
of glycerol is often carried out at temperatures lower than that
for APR to maximize the selectivity to propanediols.26−29

Daniel et al. reported that the addition of Re to Pt increased the

rate of glycerol hydrogenolysis substantially and shifted the
product selectivity from almost exclusively terminal hydro-
genolysis, which produces 1,2-propanediol (1,2-PDO), toward
internal hydrogenolysis, which formed 1,3-propanediol (1,3-
PDO).4 At temperatures as low as 393 K, monometallic Pt, Rh,
or Ir catalysts are nearly inactive for glycerol hydrogenolysis,
but the addition of Re increases the rate of the reaction in liquid
water and increases the selectivity of internal C−O bond
hydrogenolysis.7,30,31 These types of bimetallic catalysts also
demonstrate high activity and selectivity for the hydrogenolysis
of other α,β-oxygen-substituted substrates, such as 2-
(hydroxymethyl)tetrahydropyran and tetrahydrofurfuryl alco-
hol.7,32,33 Although a significant amount of work has
documented the performance of bimetallic catalysts consisting
of Re together with a platinum group metal, the mechanism of
hydrogenolysis in liquid water and the promotional role of Re
are still unclear.5−8

The Tomishige group has studied the hydrogenolysis of
different molecules and proposes the role of Re is to act as a
Lewis acid. For glycerol hydrogenolysis, they speculate glycerol
anchors to the surface through the terminal alcohol group,
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followed by the activation of the internal C−O bond of glycerol
by a hydride produced from the heterolytic cleavage of H2.

5,6

A different mechanism for hydrogenolysis of oxygenates was
proposed by Chia et al.7 In that work, researchers used results
from reaction studies, NH3 temperature-programed desorption,
and density functional theory (DFT) calculations to suggest
that a Brønsted acid site is associated with the Re component of
the bimetallic catalyst in liquid water. Supported by results from
quantum chemical calculations, Chia et al. suggested that
protolytic activation preferentially occurred at the internal
carbon of glycerol instead of the terminal carbon because
secondary carbenium ions are more stable than primary
carbenium ions.7 Following the acid-catalyzed dehydration of
glycerol on the speculated acid site associated with Re, the
unsaturated reaction intermediate could then be hydrogenated
by the late transition metal component of the catalysts (Rh) to
form the final product (1,3-PDO). Consistent with the
mechanism involving a Brønsted acid site, the ion formation
energies of several other oxocarbenium ions showed a strong
correlation with the rate of hydrogenolysis of the corresponding
oxygenate.7

Other works have also suggested that Brønsted acid sites
associated with Re are responsible for the increased rate of
glycerol APR when Re is added to Pt based catalysts.12,13,34,35

In addition, FTIR spectroscopy of adsorbed pyridine showed
that Brønsted acid sites were present on Pt−Re bimetallic
catalysts supported on silica.12,34 It is unclear from these
studies, however, whether Brønsted acid sites are ascribed to
the Pt−Re bimetallic nanoparticles or to weakly held
perrhenate species on the silica surface.36 Ciftci et al. also
used evidence from CO stripping voltammetry to show that Re
is a strong binder of oxygen species, which could facilitate water
activation to produce OH species on the surface.12

In this work, the bifunctional nature of supported Pt−Re
bimetallic catalysts is investigated. The Pt−Re system was
chosen because theoretical calculations suggest that Pt−Re
bimetallic nanoparticles form the strongest Brønsted acid sites
(on the basis of deprotonation energy) compared with other
common bimetallic systems containing a reducible metal and an
oxophilic metal.7,37 Glycerol hydrogenolysis in the presence of
NaOH, diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS) of adsorbed pyridine, and propyl acetate
hydrolysis were used to gain critical insights into the role of the
Re component in bimetallic Pt−Re nanoparticles for glycerol
hydrogenolysis. In addition, the kinetics of glycerol hydro-
genolysis were investigated by varying glycerol concentration
and H2 pressure as well as measuring the kinetic isotope effect
using glycerol(OH)3-d5 and D2.

The oxidation state of Re in the working state of the
bimetallic catalysts is still unknown, even though the oxidation
state of Re in Pt−Re bimetallic catalysts has been under
investigation for several decades.38 One of the reasons for the
ambiguity regarding the oxidation state of Re is its dependence
on the conditions to which the Re is subjected. The reduction
of Re7+, or perrhenate (the most stable oxidation state), usually
does not begin until ∼573 K,39 but it can occur as low as 373 K
in the presence of Pt because of hydrogen spillover.4 Because
Re is oxophilic, the partially reduced Re in the Pt−Re bimetallic
catalyst is oxidized to Re7+ upon exposure to air. Therefore, the
oxidation state of Re depends on the pretreatment of the
catalyst and the conditions under which the catalyst is probed.35

Recently, in situ X-ray absorption spectroscopy (XAS) has
been used to study Pt−Re particles supported on Norit carbon4
as well as Rh−Re40 and Ir−Re41 particles supported on silica.
The average oxidation state of Re in those works was
determined to be ∼2+ after reduction in flowing H2 at
temperatures between 373 and 473 K. Another study by Chia
et al. concluded that Re in Rh−Re nanoparticles supported on
Vulcan carbon were metallic.8 Interestingly, that work showed
that the oxidation state of Re was the same in gaseous H2 as
under reaction conditions with H2-saturated water.
In the current study, X-ray photoelectron spectroscopy was

used to study the oxidation state of Re in Pt−Re bimetallic
catalysts supported on both Vulcan carbon and silica. The
advantages of using XPS are that the various oxidation states
can be discerned instead of an overall bulk average, and the
technique is more sensitive to the elemental composition at the
surface, which is most applicable to catalysis. In addition to
using conventional XPS equipped with an Al Kα radiation
source, experiments were performed using a near-ambient
pressure X-ray photoelectron spectrometer (NAP-XPS), which
allowed for measurements to take place in the presence of H2

and water vapor at 393 and 473 K.

2. RESULTS

2.1. Catalyst Characterization. The properties of the
supported bimetallic catalysts used in this study are summarized
in Table 1. Silica gel and Vulcan carbon were used as supports
to permit interrogation of the Pt−Re nanoparticles by infrared
spectroscopy and NAP-XPS, respectively. All of the catalyst
studied in this work had a 1:1 nominal molar ratio of Pt to Re,
and the naming convention used describes only the weight
loading of Pt. For example, as shown in Table 1 the catalyst
named 8 wt % Pt−Re/SiO2 had a Pt weight loading of 8% and a
Re weight loading of 7.6%, which corresponds to a 1:1 molar
ratio of Pt and Re.

Table 1. Results from H2 Chemisorption and Electron Microscopy of Pt and Pt−Re Catalysts

catalyst support
Pta

(wt %)
Rea

(wt %) Re/Ptb
H uptakec

(μmol/g) H/Ptc
av metal diameterd

(nm)
surface av metal diametere

(nm)

8 wt % Pt−Re/SiO2 silica 8.0 7.6 1.0 155 0.38 2.4 ± 0.95 3.2
8 wt % Pt−Re/SiO2−W silica 8.0 7.6 0.89 135 0.33 2.6 ± 0.89 3.2
8 wt % Pt/SiO2 silica 8.0 118 0.30 4 ± 2.4 8.0
8 wt % Pt−Re/C carbon 8.0 7.6 0.95 136 0.33 4 ± 3.2 9.6
8 wt % Pt/C carbon 8.0 16 0.039 7 ± 7.3 27
4 wt % Pt−Re/C carbon 4.0 3.8 1.0 85 0.41 1.7 ± 0.41 1.9
4 wt % Pt/C carbon 4.0 56 0.27 2 ± 1.5 5.1

aNominal weight loadings. bMolar ratio measured via ICP−OES. cObtained via H2 chemisorption at 308 K after the catalysts were reduced in situ at
473 K. dObtained via TEM. eObtained via TEM by ∑d3/∑d2.
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Dihydrogen chemisorption was used to estimate the number
of exposed Pt sites on the bimetallic catalysts. Previous studies
revealed that the uptake of chemisorbed hydrogen on
supported monometallic Re catalysts is below the detection
limit.4 The results in Table 1 show the bimetallic catalysts
chemisorbed more hydrogen compared with the monometallic
Pt catalysts, indicating a greater fraction of the Pt was exposed.
This is partly attributed to the fact that the Pt−Re catalysts had
smaller particle sizes compared with the monometallic Pt
catalysts, as revealed by TEM. This trend was especially evident
on the carbon-supported catalysts. The bimetallic 8 wt % Pt−
Re/C catalyst had a significantly higher H/Pt ratio than the 8
wt % Pt/C catalyst, and the number-average particle size
measured by TEM was about half the size of the monometallic
catalyst. Moreover, the monometallic Pt/C catalyst also had a
much broader particle size distribution that included some
particles >20 nm. In fact, the bimetallic catalysts had narrower
particle size distributions compared with the corresponding
monometallic catalysts, regardless of support. The particle size
distributions for the catalysts in Table 1 are depicted in Figure
S1. The consistently smaller particle sizes of the Pt−Re
bimetallic catalysts indicates a stabilization of Pt against
sintering at elevated temperatures by the presence of Re.2,42

Table 1 also summarizes the properties of 8 wt % Pt−Re/
SiO2−W, which is a catalyst that has been “washed” to remove
weakly held, water-soluble perrhenate that was not associated
with the Pt on 8 wt % Pt−Re/SiO2. Vicente et al. report that Re
catalysts synthesized via incipient wetness impregnation of
aqueous perrhenate results in well-dispersed but weakly held
species on silica supports.36 Therefore, it is likely that some
weakly held perrhenate ions were present on the silica-based
Pt−Re bimetallic catalysts used in this work and others
reported previously. In addition, silica-supported perrhenate
has been shown to expose Brønsted acid sites.12 The washing
procedure is described in Section 5.1.
2.2. Polyol Hydrogenolysis. 2.2.1. Glycerol Hydro-

genolysis. The rates and selectivities of glycerol hydrogenolysis
at 393 K in a 110 mM aqueous glycerol solution with 4 MPa of
H2 over 8 wt % Pt−Re/SiO2, 8 wt % Pt−Re/SiO2−W, and 8 wt
% Pt−Re/C are presented in Table 2. Two measures of activity
are presented: one normalized to the mass of the catalyst, and
the other normalized to the hydrogen uptake measured via H2
chemisorption to give a turnover frequency (TOF). The TOF
is one way to report a rate that properly accounts for differences
in exposed metal attributed to differences in particle size.
Unfortunately, the different affinities of Re and Pt for hydrogen
means that the TOF expressed here is still based on an
approximation of exposed active sites. Nevertheless, we
observed that the Pt−Re nanoparticles supported on silica
had a higher activity per mass of catalyst as well as a higher
TOF compared with the carbon-supported bimetallic catalyst.
Although the rate was higher on the silica-supported catalyst,
the Sec/Prim ratio (a ratio of internal hydrogenolysis products

to terminal hydrogenolysis products defined in Section 5.1) was
lower on the silica-supported catalyst when compared with
carbon-supported catalyst, indicating that the carbon-supported
catalyst was more selective to internal hydrogenolysis reactions.
In general, at 393 K in a 110 mM aqueous glycerol solution
with 4 MPa of H2, we observed the Sec/Prim ratio on silica-
supported bimetallic catalysts to range between 0.5 and 0.6,
whereas the ratio on the carbon-supported bimetallic catalysts
was between 0.65 and 0.8. The Sec/Prim ratio was relatively
independent of the glycerol conversion, up to 55%. Even
though the addition of Re shifts the product selectivity to 1,3-
PDO, corresponding to an increase in the Sec/Prim ratio, 100%
selectivity to products resulting from the activation of
secondary C−O bonds was never obtained, and primary C−
O bond activation over Pt−Re was always observed. As
explained by Chia et al., a possible intermediate for the
hydrogenolysis of glycerol was found to be an oxirane-type
carbocation formed via dehydration and ring closure. Ring
opening of the oxirane carbocation can lead to either terminal
alcohol (1,3-PDO) or secondary alcohol (1,2-PDO), depending
on which bond is activated.7 We suspect this is why very high
selectivity to 1,3-PDO is never achieved with glycerol. A time
profile of glycerol hydrogenolysis on 8 wt % Pt−Re/SiO2 is
presented in the Supporting Information (Figure S2).
As seen in Table 2, the rate of glycerol hydrogenolysis per

mass of catalyst of the washed catalyst (8 wt % Pt−Re/SiO2−
W) was ∼60% of the rate of the unwashed catalyst (8 wt % Pt−
Re/SiO2), whereas the Sec/Prim ratio was slightly higher on
the washed catalyst. To wash the catalyst, liquid water, which
was purged with N2 and saturated with H2, flowed over the
catalyst at a rate of 2 cm3 min−1 for approximately 30 min. In
Table 1, ICP-OES results show that the Re/Pt ratio decreased
by ∼11%, indicating that some Re was removed from the
catalyst as a result of washing. In addition, the hydrogen uptake
measured via H2 chemisorption decreased slightly. The particle
size analysis, however, showed that the metal particle size did
not change significantly during the washing procedure. In light
of the reactivity results in Table 2, we conclude that the
washing procedure did not significantly alter the nature of the
active sites. As discussed later, the weakly held, soluble
perrhenate that is removed during the washing treatment is
inactive for glycerol hydrogenolysis. A small decrease in
glycerol hydrogenolysis activity following the washing treat-
ment suggests that some active Re associated with the Pt is
removed during washing. The main goal of the washing
procedure, however, was to ensure that all soluble perrhenate
was removed from the catalyst.
The monometallic Pt/SiO2 catalyst demonstrated a glycerol

conversion of only 0.3% after 34 h of reaction at 393 K
(utilizing three times the catalyst loadings used for results in
Table 2), which corresponds to a TOF over monometallic Pt of
4.2 × 10−6 s−1. Conversion of glycerol was not observed on 8
wt % Pt/C at 393 K because of its very low dispersion of Pt.

Table 2. Results from Glycerol Hydrogenolysis over 8 wt % Pt−Re/SiO2, 8 wt % Pt−Re/SiO2−W, and 8 wt % Pt−Re/Ca

selectivites (%)

catalyst time (min) conversion (%) rate (μmol g−1min−1) TOFb (s−1) 1,2-PDO 1,3-PDO 2-Prop 1-Prop sec/prim

8 wt % Pt−Re/SiO2 60 8.3 98 0.0105 40 24 11 25 0.55
8 wt % Pt−Re/SiO2−W 90 9.1 59 0.0073 36 29 11 23 0.64
8 wt % Pt−Re/C 240 6.5 17 0.0021 33 34 9 27 0.77

aReaction conditions: 393 K, 4 MPa H2, 90 cm3 110 mM glycerol solution, Gly/Re = 150. In situ pretreatment: 393 K, 1.4 MPa H2 for 1 h.
bNormalized by H chemisorption uptake.
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Daniel et al. showed that at 473 K, a temperature at which
monometallic Pt supported on Norit activated carbon had
some measurable activity, the TOF of their Pt−Re/C catalyst
was over an order of magnitude higher than Pt/C. That study
also showed that their carbon-supported monometallic Re
catalyst was inactive for glycerol hydrogenolysis at 473 K.4

Clearly, the promotional effect of adding Re to supported Pt
catalysts was observed, regardless of the support.
Switching the Pt precursor used to make 8 wt % Pt−Re/SiO2

from Pt(NH3)4(NO3)2 to H2PtCl6 decreased the TOF of
hydrogenolysis by almost 50%, but the Sec/Prim ratio changed
only from 0.47 to 0.39 at 7% conversion. Interestingly, the
change in Pt precursor only slightly decreased the rate of
hydrogenolysis and the Sec/Prim ratio when Vulcan carbon
was used as the support, as shown in the Supporting
Information (Table S1).
Li and coauthors have studied glycerol hydrogenolysis

extensively using bifunctional catalysts consisting of Pt and
different heteropolyacids (HPA) supported on zirconia.43−46

They observed a very strong correlation between the number of
Brønsted acid sites, measured by the FTIR spectroscopy of
adsorbed pyridine, and the yield of 1,3-PDO from glycerol
hydrogenolysis at 453 K. Their work suggests that the Brønsted
acid sites on the HPA’s contribute to the production of 1,3-
PDO, presumably by acid-catalyzed dehydration, followed by
Pt-catalyzed hydrogenation.
2.2.2. Glycerol Hydrogenolysis Using Heterogeneous Pt

and Homogeneous Acid. An experiment was performed to test
whether it was sufficient to have the acid in solution together
with supported Pt particles to produce 1,3-PDO during glycerol
hydrogenolysis. An amount of HCl that was equivalent to the
moles of Re on the 8 wt % Pt−Re/SiO2 was added to the
reaction medium with the monometallic 8 wt % Pt/SiO2
catalyst. The reaction with HCl and 8 wt % Pt/SiO2 had a
TOF of only 5.5 × 10−5 s−1 at very low conversion compared
with a TOF of 0.0105 s−1 observed on the bimetallic catalyst.
Because the TOF on 8 wt % Pt/SiO2 in the absence of HCl was
4.2 × 10−6 s−1, the addition of HCl increased the rate by an
order of magnitude, but it was still several orders of magnitude
slower than 8 wt % Pt−Re/SiO2.
Another control reaction was conducted in which soluble

HReO4 was added to the reaction medium, together with 8 wt
% Pt/SiO2. In this experiment, the molar ratio of Re and Pt was
also chosen to be 1:1. The TOF (based on exposed Pt) for the
reaction with the HReO4 and 8 wt % Pt/SiO2 was 1.6 × 10−4

s−1, which was nearly 300% higher than the TOF for 8 wt % Pt/
SiO2 with HCl. The increase in rate with the addition of Re
suggests that perrhenate in solution may reduce onto the Pt
nanoparticles during the course of the reaction and form the
active sites that are present on the Pt−Re bimetallic catalyst. It
also must be noted that the experiments with HCl and HReO4
added to the reaction with 8 wt % Pt/SiO2 demonstrated Sec/
Prim ratios of 1.0 and 0.9, respectively, indicating internal C−O
bond activation is more favored in acidic solutions. Moreover,
both Pt and acid are required for high activity because
conversion of glycerol was not observed in the presence of only
acid. The results from experiments with the homogeneous acids
and supported Pt, considered together with the work
conducted by Li and coauthors,43−46 suggest that intimate
contact of the Brønsted acid site and a Pt metal site is required
to produce 1,3-PDO at a high rate from glycerol.
2.2.3. Kinetics of Glycerol Hydrogenolysis on 8 wt % Pt−

Re/SiO2. Figure 1 shows the rate of glycerol hydrogenolysis

measured over a wide range of glycerol concentrations (15 to
550 mM) after 1 h of reaction. The conversions and selectivities
for these experiments are presented in the Supporting
Information (Table S2). As illustrated in Figure 1, the reaction
order in glycerol approached zero at high concentrations,
suggesting that the catalytic surface was nearly saturated with a
glycerol-derived species at concentrations above 550 mM. In
contrast, the rate of hydrogenolysis was approximately first-
order in glycerol at low concentrations. Chia et al. studied
tetrahydrofurfuryl alcohol hydrogenolysis on a carbon-sup-
ported Rh−Re catalyst and also reported a first-order
dependence on tetrahydrofurfuryl alcohol concentration in
the range of 94 to 439 mM.7 Tomishige and coauthors,
however, observed the rate of tetrahydrofurfuryl alcohol
hydrogenolysis on both silica-supported Rh−Re and Ir−Re
catalysts,47 and the rate of glycerol hydrogenolysis on silica-
supported Rh−Re48 and Ir−Re6 catalysts to be zero-order in
reactant. Those studies of cyclic ether and polyol hydro-
genolysis in liquid water by Tomishige et al. involved substrate
concentrations of ∼2 M or higher. Thus, the kinetics were most
likely measured in the surface saturation regime for both
tetrahydrofurfuryl alcohol and glycerol.
In the current work, an interesting trend between the Sec/

Prim and the concentration of glycerol was observed (Table
S2). As the concentration of glycerol increased from 15 to 550
mM, the Sec/Prim ratio increased from 0.55 to 0.67, indicating
that the catalyst was more selective to internal hydrogenolysis
reactions at higher concentrations of glycerol.
The order of reaction in H2 was also investigated for glycerol

hydrogenolysis. The H2 order was measured at three different
glycerol concentrations (15, 110, and 550 mM) on 8 wt % Pt−
Re/SiO2. Those results are tabulated in Table S3 and
summarized in Figure 1. At the lowest concentration of
glycerol studied (15 mM), the order of H2 was essentially zero
because the rate of glycerol hydrogenolysis was ∼20 μmol
g−1min−1 when the H2 pressure was varied from 2 to 8 MPa.
The observed zero-order behavior suggests that saturation
coverage of hydrogen is achieved on the Pt−Re catalyst under
very low glycerol concentrations. The order of reaction in H2 at
higher concentrations of glycerol (110 and 550 mM), however,
was quite close to 0.5, which is a result typical of equilibrated
dissociative adsorption of H2 during hydrogenation reactions.
Interestingly, the study by Chia et al.7 and the works by
Tomishige and coauthors47,48 reported first-order kinetics in H2
pressure for cyclic ether and glycerol hydrogenolysis on carbon-

Figure 1. Initial rate of glycerol hydrogenolysis at 393 K and 4 MPa of
H2 in different initial concentrations of glycerol.
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supported Rh−Re catalysts and silica-supported Rh−Re and
Ir−Re catalysts, respectively. First-order behavior in H2 was not
observed during glycerol hydrogenolysis over 8 wt % Pt−Re/
SiO2 under conditions investigated in this work.
A reaction was also performed with N2 in the head space

instead of H2 with a 110 mM glycerol solution at 393 K. For
this experiment, the normal in situ reduction of the catalyst was
performed, but prior to adding the reactant solution, the reactor
was purged four times with N2, and then 1 MPa of N2 was
added and maintained throughout the course of the reaction. In
the absence of added H2, the typical glycerol hydrogenolysis
products were still observed (1,2-PDO, 1,3-PDO, 1-propanol
(1-Prop), and 2-propanol (2-Prop)), even after the catalytic site
turned over several hundred times. The reaction with N2 in the
head space, however, also yielded several additional products
that were not observed in the presence of H2, which include
acetone, propanal, acetic acid, propanoic acid, and ethanol
(observed by GC/MS). The appearance of oxygenates
containing carbonyls may be the result of glycerol dehydration.
The Brønsted acid-catalyzed dehydration of an alcohol group in
glycerol produces an enol, which is rapidly converted in liquid
water to a ketone or an aldehyde via keto−enol tautomeriza-
tion.49−51 We suspect that these products are not observed
during reactions in high pressure H2 because of the rapid
hydrogenation of these intermediates. Alternatively, glycerol
may act both as the substrate and as the source of hydrogen.
Other works observed that secondary alcohols can act as the
hydrogen source to reduce polyols instead of H2 following a
Meerwein−Ponndorf−Verley reaction mechanism.52−54 Small
amounts of hydrogen may also be formed by APR of glycerol
over metal catalysts in liquid water.3,13,54 For example, King et
al. observed the evolution of 1,2-PDO, 1-Prop, and 2-Prop in
the liquid phase during the APR of glycerol over supported Pt−
Re particles at 498 K.3

The mechanism of glycerol hydrogenolysis was further
investigated by probing a kinetic isotope effect with deuterated
glycerol, which will be referred to as glycerol(OH)3-d5. In
particular, we measured the rate of hydrogenolysis of glycerol in
which all C−H groups were replaced with C−D groups. Using
a 15 mM glycerol solution with 4 MPa of H2, a primary kinetic
isotope effect of 2.0 ± 0.1 was observed at 393 K. A kinetic
isotope effect (rateH/rateD) of ∼2 was also measured in
experiments with 4 MPa of H2 in which the glycerol
concentration was 110 and 550 mM. As a control experiment,
hydrogenolysis of glycerol (both labeled and unlabeled) was
also tested using D2O as the solvent. No influence of using D2O
instead of H2O as the solvent was observed. The kinetic isotope
effect of D2 was also measured using a 15 mM aqueous solution
of normal glycerol and 1 MPa of H2 (D2) at 393 K.
Interestingly, a kinetic isotope effect (rateH/rateD) of ∼0.7
was measured when D2 was used as the reactant gas, indicating
that the rate of glycerol hydrogenolysis was faster with D2.

2.2.4. Polyol Hydrogenolysis on 8 wt % Pt−Re/SiO2 in an
Alkane Solvent. To better understand the role of water in the
reaction, hydrogenolysis experiments were also performed
using alkane (n-heptane) as the solvent. Because the solubility
of glycerol in n-heptane is extremely low, 1,2-hexanediol (1,2-
HDO) was used as the model polyol substrate because its
solubility is relatively high in both water and n-heptane. The
1,2-HDO hydrogenolysis results over 8 wt % Pt−Re/SiO2
using water or n-heptane as the solvent are presented in Table
3. The observed rate of 1,2-HDO hydrogenolysis was 23 and 48
μmol g−1min−1 in n-heptane and water, respectively, indicating
water is not required to perform hydrogenolysis of 1,2-HDO.
The rate of 2-hexanol production, which is produced by
activating a primary C−O bond in 1,2-HDO, was the same
regardless of the solvent used. The rate of 1-hexanol
production, on the other hand, was four times higher when
water was used as the solvent compared with heptane. The
monometallic 8 wt % Pt/SiO2 catalyst was inactive for 1,2-
HDO hydrogenolysis at 393 K in both water and n-heptane,
indicating that the Re component of the catalyst is crucial for
catalysis and the mechanism of 1,2-HDO hydrogenolysis on
Pt−Re bimetallic nanoparticles is similar to that of glycerol
hydrogenolysis. The results from hydrogenolysis of 1,2-HDO
over 8 wt % Pt−Re/SiO2 also agree very well with work that
was previously performed by Nakagawa et al., who studied the
hydrogenolysis of 1,2-HDO in n-heptane on Ir−Re/SiO2.

55

2.3. X-ray Photoelectron Spectroscopy of Pt−Re
Catalysts. 2.3.1. Conventional X-ray Photoelectron Spec-
troscopy. X-ray photoelectron spectroscopy was used to
ascertain the oxidation states of Pt and Re after the supported
nanoparticles were reduced at the moderate temperatures used
in the reaction conditions of this study. Before measurements
of the catalysts were performed, conventional XPS of Re
standards was conducted using Al Kα radiation, the spectra of
which are shown in Figure S3. All of the Re standards were
characterized “as is” from the manufacturer with no further
pretreatment. Multiple Re oxidation states were observed in all
of the spectra because the surfaces of the samples readily
oxidize in air. In fact, the most thermodynamically stable Re
oxide is Re2O7.

39 Because Al Kα radiation at 1486.6 eV was
used to measure photoemission spectra of the Re standards, the
inelastic mean free path of the electrons was ∼1.6 nm, which
means photoelectrons from the bulk material will also
contribute to the overall signals.56 The majority of the
photoemission response in the conventional XP spectra (Figure
S3) of Re metal (Re0), ReO2 (Re4+), and ReO3 (Re6+)
standards can be ascribed to the bulk material. The Re 4f7/2
binding energies for Re0, Re4+, and Re6+ were 40.5, 42.6, and
43.5 eV, respectively, and compare well with reported
values.38,39,57 To estimate the binding energy of Re7+,
NH4ReO4 was used as the standard because this particular Re
salt was used to prepare the catalysts. Two Re species were
observed in this sample, which had 4f7/2 peaks at 45.7 and 47.4

Table 3. Effect of Solvent on Hydrogenolysis of 1,2-Hexanediol over 8 wt % Pt−Re/SiO2
a

rate of production
(μmol g−1min−1)

solvent time (min) conversion (%) rate (μmol g−1min−1) TOFb (s−1) 1-hexanol 2-hexanol Sec/Prim

water 120 9.5 48 0.0052 41 7 5.50
n-heptane 240 9.1 23 0.0025 14 8 1.60

aReaction conditions: 8 wt % Pt−Re/SiO2, 393 K, 4 MPa H2, 110 mM 1,2-HDO solution, Gly/Re = 150. In situ pretreatment: 393 K, 1.4 MPa H2
for 1 h. bNormalized by H2 chemisorption uptake.
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eV. The 47.4 eV 4f7/2 peak has been observed by others for
NH4ReO4, whereas a 45.7 eV 4f7/2 peak is most likely attributed
to Re2O7.

39,58,59 In addition to features associated with the
stable bulk oxides of Re, a 4f7/2 peak with a binding energy of
41.5 eV was also observed in the spectrum of Re metal (Figure
S3), which has been ascribed to ReO (Re2+).39,57 It should be
noted that ReO is not stable as a bulk material, but it has been
observed at the interface of higher oxidation state oxides and Re
metal.39,57,60

Once the binding energies for all of the standard Re oxide
peaks were determined, the photoemission spectra of Pt−Re
catalysts were then analyzed using the CasaXPS fitting software
with constraints that are described in Section 5.5. The Pt 4f and
Re 4f conventional XP spectra of 8 wt % Pt−Re/C and 8 wt %
Pt−Re/SiO2, exposed to air without in situ reduction, are
shown in Figure 2. Even without in situ reduction, the Pt 4f

spectra in Figure 2 reveal binding energies for the 4f7/2 and 4f5/2
peaks of ∼71.1 and 74.4 eV, respectively, which correspond to
metallic Pt. In fact, the spectra for all of the catalysts studied in
this work revealed that Pt was always metallic. The results for
the Re binding energies, however, depended strongly on the
pretreatment conditions.
Figure 2 also shows the 4f photoemission spectra of the Re

component of the catalysts with results from curve-fitting
tabulated in Table 4. In contrast to Pt, the Re component of the
bimetallic catalysts oxidizes readily when exposed to air.4 In
addition, the degree of Re oxidation by air exposure was
different on the two catalysts studied. The peak fitting results
show that most of the Re in 8 wt % Pt−Re/C had an oxidation
state of Re7+, which is consistent with the previously reported
XANES of Pt−Re bimetallic catalysts supported on Norit
activated carbon.4 The conventional XPS results from this work
also revealed that a very small portion of the Re was present as
Re metal (Re0) and ReO2 (Re4+). For the silica-supported
catalyst, the Re component of the catalyst was more evenly
distributed among the various oxidation states corresponding to
Re0, Re2+, Re4+, and Re7+. In addition, two peaks with binding
energies of 47.4 and 49.8 eV were observed, which are close to

the binding energies of peaks observed in the spectra of
NH4ReO4 (Figure S3). Because the NH4ReO4 precursor
should have decomposed during the 723 K reduction treatment
used in the catalyst synthesis procedure, we ascribe these peaks
to Re7+-like species,38,59 which are well dispersed but weakly
held on the silica support.36 Peaks with binding energies of 47.4
and 49.8 eV were not observed in the 8 wt % Pt−Re/C catalyst,
even though the same reduction conditions were used for the 8
wt % Pt−Re/SiO2 catalyst during synthesis. Evidently, the
weakly held perrhenate species was not as stable on the carbon
support after the reduction treatment as it was on silica.
The carbon-supported and silica-supported bimetallic cata-

lysts were also studied after reduction in H2 at 393 and 473 K in
a cell attached to the conventional XPS system. Great care was
taken to ensure that significant oxidation of the samples did not
occur while they were being transferred from the reduction cell
to the analysis chamber. To test the level of oxidation that
might occur during the transfer, an experiment was performed
during which the samples were left in the preparation chamber
at 10−6 mbar for 90 min after reduction. These samples were
compared with those that were transferred as quickly as
possible through the preparation chamber, which was ∼5 min.
The percent contribution of each Re oxidation state from the
curve-fitting results of the Re 4f XP spectra for these
experiments is summarized in the Supporting Information
(Table S4). Even though the pressure in the preparation
chamber was maintained at 10−6 mbar, some oxidation of the
rhenium was observed after 90 min. This result shows that the
rate of Re oxidation is extremely fast, and great care must be
taken to keep the Re reduced during reaction and character-
ization experiments. To determine the significance of the
oxidation that occurred after 5 min, the percent contributions
of the Re oxidation states at the 5 and 90 min time points were
extrapolated to time zero, assuming a linear fit, which are also
shown in the Supporting Information (Table S4) in italicized
text. This extrapolation suggests that the oxidation occurring
after 5 min in the preparation chamber was minimal and that
the state of the catalysts after 5 min in the chamber closely
resembles the state of the catalyst under reduced conditions.
Conventional XPS results from the curve-fitting of spectra for

the catalysts reduced at 393 and 473 K in H2 are also
summarized in Figure 3 and Table 4. As mentioned previously,

Figure 2. Spectra from conventional XPS of 8 wt % Pt−Re/C and 8
wt % Pt−Re/SiO2 without in situ reduction. The gray dots are the
data, and the dotted black lines are the results from peak fitting.

Table 4. Composition and Distribution of Re Oxidation
States in 8 wt % Pt−Re/C and 8 wt % Pt−Re/SiO2 Catalysts
Evaluated by Conventional XPSa

Distribution of Re Oxidation States

reduction
temperature Re(0), % Re(II), % Re(IV), % Re(VII), % Re/Pt

8 wt % Pt−Re/C
no reduction 7 0 11 81 1.80
393 K 39 13 45 3 1.78
473 K 59 11 31 0 2.21

8 wt % Pt−Re/SiO2

no reduction 0 13 9 77b 3.63
393 K 30 34 36 0 0.67
473 K 51 44 6 0 0.60

aResults were determined from curve-fitting of the spectra acquired at
room temperature. Some of the catalysts were reduced in situ in H2
and then evacuated for 5 min prior to analysis. bContains the
contribution from the Re 4f7/2 and 4f5/2 peaks with binding energies of
47.4 and 49.8 eV, respectively.
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the Pt 4f spectra revealed that Pt was always in the metallic
state on the samples, regardless of how the catalysts were
pretreated prior to XPS. In contrast, a large portion of the Re
remained in an oxidized state even after reduction in H2 at 393
and 473 K. Furthermore, the distribution of Re oxidation states
was influenced by reduction over this narrow temperature
range. After a 1 h reduction at 393 K, Re0, Re2+, and Re4+ were
observed on both carbon-supported and silica-supported
catalysts, and there was also a small percentage of Re7+ that
was observed on the carbon-supported sample. The silica-
supported catalyst appeared to be slightly more oxidized than
the carbon-supported catalyst because the ratio of Re2+/Re0 in
the silica-supported catalyst was higher. The same general
behavior was observed after the catalysts were reduced at 473
K: the silica-supported catalyst appeared to be slightly more
oxidized than the carbon-supported catalyst. As expected, the
distribution of Re oxidation states was shifted toward Re metal
when the catalysts were reduced at 473 K compared with 393
K, but there was still a significant amount of Re in the 2+ and
4+ oxidation states on both catalysts under all of the conditions
studied.
The Re/Pt ratio of the catalysts as evaluated by XPS was also

affected by the support and reduction temperature. In the right-
most column of Table 4, the areas under the photoemission
response curves from Pt and Re were used to calculate the
atomic ratio of Re/Pt associated with the bimetallic nano-
particles. The Re/Pt ratio for the carbon-supported catalyst did
not appear to change as the catalyst was reduced at higher
temperatures and the surface appeared to be slightly enriched in
Re. The silica-supported catalyst, however, showed different
behavior. As the reduction temperature was increased, the Re/
Pt ratio indicates that the surface became enriched in Pt while
Re segregated to the core of the catalytic particles.
2.3.2. Near Ambient Pressure X-ray Photoelectron Spec-

troscopy. Additional characterization of the Re in 8 wt % Pt−
Re/C exposed to various environments was obtained using a
synchrotron-based near-ambient-pressure X-ray photoelectron
spectroscopy (NAP-XPS) system. The two major advantages of
this system were (1) the ability to tune the photon energy of

the X-ray source, which allowed a range of sample depths to be
probed, and (2) the ability to perform measurements in the
presence of reactant gases up to pressures of 0.3 mbar.
Unfortunately, the silica-supported catalyst experienced sig-
nificant charging effects during irradiation, and reliable spectra
could not be acquired because this system was not amenable to
utilizing charge compensation devices.
The NAP-XPS measurements were performed on 8 wt %

Pt−Re/C at three different kinetic energies under several
different environmental conditions. The kinetic energy was
changed by tuning the incident photon energy for each element
of interest so that the photon energy minus the binding energy
of the element equaled the desired kinetic energy of the
photoelectrons. By recording measurements at kinetic energies
of 150, 500, and 1000 eV, the oxidation states of Pt and Re at
different distances from the surface of the nanoparticles could
be investigated. Table S5 shows the inelastic mean free path of
the electrons from both Pt and Re at the three kinetic energies
studied using the synchrotron-based technique as well as the
inelastic mean free path of the conventional XPS experiments
using Al Kα radiation. Because the photon energy could not be
tuned in the conventional XPS experiments, the kinetic energy
of photoelectrons differed for Pt and Re by 30 eV, which is the
difference in binding energy for the two elements.
Figure 4 shows the NAP-XPS of 8 wt % Pt−Re/C at three

different kinetic energies at 393 and 473 K in 0.3 mbar of H2.

At both of these temperatures, the curve-fitting results show
that as the kinetic energy of the photoelectrons increased,
which corresponded to an increase in the probing depth, the
oxidation state of the Re shifted toward Re metal. This result
indicates that under reducing conditions at the temperatures
studied, the Re closest to the surface of the nanoparticles was

Figure 3. Re 4f spectra from conventional XPS of 8 wt % Pt−Re/C
and 8 wt % Pt−Re/SiO2 reduced at 393 and 473 K after only 5 min in
the preparation chamber. The gray dots are the data, and the dotted
black lines are the results from peak fitting.

Figure 4. Re 4f NAP-XPS of 8 wt % Pt−Re/C, in 0.3 mbar of H2 at
393 and 473 K, recorded at three different photoelectron kinetic
energies. The gray dots are the data, and the dotted black lines are the
results from peak fitting.
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present in a range of oxidation states, and Re in the core of the
nanoparticle had a lower oxidation state that was most likely
metallic.
The NAP-XPS results of the Pt component of the catalyst,

presented in Figure S4, revealed that the Pt was also in the
metallic state. Since only one set of 4f7/2 and 4f5/2 peaks was
observed in the spectra, we conclude that Pt resides primarily in
a single state in the bimetallic samples. The binding energy of
the Pt 4f7/2 peak was ∼71.1 eV for the measurements obtained
with kinetic energies of 500 and 1000 eV, which has been
ascribed to metallic Pt.61 The measurements obtained at a
kinetic energy of 150 eV, however, revealed a shift in the
binding energy of Pt of ∼0.6 eV to around 71.7 eV. The Pt 4f7/2
binding energies for the NAP-XPS measurements are tabulated
in Table S6. Duke et al. also observed a binding energy shift of
∼0.55 eV in the Pt 4f7/2 peak upon the physical addition of Re
to a Pt(111) single crystal using NAP-XPS at a photon energy
of 545 eV.57 Interestingly, when the Re was removed via
oxidation at 500 K, the Pt 4f7/2 binding energy returned to that
associated with the clean crystal at 71.0 eV. In addition, the Pt
LIII XANES of alumina-supported62 and Norit carbon-
supported4 Pt−Re nanoparticles were shifted to slightly higher
energies than supported monometallic Pt nanoparticles. The
fact that the white line intensity of the monometallic Pt was the
same as that in the Pt−Re bimetallic sample indicates the Pt
remained fully reduced in the presence of Re.4 We ascribe the
observed shift in the Pt 4f7/2 binding energy in the current work
to an electronic interaction with Re on the surface of the
nanoparticles. As mentioned above, the shift in binding energy
was evident only at a kinetic energy of 150 eV, which suggests
the affected Pt is mainly at the surface of the nanoparticles.
The quantitative results of the curve-fitting of the NAP-XPS

experiments in 0.3 mbar of H2 and the conventional XPS
measurements after 8 wt % Pt−Re/C was treated in a separate
reduction cell are shown in Table 5. Trends in the distribution
of Re oxidation states in Table 5 show good agreement
between the two different XPS techniques. Conventional XPS
and NAP-XPS also show that the distribution of Re oxidation
states shifts toward Re metal as the reduction temperature
increased from 393 to 473 K, as indicated by the weighted
average binding energy of the Re photoelectron response,
which is tabulated in the table. Table 5 also presents
conventional XPS and NAP-XPS results of the catalyst
measured at room temperature in UHV. Again, these two
techniques show general agreement in the distribution of Re
oxidation states. Both techniques confirm that the Re on the
surface of the catalyst was highly oxidized after it was exposed
to air prior to any in situ reduction.
Because glycerol hydrogenolysis takes place in liquid water

saturated with H2, the influence of water on the distribution of
Re oxidation states and the Re/Pt ratio was studied using NAP-
XPS. The curve-fitting results of spectra taken at 150 eV, which
are the most surface-sensitive measurements, are tabulated in
Table 6, and the photoemission spectra are shown in Figure 5.
Interestingly, when 0.15 mbar of H2O was introduced with 0.15
mbar of H2, little effect on the distribution of Re oxidation
states, the binding energy of the Re species, and the Re/Pt ratio
at 393 and 473 K was observed. Even when the H2 was
removed and 0.3 mbar H2O was allowed to react with 8 wt %
Pt−Re/C, no significant changes in the XPS response of the Re
component of the catalyst were detected.
A separate experiment was then performed to test whether

oxidation could be observed when a strong oxidant was

introduced at a pressure of 0.3 mbar. The catalyst was first
reduced at 393 K in situ, and an XPS measurement was
recorded. The catalyst was then cooled to 333 K; 0.3 mbar of
O2 gas was introduced; and after 20 min, a NAP-XPS
measurement was obtained. The results of this experiment
are summarized in Figure 6 and Table 6. Severe oxidation of Re
occurred at 333 K in the presence of O2 compared with the
reduced catalyst at 393 K. This control experiment indicates
that oxidation of the Re did take place with an oxidant at the
pressures used for the NAP-XPS technique.

2.4. IR Spectroscopy of Adsorbed Pyridine. To
characterize any Brønsted acid sites associated with the Pt−
Re bimetallic nanoparticles, DRIFTS of adsorbed pyridine was

Table 5. Composition and Distribution of Re Oxidation
States in 8 wt % Pt−Re/C Catalyst Evaluated by
Conventional and near-Ambient-Pressure XPS

distribution of Re oxidation states

kinetic
energy,
eV Re(0), % Re(II), % Re(IV), % Re(VII), %

av B.E.
(eV)a Re/Pt

393 Kb

150 5 1 67 27 44.2 9.68
500 16 4 56 24 43.9 5.56
1000 28 16 42 14 43.3 4.29
1446c 39 13 45 3 42.6 1.78

473 Kb

150 31 9 39 21 43.6 1.36
500 26 22 38 14 43.9 3.75
1000 53 6 33 7 42.7 3.58
1446c 59 11 31 0 42.1 2.21

Room Temperature Before Reductiond

150e 1 1 7 82 46.1 2.35
500 1 1 41 57 45.3 5.63
1000 0 2 51 47 44.9 4.73
1446c 7 0 11 81 45.6 1.80

aWeighted average binding energy. bMeasurements performed in 0.3
mbar H2 unless otherwise noted. cMeasurements performed using
conventional XPS with an Al Kα radiation source with a photon
energy of 1486.8 eV. Thus, because Re has a binding energy of ∼40
eV, the resulting photoelectrons have a kinetic energy of ∼1446 eV.
XPS measurements were also performed in UHV after reduction at the
specified condition. dMeasurements taken in UHV. eThe curve-fitting
of this measurement also showed 9% of the Re was in the (VI)
oxidation state.

Table 6. Distribution of Re Oxidation States and the Re/Pt
Atomic Ratio from NAP-XPS of 8 wt % Pt−Re/C at 393 and
473 K, a Kinetic Energy of 150 eV, and 0.3 mbar of Pressure

Distribution of Re Oxidation States

condition Re(0), % Re(II), % Re(IV), % Re(VII), % Re/Pt

393 K
H2 5 1 67 27 9.68
H2 and H2O 9 4 71 16 3.50
H2O 6 4 75 15 3.51
O2

a 15 1 35 48 6.68
473 K

H2 31 9 39 21 1.36
H2 and H2O 22 34 29 15 1.62
H2O 27 23 34 15 1.39

aAfter reducing in H2 at 393 K, the measurement was performed in O2
at 333 K.
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used. Pyridine is a strong base that is commonly used to
characterize acid sites on solid surfaces using IR spectroscopy
because the IR signature of adsorbed pyridine is different when
it is associated with a hydrogen bond, a Brønsted acid site, or a
Lewis acid site.44,63−69 Table S7 shows the IR absorption
frequencies of the three vibrational modes (8a, 19a, and 19b)
that are typically used to study the interaction of pyridine with
solid surfaces. In this work, the silica-supported catalysts were
used in the DRIFTS experiments because carbon-supported
catalysts absorbed the IR radiation.

Spectra of pyridine adsorbed on 8 wt % Pt−Re/SiO2−W and
8 wt % Pt/SiO2, collected at 373 K after in situ reduction in H2
at 473 K, are presented in Figure 7. The major peaks at 1597

and 1446 cm−1 are associated with physically adsorbed pyridine,
presumably on the silica support.63−69 The peak located at
1541 cm−1 in Figure 7a is associated with the protonated
pyridinium ion and therefore confirms the presence of
Brønsted acid sites on 8 wt % Pt−Re/SiO2−W. A spectrum
of the unwashed catalyst showed the same features that can also
be ascribed to pyridine bound to a Brønsted acid site. Figure 7b
confirmed that acid sites were not present on 8 wt % Pt/SiO2.
Zhang et al. and Ciftci et al. also observed Brønsted acid sites

on silica-supported Pt−Re bimetallic catalysts revealed by IR
spectroscopy of adsorbed pyridine.12,34 In those works,
however, the authors reported that the number of Brønsted
acid sites increased when the catalysts were exposed to water
vapor prior to pyridine. To investigate the role of water vapor, a
DRIFTS experiment was conducted with 8 wt % Re/SiO2
whereby water vapor was introduced at 473 K before the
introduction of pyridine. Figure 8 compares the resulting

Figure 5. Re 4f NAP-XPS of 8 wt % Pt−Re/C at 393 and 473 K, a kinetic energy of 150 eV, and with 0.3 mbar of pressure of either H2, H2, and
H2O, or H2O. The gray dots are the data, and the dotted black lines are the results from peak fitting.

Figure 6. Comparison of Re 4f NAP-XPS of 8 wt % Pt−Re/C at 393
in 0.3 mbar of H2 and at 333 K in O2. The gray dots are the data, and
the dotted black lines are the results from peak fitting.

Figure 7. DRIFTS of adsorbed pyridine at 373 K after purging with
He for 20 min on (a) 8 wt % Pt−Re/SiO2−W and (b) 8 wt % Pt/
SiO2. Spectra are offset for clarity.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b01371
ACS Catal. 2015, 5, 5679−5695

5687

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b01371/suppl_file/cs5b01371_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b01371


spectrum from this experiment with a spectrum of 8 wt % Re/
SiO2 that was not pretreated with water.

The spectra in Figure 8 suggest that, after reduction in H2 at
473 K, Re supported on silica functions mainly as a Lewis acid
for pyridine. The result is corroborated by the work of Kawai et
al., who observed that higher reduction temperatures of Re/
Al2O3 lowered the ratio of Brønsted acid sites to Lewis acid
sites while maintaining the total amount of adsorbed pyridine.70

The spectra in Figure 8 also suggest that the addition of water
vapor hydrates the supported Re species and converts the Lewis
acid sites to Brønsted acid sites. It is possible that catalysts
pretreated with water vapor in the works by Zhang et al. and
Ciftci et al. converted weakly held perrhenate species on the
silica to Brønsted acid sites rather than converting bimetallic
Pt−Re sites, which is why we probed a washed catalyst with
soluble Re species removed from the surface. Nevertheless,
DRIFTS of adsorbed pyridine confirms that Brønsted acid sites
are associated with Pt−Re bimetallic particles, and the addition
of water is not required to form active sites on catalysts reduced
at 473 K.
2.5. Propyl Acetate Hydrolysis. The hydrolysis of propyl

acetate, a well-known Brønsted acid-catalyzed reaction, was
used to obtain an estimate of the number of acid sites present
on the Pt−Re bimetallic catalysts in liquid water. The
hydrolysis of aqueous esters has been commonly used as a
probe reaction to characterize other solid acids.71−73

The conversion of propyl acetate was below the detectable
limit at 333 K in 2.1 MPa of N2 after 24 h of reaction in the
absence of catalyst. The silica support and the Pt/SiO2 catalyst
did show a low hydrolysis activity, most likely from the few
weak acid sites on SiO2. For example, the conversion of propyl
acetate after 24 h of reaction of the silica support was 0.2%,
whereas the conversion on 8 wt % Pt/SiO2 was slightly lower.
The conversion of propyl acetate on 8 wt % Pt−Re/SiO2 was
4.3% after 24 h, which was significantly higher than the silica
support. The rate of propyl acetate hydrolysis remained
constant on the bimetallic Pt−Re catalyst over the course of
28 h. Table 7 shows the conversions and rates of propyl acetate
hydrolysis on 8 wt % Pt−Re/SiO2 and 8 wt % Pt−Re/SiO2−W
measured after 8 h of reaction. A plot of the conversion as a
function of time is shown in the Supporting Information
(Figure S5). The 8 wt % Pt−Re/SiO2−W catalyst exhibited

∼60% of the rate of the 8 wt % Pt−Re/SiO2 catalyst.
Interestingly, the same fractional decrease in the rate of glycerol
hydrogenolysis was also observed on the washed catalyst
compared with the unwashed catalyst (Table 2). Evidently, the
washing procedure removed ∼30−40% of the Re sites that are
active for both propyl acetate hydrolysis and glycerol
hydrogenolysis. The higher propyl acetate hydrolysis rate of
the Re-promoted Pt catalyst compared with Pt/SiO2 supports
the hypothesis that Pt−Re bimetallic particles contain acid sites
after reduction in H2 at 393 K, which participate in hydrolysis
of propyl acetate at 333 K.
Propyl acetate hydrolysis was also performed with 8 wt % Pt/

C and 8 wt % Pt−Re/C (not shown), but the bare Vulcan
support had a very high activity, presumably as a result of
surface carboxylic acid groups. Nevertheless, 8 wt % Pt−Re/C
still had a higher rate than both the bare Vulcan support and
the 8 wt % Pt/C catalyst.
To obtain an estimation of the number of Re atoms in the

bimetallic catalyst that form acid sites, the rate of hydrolysis on
the Pt−Re catalysts was compared with the rate of hydrolysis in
aqueous HCl. Thus, a reaction was performed in which the
amount of HCl used as a catalyst was equal to the nominal
loading of Re used in a typical hydrolysis experiment with Pt−
Re bimetallic catalyst. In Table 7, the ratio of the propyl acetate
conversion on the Pt−Re catalysts to the conversion in aqueous
HCl was then used to infer the number of H+ equivalents on
the Pt−Re catalyst. This measure suggests that ∼10% of the Re
on the unwashed catalyst forms Brønsted acid sites that are
active for propyl acetate hydrolysis. Because the acid sites that
catalyze hydrolysis on the unwashed catalyst can be attributed
to the Pt−Re nanoparticles as well as adsorbed perrhenate, it
may be more appropriate to conclude that the H+ equivalents
measured using 8 wt % Pt−Re/SiO2−W was a better estimate
of acid sites associated with the bimetallic clusters. Our results
suggest that at least 6% of the Re on the catalyst forms
Brønsted acid sites.

2.6. Selective Poisoning of Pt−Re Catalyst. To
determine whether the Brønsted acid sites associated with the
Re component of the Pt−Re bimetallic catalyst played a role in
glycerol hydrogenolysis, the rate of the hydrogenolysis reaction
was measured on a 4 wt % Pt−Re/C catalyst in the presence of
NaOH. The physical characteristics of this particular catalyst
are summarized in Table 1. A carbon-supported bimetallic
catalyst was chosen for this set of experiments because silica is
known to dissolve in aqueous solutions at high pH.74 The
results from glycerol hydrogenolysis in the presence of different
concentrations of NaOH after 2 h of reaction are shown in
Table 8.
Very small amounts of NaOH decreased the rate of glycerol

hydrogenolysis significantly over 4 wt % Pt−Re/C. When a

Figure 8. DRIFTS of adsorbed pyridine on 8 wt % Re/SiO2 at 373 K
after purging with He for 20 min (a) with the addition of water vapor
and (b) without the addition of water vapor. Spectra are offset for
clarity.

Table 7. Production of 1-Propanol from Propyl Acetate
Hydrolysisa

catalyst
conversionb

(%)
rate

(μmol g−1 min−1)
H+ equiv
per Re

8 wt % Pt−Re/SiO2 1.1 1.0 0.10
8 wt % Pt−Re/SiO2−W 0.7 0.6 0.06
HCl (TOFc = 0.00039 s−1) 11.1 1
aReaction conditions: 333 K, 2.1 MPa N2, 8 h of reaction, substrate/
Re(H+) = 100, 150 cm3 1.5 wt % propyl acetate solution. In situ
pretreatment: 393 K, 1.4 MPa H2, 1 h. bBased on 1-propanol
production. cBased on total moles of H+.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b01371
ACS Catal. 2015, 5, 5679−5695

5688

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b01371/suppl_file/cs5b01371_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b01371


molar ratio of NaOH/Re = 0.5 was used, the rate of reaction
decreased by 37%. The rate decreased even further when the
NaOH/Re molar ratio increased to 5. At 100 mM NaOH, the
rate actually increased while the selectivity to 1,3-PDO as well
as the Sec/Prim ratio were very low. This increase in rate was
attributed to a change in reaction mechanism because of the
added base. Other studies have demonstrated base-catalyzed
hydrogenolysis of the terminal C−O bonds of glycerol takes
place in the presence of Pt at high pH.4,26,27 In 100 mM NaOH,
17% of the product was actually lactate after 2 h of reaction,
which also supports the change in reaction path. Clearly,
addition of NaOH neutralized the acid sites responsible for
activation of glycerol at the secondary carbon and increased the
rate of terminal C−O bond activation, thus lowering the Sec/
Prim ratio. Nevertheless, a significant decrease in the rate of
glycerol hydrogenolysis was observed as the molar ratio of
NaOH to Re was increased from 0 to 50 before a significant
change in the reaction mechanism was reflected in the rate of
reaction or the Sec/Prim ratio.
Additional experiments were performed in which NaCl was

added to the reaction mixture in an attempt to decouple the
possible influence of Na+ on activity and selectivity. As shown
in Table 8, the reaction with 10 mM NaCl revealed a rate and
product selectivity that was approximately the same as the
reaction without NaCl, indicating that the catalyst was not
negatively affected by the addition of NaCl salt at these
conditions. This result also suggests that the 63% decrease in
rate observed in the presence of 10 mM NaOH can be
attributed to the added presence of OH−. Interestingly, the rate
of glycerol hydrogenolysis decreased from 6.7 to 3.5 μmol g−1

min−1 when 100 mM NaCl was added to the reaction medium.
It is possible that some of the sodium ions at high
concentration exchanged with the acidic protons associated
with the Brønsted acid sites created by the Pt−Re bimetallic
nanoparticles or that the higher concentration of Cl− may have
negatively affected the Pt component of the catalyst, since it is
well-known that the presence of Cl− can coordinate to platinum
group metals and negatively affect the catalytic activity.26,75,76

Regardless of the effect on absolute activity, the Sec/Prim ratio
remained very high in the presence of NaCl.
In summary, results from the addition of NaOH and NaCl to

the reaction medium are consistent with the hypothesis that a
Brønsted acid site associated with the Re component of the
catalyst is critical in the activation of secondary C−O bonds
during glycerol hydrogenolysis on Pt−Re bimetallic catalysts.

3. DISCUSSION
3.1. Oxidation State of Re. The extensive characterization

of Pt−Re bimetallic nanoparticles revealed that Re existed in a
variety of oxidation states when the Pt−Re samples were

reduced in H2 at 473 K or lower. Daniel et al. used X-ray
absorption spectroscopy to study a Pt−Re bimetallic catalyst
supported on Norit carbon and reported that the Re LIII edge
energy shift of the catalyst reduced in H2 at 473 K
corresponded to an average Re oxidation state of ∼2+, which
is in general agreement with our XPS results.4 The Re LIII edge
energy shift was also utilized by Koso et al. and Nakagawa et al.
to characterize Rh−Re and Ir−Re bimetallic catalysts supported
on silica, respectively, and they also reported that the average
Re oxidation state was approximately 2+ after reduction in H2
at 393 K.40,55

The Re/Pt atomic ratio, derived from XPS, of the silica-
supported catalyst Pt−Re bimetallic catalyst decreased as the
catalyst was reduced, indicating that Re segregated from the
surface of the catalyst to the core of the catalyst under reducing
conditions. Somorjai and coauthors have recently studied the
restructuring of the PtPd and RhPd bimetallic systems under
different reaction conditions using atomic ratios derived from a
near-ambient-pressure synchrotron-based XPS technique sim-
ilar to that used in this work.77,78 The phenomena of Re
segregation to the core with reduction at elevated temperatures
is consistent with the model proposed by Chia et al. for Rh−Re
nanoparticles.8 In that work, EXAFS results indicated that
bimetallic particles with a Re-rich core were formed at high
reduction temperatures. Concurrent results from the catalytic
hydrogenolysis of 2-(hydroxymethyl)tetrahydropyran showed
that the rate decreased with increasing reduction temperature
(up to 723 K), indicating that the number of active sites, which
most likely require Re, decreased at the surface. The authors
used CO chemisorption to rule out metal sintering as a cause
for the decreased rate. Rhenium segregation to the core of Pt−
Re bimetallic alloys is also consistent with calculations
performed by Greely and Mavrikakis, which suggest that as
Re/Pt alloys are heated to higher temperatures, the most stable
configuration consists of subsurface Re with a Pt overlayer.79

3.2. The Nature of the Brønsted Acid Site. Results from
this work confirm that Brønsted acid sites are present on the
Pt−Re bimetallic catalysts and are most likely associated with
the oxophilic Re component, which is consistent with NH3-
TPD results, suggesting that acid sites are also present on
carbon-supported Rh−Re bimetallic catalysts.7,8 The DRIFTS
spectra in Figure 7 indicate that very few Lewis acid sites were
present under the conditions of the experiment, and nearly all
of the acid sites on the silica-supported Pt−Re nanoparticles
could be attributed to Brønsted acid sites. These Brønsted acid
sites were catalytically active for propyl acetate hydrolysis in
liquid water. Because a catalyst that was washed to remove
soluble perrhenate species weakly held to the silica support was
still active for propyl acetate hydrolysis, we suggest the acid site
is attributed to a partially oxidized Re species (Re oxidation

Table 8. Influence of NaOH and NaCl on Glycerol Hydrogenolysis over 4 wt % Pt−Re/Ca

selectivites (%)

additive Na/Re molar ratio conversion (%) rate (μmol g−1min−1) 1,2-PDO 1,3-PDO 2-Prop 1-Prop Sec/Prim

none 8.0 6.8 25 24 13 38 0.69
1 mM NaOH 0.5 6.5 5.3 28 25 18 30 0.59
10 mM NaOH 5 3.1 2.5 81 19 0 0 0.23
100 mM NaOH 50 3.2 2.9 78 5 0 0 0.07b

10 mM NaCl 5 7.8 6.7 23 27 14 36 0.73
100 mM NaCl 50 4.0 3.5 25 32 12 32 0.80

aReaction conditions: 4 wt % Pt−Re/C, 393 K, 4 MPa H2, 2 h of reaction, 90 cm
3 110 mM glycerol solution, Gly/Re = 50. In situ pretreatment: 393

K, 1.4 MPa H2 for 1 h. b17% product selectivity to lactic acid was observed.
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state <7+) associated with Pt. Consistent with the idea that the
acid site remains associated with the solid catalyst in liquid
water, Chia et al. reported that Rh−Re bimetallic catalysts were
active for the acid-catalyzed of hydrolysis of fructose to
hydroxymethylfurfural in a continuous flow reactor for 250 h.8

3.3. The Role of Solvent in Hydrogenolysis on Pt−Re
Catalysts. The results from this work also shed light on the
role of water in glycerol hydrogenolysis. Pyridine DRIFTS
showed that the addition of water is not required for Brønsted
acid sites to be present on Pt−Re bimetallic nanoparticles. In
addition, the NAP-XPS revealed that the addition of 0.3 mbar
of water vapor does not change the oxidation state or binding
energy of Re in the reduced catalyst, indicating that water does
not react with or electronically alter the Re component of the
catalyst significantly after the catalyst is reduced in H2 at
temperatures of 473 K and below. Moreover, the rate of
glycerol hydrogenolysis was unchanged when D2O was used as
the solvent instead of H2O. The hydrogenolysis of 1,2-HDO in
an alkane solvent also confirms that water is not required to
perform the selective hydrogenolysis of polyols.
3.4. Bifunctional Mechanism of Glycerol Hydro-

genolysis on Pt−Re Catalysts. The extensive character-
ization of Pt−Re catalysts confirms that both metallic sites
(associated with Pt) and acid sites (associated with partially
oxidized Re) are present on the surface of the catalyst. One
question that persists is the extent at which the acid site plays a
role in the hydrogenolysis mechanism. For example, Chia et al.
propose that the Brønsted acid sites selectively catalyze
activation at secondary C−O bonds over primary C−O
bonds (compared with metal-catalyzed hydrogenolysis) be-
cause secondary carbenium or oxocarbenium ions are more
stable.7 Indeed, acid-catalyzed dehydration of the secondary
carbon of glycerol may form an unsaturated reactive
intermediate that would be subsequently hydrogenated on Pt
metal sites.
A competing mechanism is the direct hydrogenolysis of

glycerol adsorbed on Pt−Re. The direct hydrogenolysis
mechanism, favored by the group of Tomishige et al., suggests
the heterolytic cleavage of H2 on Pt−Re sites is involved in the
reaction.5,6

Our work on the hydrogenolysis of glycerol(OH)3-d5
revealed a primary kinetic isotope effect of 2.0 ± 0.1 in liquid
water, indicating that the activation of C−H bonds in glycerol is
kinetically significant, which is consistent with the acid-
catalyzed path described above. We should also note that C−
H bond activation is also a proposed step in the metal-catalyzed
hydrogenolysis of glycerol over Pt,80 Ru,80 and Rh81 catalysts.
Therefore, the kinetic isotope effect observed with glycerol-
(OH)3-d5 cannot unambiguously discriminate between acid-
catalyzed versus metal-catalyzed C−H bond activation during
glycerol hydrogenolysis. Nevertheless, the observed primary
kinetic isotope effect with glycerol(OH)3-d5 does not support a
hydrogenolysis mechanism involving heterolytic cleavage of H2
followed by the direct addition of hydrogen to activate C−O
bonds in glycerol.
Chia et al. used quantum chemical calculations to show that a

low energy path for glycerol hydrogenolysis over Rh−Re
bimetallic catalysts is initiated by the protonation of an alcohol
group by the Brønsted acid site of the catalyst.7 Simultaneous
with the elimination of water is an intramolecular hydride shift
from a C−H bond on the adjacent CH2−OH group to form an
oxocarbenium ion (RCH−CO(+)H), which was claimed to
be the most stable intermediate. The presence of an alcohol

group at the β-carbon position lowered the reaction barrier by
14 kJ mol−1 by providing a back-side stabilization of the
transition state. Moreover, the presence of water, in
conjunction with the alcohol at the β-carbon, further aided in
stabilizing the oxocarbenium ion transition state.7

Interestingly, we observed that both the rate of hydro-
genolysis and the Sec/Prim ratio was lower when n-heptane
was used as the solvent instead of water for the hydrogenolysis
of 1,2-HDO. The presence of water may help to stabilize the
oxocarbenium ion in the transition state of the concerted
mechanism, whereas n-heptane cannot provide the back-side
stabilization. This might explain why the rate of 1-hexanol
production increased by a factor of 3 when water was used as
the solvent instead of n-heptane in the hydrogenolysis of 1,2-
HDO.
The order of reaction in both glycerol and H2 at different

glycerol concentrations also provides insights into the glycerol
hydrogenolysis mechanism. As mentioned in Section 2.2.3, the
orders of reaction have been reported elsewhere in the
literature on similar catalysts, but the results are inconsistent.
The kinetic analysis summarized in Figure 1 suggests that
various orders can be found, depending on the conditions used.
Reaction kinetics that were measured in low concentrations

of glycerol (15−65 mM) show that the reaction is first-order in
glycerol concentration and approximately zero-order in H2
pressure. In this regime, the surface appears to be saturated
with enough hydrogen that perhaps hydrogenation is not
kinetically significant and the acid-catalyzed activation and
dehydration of glycerol is rate-determining. The reported TOF
of hydrogenation of various carbonyl compounds on Pt
catalysts at temperatures as high as 393 K is significantly
greater than the rate of glycerol hydrogenolysis observed in this
work.82 In addition, the observed inverse kinetic isotope effect
(rateH/rateD = 0.7) when D2 was used as the reactant gas with a
15 mM glycerol solution suggests that the hydrogenation step
may be equilibrated.83,84 An inverse kinetic isotope effect may
arise when two reactions with normal isotope effects of
different magnitudes oppose each other,83 and Bender et al.
have measured equilibrium isotope effects for H2 adsorption
and desorption (KH/KD) of ∼0.7 for a few transition metal
complexes, which agrees with the isotope effect we measured
over Pt−Re.84 Furthermore, Meemken et al. measured a normal
kinetic isotope effect (rateH/rateD = 1.4) with D2 gas when
studying the hydrogenation of a ketone on an alumina-
supported Pt catalyst, confirming D2 should produce a normal
kinetic isotope effect when hydrogenation is a kinetically
significant step.85

At higher concentrations of glycerol, where glycerol
approaches zero-order behavior, an approximately half-order
dependence on the H2 pressure was observed. In this case,
hydrogenation of an adsorbed unsaturated intermediate formed
by the acid-catalyzed dehydration of glycerol may be kinetically
significant. In classical hydrogenation kinetics on late transition
metals, half-order dependence in H2 corresponds to equili-
brated adsorption of H2 on a surface catalyzing hydrogen
addition reactions. For exclusively metal-catalyzed glycerol
hydrogenolysis reactions, the kinetically significant C−H bond
activation step may result in a negative influence of H2 pressure
on the rate.80 Indeed, the initial rate of glycerol hydrogenolysis
over Pt80 and Rh81 was lower in H2 relative to that in He or N2.
In summary, the results presented in this work are consistent

with a mechanism in which glycerol hydrogenolysis proceeds
via acid-catalyzed dehydration/hydride shift, followed by
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hydrogenation of the resulting unsaturated intermediate.
Intimate contact of the Brønsted acid (associated with the Re
component of the catalyst) with the hydrogenation function
(Pt) is necessary for high activity and selectivity for the
activation of secondary alcohols.

4. CONCLUSIONS

The structure of the Pt−Re bimetallic catalyst was related to
the function of the catalyst in glycerol hydrogenolysis in liquid
water. Characterization of the Pt−Re catalysts with XPS
revealed that Pt was completely reduced to Pt metal, but a
distribution of Re oxidation states was observed on the
bimetallic nanoparticles, even after reduction in H2 at 473 K. In
addition, NAP-XPS showed that water did not significantly alter
the Re spectrum acquired at 393 and 473 K. Pyridine DRIFTS
on Pt−Re/SiO2 confirmed that Brønsted acid sites were
present on the bimetallic nanoparticles after reduction in H2,
and these sites were active for propyl acetate hydrolysis in
liquid water. By normalizing the rate of propyl acetate
hydrolysis on Pt−Re/SiO2 to the rate in HCl, we concluded
that ∼6% of the Re’s associated with the Pt−Re nanoparticles
form Brønsted acid sites. The importance of the Brønsted acid
sites in glycerol hydrogenolysis was confirmed by the addition
of only 10 mM of NaOH to the reaction medium, which
decreased the rate of glycerol hydrogenolysis by 60%. The
NaOH evidently neutralized the Brønsted acid sites associated
with the Re component of the catalyst. A primary kinetic
isotope effect was also observed when glycerol(OH)3-d5 was
used as the substrate, indicating the kinetic significance of C−H
bond breaking in the glycerol hydrogenolysis mechanism. The
characterization and reactivity results confirm the bifunctional
nature of Pt−Re bimetallic catalysts and support a hydro-
genolysis reaction path that involves acid-catalyzed dehydration,
followed by metal-catalyzed hydrogenation.

5. EXPERIMENTAL METHODS

5.1. Catalyst Preparation. All catalysts were prepared by
incipient wetness impregnation of metal precursors, followed
by a thermal treatment. The Pt−Re bimetallic catalysts were
synthesized by successive impregnation of the Pt precursor,
followed by the Re precursor. The platinum precursor used was
Pt(NH3)4(NO3)2 (Sigma-Aldrich), or H2PtCl6 (Sigma-Aldrich)
if otherwise stated, and the Re precursor used for all of the
catalyst was NH4ReO4 (Sigma-Aldrich). For a typical catalyst
preparation, the Pt precursor was dissolved in a predetermined
amount of distilled, deionized water to cause the silica gel
support (Fuji Silysia G6) or the activated carbon support
(Vulcan 72-XC) to reach incipient wetness. After the Pt
solution was slowly added and thoroughly mixed with the
support, the catalyst was dried overnight at 393 K in air. Then
the Re precursor was dissolved in water, and the second
impregnation was performed in the same manner. The catalyst
was then dried overnight.
Before any measurements or reactions were performed, the

bimetallic and monometallic Pt catalysts were heated at a rate
of 0.5 K min−1 to 723 K and reduced for 3 h in 100 cm3 min−1

of flowing H2 (GTS Welco, 99.999%). After the catalysts were
cooled to room temperature, a passivation gas (GTS Welco,
1.03% O2 balance N2) was introduced to the catalyst for 30
min. After passivation, the catalysts were stored in air at room
temperature in a closed vial. The monometallic Re catalyst was
calcined in flowing air at 773 K.

A procedure was also developed to remove spectator
perrhenate that may be weakly held on the silica support of 8
wt % Pt−Re/SiO2. Briefly, 1.5 g of 8 wt % Pt−Re/SiO2 was
loaded into a downward flow stainless steel tube with a K-type
thermocouple placed into the reactor bed. The reactor was
purged with flowing N2 at atmospheric pressure for 30 min,
followed by flowing H2 for 30 min. Next, the catalyst was
reduced in flowing H2 at 473 K for 1 h at 1 MPa of pressure,
which was maintained by a back-pressure regulator. The
catalyst was then cooled in H2 to 393 K, and distilled, deionized
water, which was purged of air and saturated with 1 MPa of H2,
was introduced to the catalyst bed at a liquid flow rate of 2 cm3

min−1 using an HPLC pump. After flowing for 30 min so that
the number of residence times of liquid water in the reactor was
∼30, the water was purged from the system with H2 and fully
dried at 403 K in flowing H2. The catalyst was subsequently
cooled to room temperature and removed from the reactor.
The resulting washed catalyst is referred to as 8 wt % Pt−Re/
SiO2−W.

5.2. Catalyst Characterization. The total number of
hydrogen adsorption sites was determined by H2 chemisorption
using a Micromeritics ASAP 2020 automated adsorption
analyzer. Samples were first heated at 4 K min−1 and reduced
at 473 K in flowing H2 for 1.5 h. Next, the samples were
evacuated for 2 h at 473 K and then another 2 h at 308 K. After
the evacuation, analysis was performed at 308 K in the pressure
range of 75−450 Torr. The total number of hydrogen
adsorption sites was calculated by extrapolating the total
amount of H2 adsorbed in the saturated region to zero pressure
to remove contributions from physisorbed hydrogen. Elemental
analysis (using ICP−OES performed by Galbraith Laboratories,
2323 Sycamore Drive, Knoxville, TN 37921) was used to
determine the Pt and Re weight loadings of the Pt−Re
bimetallic catalysts. Transmission electron microscopy (TEM)
images of the catalysts were acquired with an FEI Titan
operated at 300 kV and equipped with a Gatan 794 multiscan
camera (EFTEM) and an energy dispersive spectrometer for
elemental X-ray analysis. Samples for microscopy were
prepared by dipping TEM grids into a mixture of ∼50 mg of
catalyst and 7 cm3 of cyclohexane, which was sonicated for 15
min. To evaluate the particle size of the sample, the diameters
of over 300 individual particles were measured for each sample.

5.3. Polyol Hydrogenolysis. Glycerol hydrogenolysis
reactions were performed in a 300 cm3 Parr autoclave equipped
with a glass liner, PID-controlled heater, magnetically driven
stir bar, and a dip tube for periodic sampling. The reaction
solution was prepared by diluting glycerol (Acros Organics,
ACS grade) with distilled, deionized water. D2O (Sigma-
Aldrich, 99.9%), glycerol(OH)3-d5 (Cambridge Isotopes
Laboratories, 99%), and D2 gas (Cambridge Isotopes
Laboratories, 99.8%) were also used when specified. For the
selective poisoning experiments, NaOH (Sigma-Aldrich) and
NaCl (Acros Organics) were dissolved in the reactant solution
with glycerol. For a typical reaction, catalyst was loaded into the
autoclave, and the solution was loaded into a separate reactant
vessel that was wrapped with heating tape. The appropriate
amount of catalyst was loaded into the empty reactor to give a
ratio of moles of glycerol to total moles of Re (Gly/Re) equal
to 150. In the experiments that the glycerol concentration was
varied, a catalyst mass of 160 mg was maintained. After the
contents were sealed in their respective containers, H2 was used
to purge the reactor and the reactant solution vessel for 20 min
at atmospheric pressure. To rereduce the catalyst after exposure
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to air, an in situ reduction was performed at 393 K and 1.4 MPa
of H2 for 1 h. The reactant vessel was then heated to the
reaction temperature of 393 K. When the reactant vessel
reached the desired temperature, the solution was charged into
the reactor, and the reactor was pressurized to the desired
pressure with H2. An initial sample of the reaction medium was
taken through the dip tube while keeping the reactor sealed.
The desired pressure of H2 was maintained throughout the
reaction by constantly feeding H2. Samples were taken
periodically throughout the course of the reaction and were
analyzed using an Alliance high performance liquid chromato-
graph (Waters e2695) equipped with a refractive index detector
(Waters 2414) and an Aminex ion exclusion column (Bio-Rad,
HPX-87H) operating at 318 K with a 0.5 M H2SO4 mobile
phase. Calibration curves were obtained using known volumes
of reactants and products.
The conversion was calculated as the total moles of products

divided initial moles of glycerol, and the selectivity for a specific
product was the moles of that product divided by the total
moles of product. The only products observed for glycerol
hydrogenolysis at 393 K with H2 in the headspace were 1,2-
PDO, 1,3-PDO, 1-propanol (1-Prop), and 2-propanol (2-
Prop); lactic acid was also observed when high concentrations
of NaOH were used. All glycerol hydrogenolysis reactions
performed in this work had a carbon balance between 90 and
105%. For simplicity, the ratio of C−O cleavages at secondary
carbons versus primary carbons was calculated as the Sec/Prim
ratio to compare selectivities for reactions performed with
different catalysts. This number was calculated using the
concentrations of the final products as shown below.

=
‐ + ‐

‐ + ‐ + ‐
Sec

Prim
[1,3 PDO] [1 Prop]

[1,2 PDO] 2[2 Prop] [1 Prop]

The procedure for hydrogenolysis of 1,2-hexanediol (1,2-
HDO) was very similar to that used for glycerol hydrogenolysis.
Solutions containing 110 mM of 1,2-HDO (Acros Organics,
98%) in distilled, deionized water or n-heptane (Sigma-Aldrich,
99%) were used as the reaction medium. Samples were
analyzed using a gas chromatograph (Hewlett-Packard 5890
Series II) equipped with a flame ionization detector and a 50-
m-long HP-1 cross-linked methyl silicone gum capillary
column. Calibration curves were obtained using known
volumes of reactants and products. The Sec/Prim ratio for
1,2-HDO hydrogenolysis was calculated as the ratio of 1-
hexanol to 2-hexanol at various points throughout the reaction
profile.
5.4. Propyl Acetate Hydrolysis. The reactor setup and

procedure for propyl acetate hydrolysis were similar to those
described in the previous section. The reactant solution for the
hydrolysis experiment was prepared by mixing propyl acetate
(Sigma-Aldrich, 99%) and 1-butanol (Sigma-Aldrich, 99.8%)
with distilled, deionized water to give 1.5 and 0.1 wt % in
propyl acetate and 1-butanol, respectively. The 1-butanol was
used as an internal standard. The monometallic Pt and
bimetallic Pt−Re catalysts were reduced in situ at 393 K with
1.4 MPa H2, as described in Section 5.3, but after reduction, the
reactor was purged four times with N2 and cooled to the
reaction temperature of 333 K. The reactants were then
charged to the reactor, which was subsequently pressurized to
2.1 MPa in N2. Samples were taken throughout the course of
the reaction through a dip tube; after each sample, the reactor
was backfilled with N2 to keep the pressure in the reactor at 2.1

MPa. Samples were analyzed using a gas chromatograph
(Hewlett-Packard 5890 Series II) equipped with a flame
ionization detector and a 50-m-long HP-1 cross-linked methyl
silicone gum capillary column. The conversion was calculated
as the moles of 1-propanol formed divided by the moles of
propyl acetate initially loaded into the reactor. Response factors
were obtained using known volumes of reactants and products.
The appropriate amount of catalyst was loaded into the

reactor in each experiment to ensure the ratio of moles of
propyl acetate to total nominal moles of Re (or in the case of
HCl, moles of H+) was 100. The HCl (Fisher, Certified ACS
Plus) was used as received.

5.5. X-ray Photoelectron Spectroscopy. Both conven-
tional X-ray photoelectron spectroscopy (XPS) and near-
ambient-pressure X-ray photoelectron spectroscopy (NAP-
XPS) experiments were performed. Conventional XPS using
a focused monochromatic Al Kα X-ray radiation source (1486.6
eV) and a Thermo Scientific ESCALAB 250 spectrometer was
carried out at the Nanomaterials Core Characterization Facility
of the Virginia Commonwealth University. A hemispherical
analyzer with a six-element multichannel detector was used.
The incident X-ray beam was 45° off normal to the sample, and
the X-ray photoelectron detector was normal to the sample. A
large-area magnetic lens with a 500 μm spot size in constant
analyzer energy mode was utilized with a pass energy of 20 eV
for region scans. Charge compensation was employed during
data collection with an internal electron flood gun (2 eV) and a
low-energy external Ar ion flood gun. Thirty region scans were
taken with a step size of 0.1 eV for Pt and Re spectra.
Conventional XPS samples were prepared by pressing the

powder catalyst onto a strip of Pb foil (ESPI Metals, 99.99%)
that was secured onto a copper metal plate using an ultrahigh
vacuum carbon paste (Ted Pella, PELCO); the copper plate
was then attached to a sample holder. No Pb features were
observed in the XPS survey scans, ensuring that the powder was
thick enough that interactions between the Pb and the catalyst
did not interfere with the measurements. To reduce the catalyst
prior to conventional XPS analysis, the sample holder was
placed in a reduction cell attached to the preparation chamber.
After flushing the reduction cell three times with H2 and
pressurizing it to 0.2 MPa, the cell was heated to the desired
temperature in H2 for 1 h. After reduction, the cell was allowed
to cool to room temperature, and the sample was transferred
from the reduction cell to the preparation chamber, which was
at a pressure of ∼10−6 mbar. The sample was then transferred
from the preparation chamber over the course of about 5 min.
The analysis chamber was maintained at a pressure of 10−9

mbar and was constantly purged with the Ar ion flood gun. To
infer the amount of oxidation that occurred in the preparation
chamber during the 5 min transfer, an experiment was
performed during which the sample remained in the
preparation chamber for 90 min after reduction.
The NAP-XPS experiments were performed at the

Innovative Station for In Situ Spectroscopy (ISISS) beamline
at the Helmholz-Zentrum Berlin/BESSY II synchrotron facility
using a Phoibos 150 hemispherical energy analyzer. The
advantages of this instrument were that the photon energy can
be tuned between 80 and 2000 eV, and measurements can be
made in pressures up to 0.3 mbar. More work using this system
as well as a complete description of the equipment can be
found elsewhere.39,86−88 The pressure in the analysis chamber
was maintained by simultaneous operation of mass flow
controllers, to control the flow of gases, and a feedback-
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regulated valve between the chamber and a turbo molecular
pump, to regulate the rate of pumping. The spectrometer
utilizes a hemispherical analyzer that was operated in ultrahigh
vacuum. The pressure difference between the reaction cell and
the analyzer was maintained using three differentially pumped
stages. Each stage consisted of an electrostatic lens for gathering
a wide-angle spread of photoelectrons and focusing the
electrons onto the analyzer entrance slit. Because this
arrangement was not amenable to utilizing charge compensa-
tion devices, measurements were only performed using the 8 wt
% Pt−Re/C catalyst. The silica-supported catalyst charged
significantly, and reliable measurements could not be made.
For each condition studied, measurements were recorded at

three different kinetic energies (150, 500, and 1000 eV) by
adjusting the photon energy so that the difference between the
photon energy and the kinetic energy equaled the appropriate
binding energy. Spectra of Pt and Re were measured by
averaging 30 scans using a pass energy of 10 eV and a step size
of 0.05 eV. The total Gaussian resolution for the combination
of photon source and spectrometer was 0.2 and 0.5 eV for the
measurements with kinetic energies of 150 and 1000 eV,
respectively. The core level binding energies for the NAP-XPS
results were calibrated by first measuring the kinetic energy
difference between the C 1s first and second order peaks to find
the true kinetic energy of the C 1s first order peak, which was
∼284.2 eV. Next, the same photon energy used to obtain the Pt
and Re spectra was used to measure C 1s binding energy at
every condition studied. The Pt and Re peaks were then
calibrated to those C 1s spectra, which were assigned to 284.2
eV. The accuracy of the binding energy calibration was
estimated to be ∼0.1 eV.
The 8 wt % Pt−Re/C sample for NAP-XPS was prepared by

first pressing the catalyst into a pellet. The pellet was then
secured between one solid metal plate and one plate with a 3
mm diameter hole. The catalyst was heated via an infrared laser
that was focused at the back of the solid metal plate using a
fiber-optic cable and infrared optical elements. The temperature
was measured with a K-type thermoelement that was secured
between the metal plates in close proximity to the catalyst. In a
typical experiment, the sample was loaded into the analysis
chamber at room temperature and pressure of about 10−7 mbar.
Next, H2 was introduced at 5 cm3 min−1 while the pressure was
maintained at 0.3 mbar. The temperature was then increased to
the desired temperature at a ramp rate of 10 K min−1. The
sample remained at the desired temperature for at least 20 min
before any measurements were performed. Scans were recorded
during the course of the experiment to ensure the catalyst was
not changing and that it reached a stable state. After the
measurement in the presence of H2, H2O and H2 were
introduced together, each at 5 cm3 min−1, and the system was
allowed to equilibrate for 20 min before additional measure-
ments were taken. Finally, the H2 flow was halted so that only
H2O was introduced to the chamber. The H2O was
cryogenically distilled with liquid nitrogen to remove any air
or other impurities.
For the silica-supported catalysts, the binding energies of all

species were referenced to the Si 2p feature at 103.7 eV. The
conventional XP spectra for the carbon-supported catalyst were
referenced to the C 1s feature at 284.2 eV. Spectra obtained
from both conventional XPS and NAP-XAS were deconvoluted
with a curve-fitting routine in CasaXPS while using several
constraints. For platinum and rhenium, the 7/2−5/2 spin−
orbit coupling was set to 3.35 and 2.43 eV, respectively, and the

5/2 peak area was assigned to be 75% of the 7/2 peak area for
both elements. The binding energies, fwhm, and lineshapes of
the observed 7/2 Pt and Re species are shown in Table S8. The
lineshapes of the 7/2 peaks were the same as the 5/2 peaks.
Tougaard backgrounds were used to fit the Pt peaks, and
Shirley backgrounds were used to fit the Re peaks. To calculate
the Re/Pt molar ratio, the area under the photoemission
response curves from Pt and Re, minus the background, were
by corrected by the atomic subshell photoionization cross
sections89 and the photon flux in NAP-XPS.

5.6. Diffuse Reflection Infrared Fourier Transform
Spectroscopy (DRIFTS) of Adsorbed Pyridine. The IR
spectrum of pyridine adsorbed on the catalysts was recorded on
a Bio-Rad FTIR (FTS-60A) spectrometer equipped with a
liquid-nitrogen-cooled MCT detector and an in situ reactor cell
for DRIFTS measurements (Harrick). To obtain spectra, 100
scans were coadded at a resolution of 2 cm−1. The silica-
supported samples used in DRIFTS were diluted in KBr
powder (Varian Inc.) to give a 5 wt % catalyst mixture.
The loaded DRIFTS cell was first purged with 28 cm3 min−1

of H2 for 10 min and then heated to 473 K at a ramp rate of 10
K min−1 and reduced at 473 K in flowing H2 for 1 h. After the
catalyst was reduced, the cell was then purged at 473 K with 20
cm3 min−1 of He for 15 min. Spectral backgrounds were then
recorded at 373 and 303 K as the catalyst was cooled in He. At
303 K, a stream of pyridine vapor diluted in He was exposed to
the sample for 1 min. The saturator containing pyridine was
maintained at a temperature of 273 K. After adsorption of
pyridine, the cell was purged with He, and the temperature of
the cell was increased to 373 K to remove the majority of
physisorbed pyridine prior to recording spectra. In separate
experiments, a He water mixture was introduced to a reduced
catalyst sample via a water saturator maintained at room
temperature. The cell was then purged with He for 15 min at
473 K before any backgrounds were recorded after water
adsorption.
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