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ABSTRACT: We report the investigation of surface properties of Pt/C and Pt-Re/C catalysts using in situ spectroscopic tools and
the fundamental understanding of their catalytic performances in glycerol aqueous-phase reforming (APR). We found that adding
Re to Pt/C improves its activity significantly, which is consistent with our previous observation in glycerol steam reforming. How-
ever, the difference in reaction selectivity is much more pronounced in APR. Compared to Pt/C, Pt-Re/C yielded significantly more
liquid products, while the selectivity to H, and CO, decreased by more than 40%. In-operando X-ray absorption spectroscopy and
attenuated total reflectance infrared (ATR-IR) with in situ capability as well as Raman spectroscopy were employed to investigate
the catalyst surface properties and the roles of Re. In-operando X-ray absorption fine structure (XAFS) shows significant oxidation
of Re, and ATR-IR of adsorbed pyridine revealed the formation of acid sites on PtRe after hot liquid water treatment. Additionally,
ATR-IR using CO as probe molecule demonstrated that CO desorption from the Pt-Re/C surface is more facile than that from Pt/C
in aqueous phase. We propose that well-dispersed Re oxide species in close proximity with Pt work as the active site providing both
metal and acid functionalities while the terminal Re-O moiety has little contribution to the overall reactivity as evidenced by Raman
spectroscopy.
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1. Introduction

Glycerol has been reported to be a good model compound in
biomass catalytic conversion, with functionality that benefits
the mechanistic understandings. Cortright et al.[1] first con-
firmed the feasibility of performing glycerol aqueous-phase
reforming (APR) with high hydrogen yield using a benchmark
Pt/Al,0; catalyst. Wen et al. screened a few catalysts and
came up with the order of hydrogen production rate, in terms
of active metal, of Pt > Cu > Ni > Co[2]. Extensive research
has confirmed that adding a second metal (e.g., Mo[3, 4],
Ni[5, 6], or Re[7-12]) to Pt catalysts can enhance the catalytic
activity, and some new insights into the role of these second
metals have also been proposed. Dietrich et al.[4] observed 4
times higher turnover frequency (TOF) over PtMo/C and
higher selectivity to C-O bond cleavage than that over Pt/C,
and ascribed the role of Mo to altering the electronic proper-
ties of Pt, lowering the binding energy of CO and reducing the
activation energy of both dehydrogenation and C-O bond
cleavage. In-operando characterization indicated that the cata-
lyst surface is mainly composed of Pt-rich bimetallic PtMo
nanoparticles and oxidized Mo[3]. We compared the perfor-
mances of Pt/C and Pt-Re/C catalysts in glycerol APR and
found a higher TOF of about one order of magnitude over Pt-
Re/C, along with higher selectivity to dehydration products
over Pt-Re/C[8]. In situ characterizations using X-ray photoe-
lectron spectroscopy (XPS) and ammonia temperature pro-
grammed desorption (NH;-TPD) confirmed that Re becomes
oxidized, creating surface acidity upon hydrothermal treatment
(in this case steam treatment); the concentration of acid sites
was found to increase with Re addition, favoring C—O over C—
C cleavage while hydrogen selectivity was decreased[10].
However, the effect of liquid phase hydrothermal conditions
on the catalyst structure is still not well understood. Therefore,
it is worthwhile to separately investigate these two cases, i.e.,
vapor phase steam and aqueous phase. Our most recent inves-
tigation[12] on steam treatment of Pt-Re catalyst and its per-
formances in steam reforming of glycerol indicated that upon
steam treatment, oxidized Re species could facilitate CO spill-
over and desorption from neighboring Pt sites, making them
accessible to glycerol reactant, and leading to the overall en-
hanced activity while selectivity to products remains the same.
In the present work, we extend our studies to elucidating the
roles of Re on Pt-Re/C bimetallic catalyst in aqueous phase
reforming of glycerol. We particularly focus on understanding
the effects of water phase (i.e., condensed phase vs vapor
phase) on the structure and surface properties of Pt-Re, and
correlating these properties with catalyst activity and selectivi-
ty in glycerol APR reaction. In situ techniques such as X-ray
absorption fine structure (XAFS), attenuated total reflectance
infrared (ATR-IR), and Raman spectroscopy are used to char-
acterize Pt/C and Pt-Re/C catalysts to help understand their
properties under reaction conditions.

2. Experimental

2.1. Catalyst preparation

The catalyst preparation procedure has been reported previ-
ously[12]. Briefly, active carbon support (TA 60, PICATAL,
60~100 mesh) was dried at 110 °C overnight prior to use.
Tetraammineplatinum(IT) nitrate hexahydrate
((NH3),Pt(NO;),-6H,O, 99.999%, Sigma-Aldrich) and per-
rhenic acid (HReO,, 99.99%, in 65-70% aqueous solution,
Sigma-Aldrich) were used as metal precursors. Pt/C and Re/C

were prepared by incipient wetness impregnation. The im-
pregnated samples were dried at 110 °C for 2 h and calcined at
260 °C for another 2 h. Bimetallic Pt-Re/C was prepared by
impregnating Re precursor solution onto the calcined Pt/C
sample followed by the same drying and calcination steps.

2.2.  Catalyst characterization

Attenuated total reflectance infrared (ATR-IR) characteriza-
tion of the samples was performed using a home-made ATR
cell with the details previously reported[12]. The catalyst
sample was ground into fine powder and suspended in nano-
pure water under sonication to form an ink. This ink was then
coated onto the round top surface of the IRE and dried over-
night to form a thin layer. The ATR cell can be heated to up to
300 °C by a cartridge heating element integrated with a Wat-
low temperature controller. A HPLC pump (LabAlliance Se-
ries III) was used to deliver pressurized liquid into the cell. A
backpressure  regulator (BPR, KPB1L0A412P20000,
Swagelok) was used to control the system pressure down-
stream.

The sample was reduced in 10% H,/Ar (10 mL/min) from
room temperature to 280 °C at 5 °C/min. After 1 h reduction,
the gas was switched to 10 mL/min He and purge for 10 min
before cooling down. The sample was held at room tempera-
ture for at least 10 min before collecting a background spec-
trum. 10 mL/min 1% CO/He was then introduced and a series
of sample scans were taken every minute. The resolution of
each scan was set at 4 cm”' and 128 scans were averaged to
generate each spectrum. For the CO desorption measurement
as a function of temperature, a series of spectra under He at
200, 150, 100, 50 and 25 °C were collected before introducing
CO and used as the background spectra for the desorption
counterparts. For experiments requiring high pressure liquid
environment, liquid was delivered by the HPLC pump at a
certain flow rate (typically 0.1 mL/min if not otherwise speci-
fied; catalyst layer was intact following high pressure water
flow) after the cell was pressurized with N, and the backpres-
sure set at 450 psi by the BPR. CO adsorption under liquid
environment was performed by co-feeding CO with liquid
water (0.01 mmol CO/L H,0). CO desorption was carried out
by switching to pure water flow. The IR data collected in the
presence of liquid water was corrected by subtraction of a
scaled water background spectrum according to a procedure
described elsewhere[13].

Raman spectra of the catalyst samples were collected with a
Horiba LabRAM HR Raman microscope system reported be-
fore[14]. The system is equipped with a 532 nm laser source
(Ventus LP 532) and a Synapse CCD (charge coupled device)
detector. Catalysts were loaded in an in situ reaction cell
(Linkam CCR1000) for Raman characterization. Sample re-
duction was carried out under 10% H,/Ar (20 mL/min) at 280
°C for 1 h. For those requiring hot liquid water (HLW) expo-
sure, the samples were first treated in a batch reactor in the
similar manner (hydrogen reduction followed by exposure to
water at APR reaction condition without feeding glycerol) as
described in section 2.3. After 2 h, the catalyst samples were
collected and immediately transferred to the reaction cell un-
der N, protection to minimize exposure to air. The samples
were then dried under He flow (20 mL/min) at 110 °C for 2 h.
The catalysts were probed by X-ray absorption spectroscopy
(XAS) in transmission mode using an in-house built in-situ
cell rated to 1100 psi and 700 °C, as previously reported [12,
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15]. It consists of a flow reactor and the cell body made of
stainless steel and heated by resistive heating cartridges. An
X-ray window (1 cm horizontal x 0.5 cm vertical) allows for
measurements in transmission mode. The catalyst bed (about
60 mg, 60~100 mesh) was packed with quartz wool on both
ends in a glassy carbon tube (0.d. = 6.35 mm, i.d. = 4.1 mm,
from HTW Hochtemperatur-Werkstoffe GmbH, Germany).
and connected to the rest of the system via standard Swagelok
fittings using graphite ferrules (450 °C temperature rating).
The reaction temperature was controlled using a Watlow tem-
perature controller within +1 °C, measured on the external
tube wall using a K type thermocouple. The XAS measure-
ments were performed at beamline X-18A at the National
Synchrotron Light Source (NSLS) operated by the Synchro-
tron Catalysis Consortium (SCC) at Brookhaven National
Laboratory (BNL). The measured Pt and Re absorption edge
steps for Pt and Re for the catalysts were about 0.65.
X-ray absorption near edge structure (XANES) and Extended
X-ray absorption fine structure (EXAFS) data processing and
analysis were performed using Athena and Artemis programs
of the IFEFFIT data analysis package[16, 17]. Three scans
were collected under each condition and merged after align-
ment using Pt (or Re) foil spectrum collected simultaneously
for each scan. Scans were collected at the Pt L, ; and Re L;
edges. For the Pt-Re catalyst, due to the overlap of the Re L,
(11959 eV) with the Pt L; (11564 eV) which limits the
EXAFS signal to 9.6 A-1 in k-space, we collected the EXAFS
signal at the Pt L, edge which extends the k-range to 12.1 A-1.
x(k) (where k is the photoelectron wavenumber) was obtained
by subtracting smooth atomic background from the normal-
ized absorption coefficient using the AUTOBK code. The
theoretical EXAFS signal was constructed using the FEFF6
code and fitted to the data in r-space using the Artemis pro-
gram of the IFEFFIT package. The spectra were fitted in r-
space by varying the coordination number (CN) of the single
scattering Pt—M (Re-M or Re-O) path, the bond length disor-
der (Debye—Waller factor), o°, the effective Pt—M (Re-M or
Re-O) scattering length, and the correction to the threshold
energy, AE,. S,” (passive electron reduction factor) was ob-
tained by analyzing the spectrum for Pt and Re foils, and the
best fit value (0.93 for Pt L,, and 0.86 for both Pt L; and Re
L;) was fixed during the fitting of the catalyst samples. The
values for S, are consistent with our previous work([5, 15] and
values reported in the literature[18, 19]. Re consisted of Pt-
Re/C sample contained a mixture of metallic Re and ReOx and
fitting the spectra to a single Re-O scattering path did not re-
sult in good fits. We used a similar model to the one proposed
by Bare et al.[18] for Re/Al,O; where they used two Re-O
scattering paths at about 1.73 A and 2.08 A. The model with
two Re-O scattering paths gave a much better statistical fit
(reduced x> was lower by a factor of 5-10) than the model with
a single Re-O scattering path. The k-range used for Fourier
transform of the (k) was 2.5-12 A-1 for Pt and 2.5-13.9 A-1
for the Re edge and the r-range for fitting was 1.8-3.3 A for Pt
and 1.1-3.2 A for Re unless otherwise specified.

2.3. Catalyst evaluation in batch reactor for glycerol

APR

The catalyst sample was ground and sieved to 325~400 mesh
before loading into the reactor for evaluation. A 50 mL micro
stirred reactor purchased from Parr Instrument was used for
this study. Typically, after the charge of a certain amount of
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catalyst, the reactor was flushed with Ar to remove air. Then it
was pressurized with 10% H,/Ar and depressurized for three
times before a final pressurization to 20 psi. After the catalyst
was in situ reduced at 280 °C for 1 h and cooled down to room
temperature, the gas inside was vented and 20 mL 10% glyc-
erol aqueous solution was injected into the vessel by a syringe
without opening or exposing the reduced catalyst to air. After
pressurizing and depressurizing the reactor with N, for three
times to remove residual Hy/Ar, a final charge of N, to 80 psig
was applied. The mixture was stirred at 300 rpm for 10 min
before heating; after reaching the reaction temperature, the
reaction was run under vigorous stirring at 600 rpm for 2 h
before quenching the reactor vessel in an ice bath. The inner
pressure at 225 °C reached above 450 psi, as typically required
for APR reaction. Under such reaction conditions, no signifi-
cant mass transfer limitation is observed (i.e., no change in
activity at a higher stirring rate or smaller catalyst particle
size). Product analysis followed the same procedure reported
before[12]. Briefly, the gas products were collected in a Tedlar
gas bag (1 L, Sigma-Aldrich) and analyzed offline with an
Agilent 490 micro GC equipped with four independent mod-
ules (a molsieve column, a CP-PoraPLOT U column, an alu-
minum oxide column, and a CP-Sil 5CB column, all with
TCDs; the molsieve used Ar as reference gas while all other
modules used He). After depressurizing and opening the ves-
sel, liquid product was separated from solid catalyst by a 0.2
pum syringe filter and analyzed using a Waters Breeze 2 HPLC
equipped with a Bio-Rad Aminex HPX-87H ion exclusion
column (300 mm X 7.8 mm) and a refractive index detector.
The mobile phase was 5 mM H,SO, aqueous solution at a flow
rate of 0.6 mL/min. The carbon balance is generally higher
than 90%.

3. Results and discussion

3.1. Catalytic reactivity in glycerol aqueous-phase re-
forming

Batch reaction of glycerol APR was carried out over Pt/C and
Pt-Re/C catalysts. The catalyst loading (50 mg of 3%Pt/C and
20 mg of 3%Pt-3%Re/C) was varied to obtain similar glycerol
conversion (around 15%). The turnover frequency (TOF) was
calculated as either the consumption rate of glycerol or the
formation rate of each product divided by the Pt dispersion
measured in our previous report using the same catalysts[12].
We also note here that APR reaction is known to be catalyst
structure sensitive[20]. However, the Pt particle sizes in this
study are mostly 1~2 nm as we previously observed[10]. Ac-
cording to Kirilin et al.[20], within this narrow particle size
range the catalyst structure sensitivity for APR reaction is
negligible.

As we have previously reported[8, 10], the catalytic perfor-
mances of Pt/C and Pt-Re/C in glycerol APR reaction are sig-
nificantly different. Glycerol TOF is more than 5 times higher
over 3%Pt-3%Re/C than over 3%Pt/C, as can be seen in Fig-
ure 1. Similar enhancement in catalytic activity with addition
of Re to Pt/C has been reported before[7, 8, 10-12]. Addition-
ally, the product distributions are significantly different. As
shown in Table 1, the value Xs/X;, representing the ratio be-
tween conversion to gas products and liquid products, was 0.9
for 3%Pt/C and 0.4 for 3%Pt/-3%Re/C, indicating that produc-
tion of liquid products was more facile over Pt-Re/C. From the
results shown in Figure 1, it can be observed that the addition
of Re causes a significant shift from the production of the gas
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products H, and CO, to the production of the liquid products,
such as acetol and ethanol.

Table 1 Glycerol APR over Pt and Pt-Re catalysts supported on active carbon (reaction temperature 225 °C, operated at
initial pressure at room temperature of 80 psi N,); catalysts were in situ reduced under 20 psi initial pressure at room tem-
perature of 10% H,/Ar at 280 °C for 1 h. 20 mL 10 wt.% glycerol aqueous solution was the reactant. Catalyst weight was 50
mg of 3%Pt/C and 20 mg of 3%Pt-3%Re/C. The stirring rate was fixed at 600 rpm.

Gas product composition

.. c . . 0/\b
Xq (mol% dry basis)® Liquid product distribution (mol%)

Catalyst (0/) XL (%) XG/XL
o
H, CH, co, C,. LA AA EG acetol PG MeOH EtOH PA
3%Pt/C 6.2 654 13 304 3.8 6.7 144 27 133 151 453 1.2 6.9 1.1 09
3%Pt-3%Re/C 54 540 3.8 30,6 115 134 171 45 6.1 242 353 0.8 9.3 27 04

Xg, X: conversion to gas and liquid products, respectively; LA: lactic acid; AA: acetic acid; EG: ethylene glycol; PG: propylene
glycol; PA: 1-propanol.

* Gas product is mainly composed of H,, CH,, CO and CO,, C,H, and C;H;. CZ* includes C,H,, C,H4 and C;Hs.
" Experimental data shown in this table was obtained at total carbon loss within 10%, most of which was caused by unknowns in
liquid products.

Table 2 EXAFS fitting results for the Pt/C and Pt-Re/C catalysts at the Pt L, and Re L; edges. The catalysts were reduced
at 300 °C in 100% H, and the EXAFS spectra were collected at 225 °C under 100% H, flow and atmospheric pressure or
during APR at 500 psig and 225 °C.” The numbers in parentheses indicate the statistical error in the most significant digit
obtained from the fit in Artemis (e.g., 6.2(8) = 6.2+0.8).

Condition Absorber-

Edge Sample (at225°C) backscatterer CN R (A) o> (A)  AEy(eV) Reducedy’
pair
e Pi-Pt 8509)  2.749(7) 0012(1) 56(38) 25
. APR Pt-Pt 104(1.3) 2.7598) 0.012(1) 5.709) 49
t
: H, PtM 70(8)  273509) 0.009(1) 62(7) 86
Pt-Re/C
APR Pt-M 9.1(1.1)  2.750(7) 0.010(1) 63(©9) 43
Re-M 6208) 26774 0.013(1) 32015 29
H, Re-O1 1L13)  1.74(1)  0.0062) 1.0(1.5)
Re-02 1.2(4 2.00(1 0.006(2 1.0(1.5
Rel; Pt-Re/C @ @) ) 1005
Re-M 8909)  2.716(6) 0.009(1) 53(1.0) 97
APR Re-O1 092)  1752) 0.0072) 5.3(1.0)
Re-02 26(5) 2.00(1)  0.0072) 5.3(1.0)

* No significant difference in the catalyst performance or structure (XAFS) was found by increasing the reduction temperature from 280 to
300 °C or by increasing the H, partial pressure from 10% to 100% (not shown).
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Figure 1. TOF of glycerol (min") and product selectivity for
APR of 20 mL 10 wt.% glycerol aqueous solution over
3%Pt/C and 3%Pt-3%Re/C at 225 °C. Loaded catalyst weight
was 50 mg of 3%Pt/C and 20 mg of 3%Pt-3%Re/C to achieve
similar conversion level (<20%). H, selectivity is defined as
the ratio of H, produced to the maximum H, that could be
produced from the converted glycerol. Selectivity to other
carbon-containing products (in both gas and liquid phases) are
normalized and calculated based on moles of carbon in the
product

3.2. Catalyst properties in aqueous-phase environ-
ment

3.2.1 CO adsorption

We recently reported on the in situ ATR-IR characterizations
of Pt/C and Pt-Re/C catalyst surfaces under reducing and
steam environments, and found that CO desorption is signifi-
cantly more facile on Pt-Re/C after steam treatment[12]. In
this work, we further explored the utilization of this technique
and extended its capability to in situ high pressure liquid envi-
ronment, simulating APR reaction condition.

time
i %2035 (a)

Intensity (a.u.)

T T T
2100 2050 2000 1950 1900

Wavenumber (cm)
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Figure 2. CO adsorption at room temperature (time interval = 1.5

min) on Pt/C under (a) gas and (b) aqueous phase

The spectra of CO adsorption on Pt/C under dry and high
pressure water environments are compared in Figure 2 as an
example. In Figure 2(a), linearly adsorbed CO on Pt’ site was
initially observed at 2030 cm’', which gradually shifted to
2035 cm’ at saturation level due to dipole-dipole coupling
caused by the increasing surface coverage[21]. In Figure 2(b),
in the presence of high pressure water, linearly adsorbed CO
on Pt’ site was detected at 2004 cm™ and gradually shifted to
2009 cm™, due to the same dipole-dipole coupling[21]. The
slower profile development of CO adsorption spectrum in
Figure 2(b) is because of a much lower CO concentration. The
redshift of CO adsorption peak and about a factor of four spec-
trum intensity enhancement from gas to aqueous phase are
consistent with observations by Ebbesen et al. and can be at-
tributed to the direct effect of water on the transition dipole
moment of the adsorbed CO[21]. Such redshift of CO adsorp-
tion and spectrum intensity enhancement from gas to aqueous
phase were also observed at above room temperature of CO
adsorption (Figure 3).

25°C (a)

Intensity (a.u.)

T T T
2100 2050 2000 1950 1900

Wavenumber (cm')
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Figure 3. CO adsorption at different temperatures on Pt/C in (a)

gas and (b) aqueous phase
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Figure 4. CO adsorption at different temperatures on Pt-Re/C in

(a) gas and (b) aqueous phase

1.0 - 0- - PtRe/C gas phase
S, - 0--PY/C gas phase
O oS —e— Pt/C aqueous phase
0.8 —a— PtRe/C aqueous phase

0.6 -
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0.2 4

Relative Integrated Area

0.0

—T I " L 7 I v 1T T I v T 71
20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure 5. Relative integrated peak area as a function to desorption
temperature of Pt/C and Pt-Re/C in gas or aqueous phase

As shown in Figures 4, a CO adsorption peak shift of 25 cm™
was also observed on Pt-Re/C between gas and aqueous phase
treatment, which is caused by the presence of condensed wa-
ter[21]. The intensity of spectra over Pt-Re/C catalyst is about
half that of Pt/C for both gas and aqueous phases (Figures 3
and 4), which is consistent with our previous report that Pt
dispersion is decreased by half with the addition of Re to
Pt/C[12]. CO adsorption on Pt/C and Pt-Re/C under gas or
aqueous phase displayed different vibrational features and the
adsorption peak maxima at 25 °C were centered at 2035, 2009,
2031, and 2006 cm™ for Pt/C gas, Pt/C aqueous, Pt-Re/C gas,
and Pt-Re/C aqueous respectively. These features can all be
ascribed to linear CO adsorption (COyp) on Pt site[22], while
CO adsorbed on bridge or multi-fold sites was negligible. Up-
on TPD, the peak maxima red-shifted and the peak areas de-
creased. As shown in Figure 5, for Pt/C, the relative integrated
peak area of CO adsorption in aqueous phase dropped by less
than 10% at each temperature compared to its gas phase ad-
sorption profile. However, for Pt-Re/C the amount of CO ad-
sorption in aqueous phase decreased by about half at 50 °C
and almost dropped to zero around 180-200 °C. The compari-
son of CO TPD in the gas phase shows that CO is more
strongly adsorbed on PtRe than on Pt. On the other hand, un-
der aqueous phase conditions the results are analogous to our
previous observation on steam-treated samples where the CO
desorption from catalyst surface was more facile on PtRe
compared to Pt/C.

4.0

35 - ——Calcined
c
§ 3.0 A —100% H2 at 225°C
S 25 . .
2 —APR 225°C, 500 psig
< 20
=
® 15
£
é’ 1.0

0.5

0.0 ‘ ‘ : : ;

10520 10530 10540 10550 10560 10570
Energy (eV)

Figure 6. XAFS spectra of Re L; edge under APR and reduc-
tion conditions

We previously reported the investigation of the electronic and
structural properties of the catalysts by XANES and EXAFS
under different gas environments[12]. We showed that the
formation of Pt-Re alloy results in an insignificant charge
transfer between Pt and Re. From the XANES spectra, we
showed that the alloy formation results in a possible narrowing
of the Pt d-DOS, likely as a result of the hybridization between
the Pt and Re d-bands. Morcover, since there is minimal
charge transfer between Pt and Re, a narrowing of the d-DOS
should be expected to result in the upward shift of the d-band
center relative to the Fermi level according to the “rectangular
band” model[23]. The conclusions from XAFS were con-
sistent with the stronger CO adsorption as shown by CO ATR-
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IR and TPD[12]. To determine the effect of APR reaction
conditions on the catalyst structural and electronic properties,
in-operando XAFS of Pt/C and Pt-Re/C catalysts was per-
formed and compared to that under reducing environment. The
EXAFS fitting for both catalysts are listed in Table 2. It can be
seen that the APR conditions result in an increase in the Pt-M
and Re-M coordination numbers which is consistent with an
increase in particle size during APR as we reported previously
by ex situ TEM[10]. Additionally, the Re-O coordination in-
creased despite the increase in particle size which suggests
that the percentage of ReOx on the surface was significantly
higher during APR than after reduction. Figure 6 shows the
XANES spectra at the Re L; edge under reducing conditions
and during APR. Clearly, it can be seen that the Re L; edge
shifts to higher energy and the white line intensity increases,
which is consistent with the partial oxidation of Re and/or
adsorption of OH on Re[12] which is consistent with the high-
er ReO, percentage concluded from EXAFS. The oxidation of
Re was investigated further by Raman spectroscopy as dis-
cussed below. The small differences between the Pt L,;
XANES spectra of Pt and PtRe during APR (see SI) can be
mostly attributed to difference in the coverage of adsorbates.
No Pt oxidation was detected by XANES or EXAFS for either
catalyst, Pt/C or PtRe/C, consistent with previous reports on Pt
and PtMo[3].

3.2.2 Raman study of Pt-Re/C catalyst and Re leaching

3 8
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Figure 7. Raman spectra of Pt-Re/C catalyst after reduction,
steam or hot liquid water (HLW, for 0.5, 1, 1.5, and 2 h) treatment

In order to understand the impact of water treatment on the
catalyst surface structure, Raman study of Pt-Re/C catalyst
was carried out. Figure 7 depicts the Raman spectra of Pt-
Re/C catalyst after reduction, steam or HLW, respectively.
The reduced sample shows only one small peak at 478 cm™,
while after steam treatment a peak at 995 cm™ shows up as
previously reported[12]. Introduction of steam following re-
duction had a negligible effect on the feature at 478 cm™ but
gave rise to the band at 995 cm™. Literature has reported[24]
that the latter could be assigned to terminal Re-O symmetric
stretching from tetrahedrally coordinated ReO,4 unit[25] on the
catalyst surface. Upon HLW treatment, the 478 cm™ peak in-
creases, whereas the 995 cm™ peak decreases as a function of
time. The sample with 2 h HLW treatment exhibits four Ra-
man bands (338, 383, 478, and 594 cm™) with the 478 cm’
band being most prominent. More specifically, the 478 cm™
feature has been assigned to the M-O-Re symmetric stretching
mode with low-valent Re species or low coordination ReOy
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cluster[12]. Because the existence of Pt-O-Re linkage is not
supported by our XANES characterization at the Pt L; edge
(Figure S1), assigning this feature to Re-O-Re linkage is more
likely. The low frequency band at 338 cm™ along with a
shoulder at 383 cm™ was assigned to the degeneracy of the Re-
O-Re bending modes. Although the bands here were observed
at higher frequencies than previously reported, the band struc-
ture is consistent[24, 25]; the shift is likely due to the close
association with Pt center. The Raman feature at 478 cm™ was
at the same frequency as that observed on both the reduced
and steam-treated samples. This feature cannot be simply cor-
related with oxygen bonding between either Pt or Re as the
closest possible Re features is at ~478 cm™ for Re-O-Re sym-
metric stretching (very weak)[25] or the closest possible Pt
feature at ~514 cm™ for the A,, symmetric breathing mode of
a-PtO,[26]. In order to properly assign this feature, the steam-
treated catalyst was subjected to HLW treatment with the aim
to leach out excess ReO, not in contact/alloyed with Pt[10]. As
shown in Figure 7, as exposure to HLW was extended, the
terminal Re-O feature decreased, whereas the feature 478 cm™
continued growing along with slight increase in the Re-O-Re
bending mode intensity. As a result, it appears that the termi-
nal Re-O is most vulnerable to leaching treatment, which is
consistent with the fact that O-terminated Re,O; readily dis-
solves in water via hydrolysis. Our previous report showed
that although the Re content on the catalyst decreases by half
after a week of APR reaction, the time-on-stream activity only
drops by 10% with little change in selectivity[10]. In contrast,
Re-O-Re increased slightly, this could be due to better disper-
sion or more oxidation of Re. This feature is also present on
reduced and steam-treated sample. However, the intensity is
relatively low, possibly due to the coverage by terminal Re-O.
The Pt-Re/C catalyst surface structural changes after steam
and HLW exposures are depicted in Scheme 1.

Hot liqguid water ®©® 9000

Time e Pt
00000000 ® Re

Terminal ReO
Hot liquid water @0 ®0® 000

Steam
00000000
Scheme 1. Surface structural changes of Pt-Re/C after
steam and HLW exposures

Following HLW treatment for up to 4 h, the samples were
tested for APR reaction to understand how the surface proper-
ties of catalyst impact the activity. Glycerol was injected into
the aqueous phase without exposing catalyst to air after the
HLW treatment. Figure S2 shows the comparison of glycerol
conversion over catalysts treated under HLW for 0.5, 1, 1.5, 2,
and 4 h (product selectivity was the same as observed over
samples not treated with HLW for both Pt/C and Pt-Re/C).
Consistent with our prior report using a fixed bed reactor[10],
Pt-Re/C activity appears to be less affected by this pretreat-
ment, despite the leaching of Re occurring as evidenced by
Raman spectroscopy and the result in Figure S3 showing the

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

ACS Catalysis

actual amount of Re that is leached out. Therefore, the leached
Re species from the catalyst surface must have a negligible
impact on catalyst activity. Additionally, because of the very
low amount of leached Re species in the aqueous phase, it is
very unlikely that the dissolved Re species are participating as
a homogenous catalyst.

3.2.3 Pyridine adsorption

In addition to surface acidity from the catalyst support, extra
surface acidity derived from metallic sites (oxide/hydroxide)
has been proposed to have a significant impact on the catalytic
behavior[8, 10, 27]. Due to the strong absorption of infrared
energy by carbon, conventional DRIFTS studies of the cata-
lysts were only possible on Pt and PtRe on other non-carbon
based supports, e.g. SiO, [10]. Thus, ATR-IR was here em-
ployed to monitor the surface acidic properties of Pt/C and Pt-
Re/C catalysts with in situ treatments. In Figure 8, the charac-
teristic features of different acid centers can be resolved and
identified with the peak assignment allowing for differentia-
tion among Brensted sites (~1640 and 1540 cm™) and Lewis
sites (~1610 and 1440 cm™).

Intensity (a.u.)

M\W
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[ YT T T I R A ST e

T T 7 T T ¥ T ¥ T T
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Wavenumber (cm™)

Figure 8. Pyridine adsorption on samples after HLW treatment
characterized by ATR-IRS

As can be seen in Figure 8, carbon support and Re/C exhibit
merely background signal. Although some organic groups,
including phenolic and carboxylic, could be present on active
carbon surface the concentration was too low to be detected
and their contribution to the overall surface acidity is negligi-
ble. Zawadzki reported pyridine adsorption on carbon film and
concluded that without substantially oxidizing the carbon film
only physisorbed pyridine was present[28]. This is consistent
with what was observed on the carbon support even after
HLW treatment and also implies that the carbon support used
in this study is stable (resistant to oxidation) under HLW
treatment. The fact that there was no measureable acidity over
the Re/C sample could be due to limited Re dispersion, coor-
dination saturation of Re, and little OH on terminal ReO spe-
cies[27]. Pt/C showed a broad feature centered at 1588 cm’™
with a shoulder at 1611 cm™ which can be assigned to physi-
cally and coordinately adsorbed pyridine on Lewis acid sites,
respectively. A less resolved weak peak with a center at 1482
cm’ indicated the presence of either Brensted or Lewis acidity
as they can independently contribute to this feature. Because
there was no Brensted feature observed around 1540 cm™, it
appears that only Lewis acidity exists. This was further con-
firmed by the clear band at 1445 cm™ which is characteristic

of Lewis acidity. These data suggest that after HLW treatment
the Pt nanoparticle surface becomes electron deficient (likely
due to adsorption of hydroxyl groups[10, 29]) and the exposed
Pt" acts as Lewis acid (LPy) for the coordination with pyri-
dine molecule. After adding Re, it was observed that a broad
peak (about 50 cm™ wide) appears at ~1535 cm’, indicating
C-N ring vibration of pyridium cation (PyH") adsorbed on
Bronsted acid sites of catalyst surface (Pt/C does not show this
feature). An additional feature appeared at 1635 cm™, confirm-
ing the presence of Bronsted acidity. At least three sets of ex-
periment were carried out to make sure the peaks observed
here are not due to spectrum noise. In addition to the peak at
1445 cm™', another feature of Lewis acidity appeared at 1438
cm‘l, forming a doublet. This new feature could arise from
pyridine molecule coordinately adsorbed on exposed Re®". The
difference in wavenumber (7 cm™') indicates that Lewis acidity
associated with Re is stronger than that with Pt. Moreover, by
deconvolution and comparison of the peak area for 1445 and
1438 cm‘l, the amount of Lewis acidity associated with Pt and
Re, respectively, appeared to be very similar. This is con-
sistent with the chemisorption measurement showing that after
adding Re, the Pt dispersion decreased by about half.

3.3 Role of Re species in APR

The primary function of Re species observed in this work is to
enhance the activity of Pt/C catalyst. This enhancement has
previously been related to the weakened interaction between
CO and Pt surface modified by Re. However, our in situ ATR-
IRS study on reduced catalyst does not support this hypothe-
sis. We previously reported that after steam exposure at steam
reforming temperature, CO desorption became more facile
from Pt-Re/C than that from Pt/C[12]. Here we employed the
same in situ ATR-IRS technique under simulated APR condi-
tion to investigate CO adsorption behavior in condensed water
environment. The results over Pt/C and Pt-Re/C catalysts are
shown in Figure 5. Pt/C shows only linear CO desorption, and
about 20% of the peak area is retained at 200 °C. Facile CO
desorption occurs at low temperatures over Pt-Re/C, and less
than 20% peak area remains at 100 °C. Considering the differ-
ence of the catalyst surface, it is possible that, due to its ox-
ophilicity nature, ReO, may facilitate CO transfer from neigh-
boring Pt site via interacting with the O atom, leading to facile
CO desorption. This is consistent with our observation for
steam-treated catalysts. The overall activity enhancement over
Pt-Re/C catalyst in aqueous-phase reforming is also in good
agreement with our previous conclusion in glycerol steam
reforming. Since in condensed water the close proximity be-
tween Pt and oxidized Re on Pt-Re/C catalyst surface is not
affected and is comparable to that after steam treatment, CO
spillover from Pt site to the neighboring Re oxide species that
we previously reported[12] could be used to explain the ob-
served activity enhancement. Moreover, the leached Re oxide
species do not seem to contribute to this enhancement.

The preferable reaction pathway of glycerol reforming to pro-
duce hydrogen should consist of primarily dehydrogenation
and decarbonylation. It is generally accepted that Pt surface
can catalyze dehydrogenation[30] and a small portion of de-
hydration[31] of glycerol. Questions remain about how the
addition of a second metal affects the overall catalytic activi-
ties of the catalyst and whether the reaction environment has
any effect. In contrast to the statement by Lin[30] that doping
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Re acts as a basic promoter like KOH, under the hydrothermal
condition Re is believed to present as oxide/hydroxide/hydrate
species providing (additional) acid site[8, 10, 27], or to coor-
dinate with Pt presenting different types of acid site as evi-
denced in this paper. As previously reported, Re in non-zero
oxidation states (e.g., ReOy) could provide sites for CO oxida-
tion[32] and water activation[33]. In Figure 1, Pt-Re/C catalyst
shows much lower H, and CO, selectivities compared to Pt/C
catalyst. This has been well correlated to the C-C and C-O
bond cleavage ability as we recently reported[10]. The pre-
ferred pathway (all the way including water-gas shift) in glyc-
erol APR should produce H, and CO, according to equation
C;H;O5+3H,0>7H,+3C0O,. However, the decrease in CO,
selectivity is more pronounced over Pt-Re/C as shown in Fig-
ure 1. Besides, acetol selectivity over Pt-Re/C is almost dou-
bled, whereas propylene glycol selectivity remains about the
same. Therefore, it can be suggested that the reaction pathway
is significantly shifted from dehydrogenation over Pt/C to
dehydration over Pt-Re/C, while hydrogenation of the dehy-
drated product is also less favored over Pt-Re/C. The lower
ethylene glycol production and higher selectivity of ethanol
and C,. alkanes also support the more favored dehydration
pathway.

It has been evidenced by both CO chemisorption and pyridine
adsorption measurement that compared with 3%Pt/C, Pt dis-
persion is decreased by about half on 3%Pt-3%Re/C. It is pos-
sible that well-mixed bimetallic surface enhances the catalytic
turnover and results in the observed higher TOF over Pt-Re/C
catalyst. On such bimetallic surface, Pt acts as the adsorption
and main reaction site for dehydrogenation and C-C cleavage,
while Re provides the site for temporal accommodation of CO
molecule and its desorption or water-gas shift. A possible re-
action route is shown in Scheme 2. Scheme 2(b) shows the
APR reaction route of which the decomposition product CO
could be transferred from metallic Pt to the neighboring Re
site through the higher affinity of oxygen atom to Re. In aque-
ous phase reforming, the terminal Re-O structure may only
serve as spectator which also leaches out under hot liquid wa-
ter condition as evidenced by Raman (Figure 7), while the
active structure for APR reaction involves both Pt and Re gov-
erning the activity and selectivity despite the inactive Re spe-
cies leaching into the solution. The APR active structure con-
sists of coordinately unsaturated Pt and Re atoms due to the
reaction environment, as evidenced the Raman and pyridine
ATR-IR (Figure 8). Acidity brought by these species facili-
tates the production of acetol as the major dehydration inter-
mediate[34]. Pyridine ATR-IR showed that coordinatively
unsaturated Pt and Re atoms on the catalyst surface could pro-
vide Lewis acidity, and their amounts are comparable based on
the result of 3%Pt-3%Re/C catalyst shown in Figure 8. The
selectivity of acetol, dehydration product of glycerol catalyzed
by Lewis acid site[35], over Pt-Re/C catalyst is about doubled
compared to that over Pt/C. Therefore, the amount of Lewis
acidity agrees well with the initial step of glycerol dehydration
via Lewis acid site. Although Brensted acidity is also present
as characterized by pyridine adsorption by ATR-IRS in Figure
8, its participation in the initial dehydration step is negligible
because of the absence of propanal and acrolein (via dehydra-
tion) or 1,3-propandiol (via hydrogenolysis), which are gener-
ally accepted as glycerol dehydration product via proton-
catalyzed pathway[36, 37]. However, such Brensted acidity
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could participate in the hydrogenolysis pathway along with Pt
site[35]. Scheme 2 shows the reaction route of glycerol aque-
ous-phase reforming and the possible pathway on each site.
Glycerol decomposition is initiated via adsorption on Pt site.
Exposed coordinatively unsaturated Pt and Re atoms under
reaction condition can serve as Lewis acid sites, which are
responsible for the dehydration pathway, competing with the
C-C cleavage and thus suppress the formation of hydrogen and
CO,. The synergy between Pt sites and Brensted acid sites
contribute to the hydrogenolysis reaction pathway.

C3HgO;
Pt vCQ
(a) . (b) [ )
GHO; v~ cHoO, @ Pt
0C+H,0
.CO CO~ + 2 %
(@) O O Rev / .\\ Q Y
‘ co,
Brgnsted acid Lewis acid

Scheme 2. APR of glycerol over (a) Pt/C and (b) Pt-Re/C
catalysts

4. Conclusions

Bimetallic Pt-Re/C catalyst showed enhanced catalytic activity
compared to monometallic Pt/C catalyst in glycerol APR.
Similar to glycerol steam reforming, the enhancement of activ-
ity was found to be due to more facile CO desorption from Pt-
Re/C than that from Pt/C under simulated APR condition.
Contrary to glycerol steam reforming, liquid product is more
favored over Pt-Re/C at the expense of H, and CO, selectivity
in glycerol APR compared to that on Pt/C. This could be due
to the extent of Re oxidation under APR reaction condition
since XANES shows that, compared to steam treatment, APR
reaction environment further oxidizes the surface Re species.
Raman characterization of Pt-Re/C catalyst after HLW treat-
ment, simulating APR environment, indicated the presence of
both well-dispersed Re oxide species (characterized by the Re-
O-Re linkage) associated with Pt sites and Re oxide species
with terminal Re-O. However, the Re oxide species with ter-
minal Re-O can be readily leached out under APR conditions
and have little influence on the product selectivity in glycerol
APR. The leaching of Re oxide species with terminal Re-O in
glycerol APR likely exposes the well-dispersed Re oxide spe-
cies associated with Pt sites, which is selective towards liquid
product formation. Such structure with coordinately unsaturat-
ed Pt and Re atoms could act as Lewis acid sites catalyzing the
initial dehydration of glycerol to hydroxyacetone (acetol),
leading to completely different product selectivity in glycerol
APR on Pt-Re/C compared to that on Pt/C. Brensted acidity is
also present on Pt-Re/C, which could originate from the bridg-
ing hydroxyl in the M-OH-M moiety. However, Brensted
acidity does not seem to compete with Lewis acidity in the
initial dehydration step in glycerol APR due to the absence of
Bronsted acid catalyzed product formation.
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