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Aqueous phase reforming (APR) of ethanol has been studied over a series of Ru and Pt catalysts supported on carbon and
titania, with different metal loadings and particle sizes. This study proposed that, on both metals, ethanol is first dehydroge-
nated to acetaldehyde, which subsequently undergoes C—C cleavage followed by different paths, depending on the catalyst
used. For instance, although monometallic Pt has high selectivity toward H, via dehydrogenation, it has a low efficiency
for C—C cleavage, lowering the overall H, yield. Large Ru particles produce CH, through methanation, which is undesir-
able because it consumes H,. Small Ru particles have lower activity but higher selectivity toward H, rather than CH,. On
these small particles, CO blocks low-coordination sites, inhibiting methanation. The combination of the two metals in bime-
tallic Ru—Pt catalysts results in improved performance, benefiting from the desirable properties of each Ru and Pt, without
the negative effects of either. © 2018 American Institute of Chemical Engineers AICKE J, 00: 000-000, 2018
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Introduction

Hydrogen-based technologies play a key role in the devel-
opment of sustainable, cleaner, more efficient, and lower CO,
footprint energy systems.' Aqueous phase reforming (APR) of
biomass-derived oxygenates provides high-yield H, produc-
tion in a single-step catalytic processes at moderate tempera-
tures.>> Bio-ethanol, produced from renewable biomass, is an
attractive feedstock for H, production, which has been widely
used for high-temperature steam reforming over different
metal catalysts.*”

In low-temperature ethanol reforming, the primary reaction
mechanism involves dehydrogenation upon adsorption, fol-
lowed by cleavage of the C—C bond to form surface CO,
which further reacts via water gas shift (WGS) reaction”® and
CH, species, which can be hydrogenated to produce CHy. If
the surface CO undergoes methanation instead of WGS, the
production of hydrogen is greatly inhibited because it not only
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prevents formation of H, but also consumes H, to make CH,.
Among the various metals investigated during the last few
decades, Pt exhibits one of the highest selectivity toward H,
and has been often considered as a promising catalyst for APR
of oxygenates.” However, the low reaction activity of Pt
results in insufficient C—C cleavage. By contrast, although Ru
has shown lower selectivity toward H, production and high
yield toward alkanes (especially CH,) formation via methana-
tion reaction and Fischer—Tropsch synthesis (FTS),> it also
reveals high activity toward C—C bond breaking, which is a
desirable reaction to maximize yield. Therefore, designing
optimal catalysts for APR of ethanol requires maximizing the
efficiency of C—C cleavage, inhibiting the methanation reac-
tion, and facilitating WGS activity.

In this work, we have explored mono- and bimetallic Pt and
Ru catalysts supported on carbon and TiO,. First, particle size
effects were investigated over monometallic Ru and Pt cata-
lysts. It was found that small Ru particles exhibit higher selec-
tivity toward H, production and lower CH, formation than
larger Ru particles. To explore the effect of particle size on
surface CO dissociation after the C—C cleavage of ethanol,
the rate of FTS was compared over the different Ru catalysts.
On Pt, selectivity toward CH, and Cl-oxygenated is higher
for smaller particle sizes, but in general, Pt is less active than
Ru for C—C cleavage. The comparison of the performance of
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both monometallic metals leads to the investigation of bimetal-
lic Ru—Pt catalysts, which shows synergistic performance,
with increased reaction rate for H, production and lower rate
for CHy.

Experimental
Catalyst preparation

Supported Ru and Pt catalysts were synthesized by conven-
tional incipient wetness impregnation, followed by high tem-
perature thermal decomposition of the metal precursors. This
decomposition was conducted in flowing hydrogen for the
carbon-supported catalysts or in flowing air for the TiO,-
supported ones. A series of monometallic Ru catalysts with
different metal loadings and supports were prepared by
impregnating ruthenium(IIl) nitrosyl nitrate solution (Sigma-
Aldrich, MO, USA, 1.5 wt % Ru) over activated carbon
(Sigma-Aldrich) or titanium(IV) oxide (Sigma-Aldrich,
>99.5%, P25), respectively. The 5% Ru/C (Type 619) was
purchased from Alfa Aesar, MA, USA. The monometallic Pt
catalysts were prepared by impregnating an aqueous solution
of chloroplatinic acid hydrate (H,PtClg, Sigma-Aldrich,
299.9%) over the same two supports as above and subse-
quently dried at 343.15 K, overnight. The thermal decomposi-
tion was achieved by heating (in H, or air) at 673.15 K for
4 h for Ru(NO)(NO3);'" and at 773.15K for 3 h for
H,PtCls.'" Bimetallic Ru—Pt catalysts supported on TiO, were
prepared by sequential impregnation or co-impregnation. The
sequential impregnation was carried out by impregnation and
decomposition of the first metal precursor followed by loading
the second metal precursor. The calcination conditions used
were the same as those for the preparation of monometallic
catalysts. In the co-impregnation method, the impregnating
aqueous solutions were mixtures of ruthenium(IIl) chloride
hydrate (Sigma-Aldrich, 99.98%) and chloroplatinic acid hexa-
hydrate at the desired ratios. The impregnated sample was then
dried at 343.15 K overnight followed by calcination in air at
773.15 K for 4 h.'> Based on the preparation method used,
Ru/Pt/TiO, indicates that Pt was sequentially impregnated
over a previously calcined Ru/TiO,. Likewise, Pt/Ru/TiO,
indicates that Pt was impregnated first and then Ru. By con-
trast, the co-impregnated bimetallic catalyst is represented as
Ru-Pt/TiO,.

Catalyst characterization

N, physisorption was performed on supported monometallic
Ru and Ru—Pt bimetallic catalysts on a Micromeritics ASAP
2010 unit. Before analysis, the samples were degassed in situ
at 503.15 K for 24 h. The micropore volume was derived
from the #-plot method (relative pressure range: 0.2-0.6), and
the total pore volume was determined at p/py = 0.99.

The transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 (JEOL Ltd., MA) transmis-
sion electron microscope, operating with an accelerating volt-
age of 200 kV and equipped with LaBg gun. Catalyst samples
were prereduced under H, flow at 523.15 K for 3 h before
depositing them on carbon-coated copper TEM grids. From
the TEM images, metal particle size distributions were
obtained by analysis with Imagel software.'?

X-ray powder diffraction (XRD) patterns for monometallic
Pt, Ru, and bimetallic Pt—Ru catalysts were collected on a D8
Series I X-ray Diffractometer (Bruker AXS, WI, USA), using
K radiation generated at 40 kV and 35 mA. Prior to the mea-
surements, the samples were reduced ex sifu under pure H, at
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523.15 K for 3 h. The scans covered the 260 range from
20 to 80°.

Reaction procedure

The APR of ethanol was conducted in the liquid phase, in a
160 mL high-pressure Parr reactor (Model 4564), operated at
high temperature 523.15 K in batch mode. In each run, 80 mL
of deionized water and 100-200 mg of catalysts were placed
in the vessel to perform the catalyst reduction under 1.38 MPa
of H, at 523.15 K,'>'* for 2 h. Subsequently, the reactor was
cooled down to room temperature and purged with Ar. At this
point, 20-mL solution consisted of 15 mL ethanol (Sigma-
Aldrich, 299.5%), and 5-mL water were injected into the aque-
ous solution. The overall volume of reactants is 100 mL, cor-
responding to an ethanol concentration of 15 vol %, which
was the same for all reaction runs. By injecting Ar, the system
was pressurized to 1.38 MPa, which served as an internal stan-
dard for gas composition analysis. Mechanical stirring was
started at 600 rpm, and the temperature was raised to the
desired value of 523.15 K. After holding the temperature at
523.15 K for a period of time, known as the reaction period,
the stirring was stopped and the reactor was quenched to room
temperature. The gas phase products were collected in a
single-ended miniature sample cylinder and quantitatively ana-
lyzed using a Carle Series 400 AGC (Chandler Engineering,
OK) equipped with TCD. Liquid products were qualitatively
identified using a Shimadzu GCMS-QP2010S, (Shimadzu
Corp., MD) equipped with a Zebron ZB-1701 (Phenomenex
Inc., CA) column and quantified using an Agilent 7890B GC-
FID, (Agilent, CA) equipped with a Zebron ZB-WAXplus
(Phenomenex Inc., CA) column.

The aqueous phase FTS was carried out as an additional
probe reaction. For this, 100 mg of 5% Ru/C or 150 mg of
0.5% Ru/C were reduced in 100 mL of water under 1.38 MPa
of Hp and 523.15 K for 2 h. Then, the system was cooled
down and purged with N, before introduction of the reactant
gas mixture, which contained a H, and CO at a molar ratio of
5 and 1.38 MPa. The FTS was conducted at 523.15 K for
17 h. The gas phase products were analyzed using Carle
Series 400 AGC, equipped with a TCD and on an Agilent
GC-MS, (Agilent, CA) equipped with a J&W HP-PLOT Q
(Agilent, CA) column; the liquid phase products were identi-
fied using Shimadzu GCMS-QP2010S, equipped with a Zeb-
ron ZB-1701 column.

Ethanol conversion and H, production rate for each catalyst
are defined as follows:

mole of reactant reacted
Conversion (%) = ( )

% 100 1
(mole of reactant fed) %)

(mole of H; produced)
(mass of catalyst) X time

Rate of hydrogen production =

(2)

Results and Discussion
Catalysts characterization

The surface area, pore volume, and average particle size of
the various catalysts investigated are presented in Table 1. The
surface areas for the C-supported catalyst series are greater
than 500 m2/g, whereas those of the TiO,-supported series are
less than 50 mzlg. The TiO, utilized in the catalyst synthesis
is P25, which is a mixture of anatase and rutile phases.
Because the anatase phase is less stable than the rutile phase
upon heating, the higher calcination temperature (500°C) used
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Table 1. Characterization of Ru Series Catalysts

Surface area Pore volume Particle
Sample (mZ/g) (cm3/g) size (nm)
5% Ru/C 585 0.42 33
0.5% Ru/C 867 0.68 1.4
2.6% Ru/TiO, 51 0.25 39
0.5% Ru/TiO, 52 0.20 1.7
1% Ru—2% Pt/TiO, 33 0.10 2.3

for the bimetallic catalyst may have led to partial collapse of
the pore structure and loss of overall surface area,lz’15 as
observed in Table 1.

The TEM images and particle size distributions are shown
in Figure 1. It can be seen that varying metal loading on the
different supports resulted in significant differences in particle
size. For instance, the samples with higher Ru loading, 5%
Ru/C and 2.6% Ru/TiO,, have average diameters of 3.3 and
3.9 nm, respectively. By contrast, those with low Ru loading,
0.5% Ru/C and 0.5% Ru/TiO,, have much smaller diameters
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Figure 1.

of 1.4 and 1.7 nm, respectively. Because the fraction of sur-
face sites with low coordination numbers, such as corners and
edges, greatly increases when the particle size is less than
2 nm; although above that the surface is dominated by flat
plane terraces,'® we can consider these four samples as repre-
sentative of the two extremes: high-coordination flat terraces
and low-coordination steps/edges. Chemical bonding of reac-
tants and intermediates on these different types of surface sites
during the APR of ethanol is expected to be different, which
should result in changes in relative reaction rates and product
distribution, as shown below.

Reaction pathways

The product distributions obtained on monometallic and
bimetallic Ru and Pt catalysts at ethanol conversions of
approximately 10% are shown in Table 2 for the liquid and
gas phases. It is observed that acetaldehyde is the main liquid
product, although diethyl ether and acetic acid are only signifi-
cant in some of the catalysts such as 0.5% Ru/TiO,, 2%

1 2 3 4
Particle Diameter, nm

1 2 3 4
Particle Diameter, nm

1 2 3 4
Particle Diameter, nm

(i) TEM images and (ii) particle diameter distribution of the different catalysts; (a) 5% Ru/C; (b) 0.5% Ru/C;

(c) 2.6% Ru/TiOy; (d) 0.5% Ru/TiOy; (e) 1% P/C; (f) 2% P¥/TiO,; and (g) 1% Ru-2% P¥/TiO,.
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Table 2. Liquid Phase and Gas Phase Products Distribution of Aqueous Phase Reforming of Ethanol

Product ratio

Cl/C2

Gas products (mmol)

Liquid products (mmol)

CO,/CH,

C,H,

CH, CcO C,Hg

CO,

Acetic acid  Diethyl ether

Acetaldehyde

Time (h)  Conversion (%)

Amount (mg)

Sample
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Pt/TiO,, 0.5% Ru/2% Pt/TiO,, and 2% Pt/0.5% Ru/TiO,. The
gas products contain predominantly H,, CO,, and CHy, with
smaller amounts of ethane and ethylene. To analyze the possi-
ble reaction pathways on 0.5% Ru/TiO,, the evolution of lig-
uid products in the batch reactor has been plotted as a function
of reaction time (Figure 2). It can be observed that the initial
rate of acetaldehyde formation during the first 1 h is
6.6 mmol/h, which is much higher than that of diethyl ether.
The formation of acetic acid is not detected by gas chromatog-
raphy until 3 h on stream. Therefore, it can be concluded that
the primary products of ethanol reforming on this catalyst are
acetaldehyde and H, because of dehydrogenation of ethanol.

Density functional theory (DFT) calculations of oxygenates
reforming have been previously conducted over Ru'”'® and
Pt.""?* These studies have shown that the adsorption of ethanol
is thermodynamically favorable when a surface ethoxy species
is formed via dehydrogenation, which starts at the O of ethanol.
The elongation of the O—H bond reduces the electron orbital
overlap between H and O, leading to the detachment of H from
O. This first step is followed by dehydrogenation of the C at the
a-position from O and, finally, formation of the adsorbed sur-
face acetaldehyde.”' The dehydrogenation of the surface acetal-
dehyde species has been experimentally studied with high-
resolution electron energy loss spectroscopy.25 It has been
shown that this step leads to the formation of a surface acetyl
species, which are important metastable intermediates. Because
there is no more H at the a-position C of surface acetyl species
CH;CO, further dehydrogenation of acetyl species takes place
on the C at the p-position.

As a consequence of this sequential dehydrogenation and
enhanced interaction with the surface, the C—C bond weakens. It
seems like this double dehydrogenation (of O—H and C—H
bonds) requires a lower energy barrier than that required for
C—C cleavage, which still requires another dehydrogenation step
before it can occur. For example, over Ru(0001), the activation
energy of C—C cleavage for ethanol decreases from 255 kJ/mol
before adsorption to 38 kJ/mol when the surface CH,CO species
is formed.'® A much lower effect of dehydrogenation occurs with
Pt. In fact, the activation energy of C—C cleavage over Pt(111)
only decreases to 90.24 kJ/mol after the surface ketenyl CHCO
is formed.* In comparison, a deeper degree of dehydrogenation
is needed over Pt to weaken the C—C bond. Moreover, for both
metals, the adsorption geometry of ethanol changes during the
dehydrogenation steps.'®* The metal—O bond of the surface
ethoxy group is tilted upon adsorption, making dehydrogenation
of O—H and Co—H easier than C—C cleavage. However, further
dehydrogenation of Cp leads to a parallel adsorption geometry
that weakens the metal—O bond. As O moves away from the
surface, C—O cleavage becomes much harder.

Cleavage of the C—C bond results in the formation of CHy
and CO with a molar ratio of 1. As shown in Table 2, CH, is
observed as a product for all catalysts, but its relative abun-
dance varies among different catalysts. By contrast, CO is not
a significant product for any of the catalysts investigated. CO
has been observed as a major product in several studies.?*’
However, under the current reaction conditions (523.15 K and
a high water/ethanol molar ratio (18:1), the WGS reaction is
thermodynamically favored,”® and consequently CO rapidly
reacts with water, yielding CO, and H,.

Because the C—C cleavage of ethanol should produce an
equimolar ratio of CO to CHy, any deviation from an equimo-
lar CO,/CH, ratio should be ascribed to methanation of H,
and CO, to CHy. The observed CO,/CHy4 ratio is much less
than one for nearly all catalysts. On 5% Ru/C, this ratio is
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9.6 mmol/33.99 mmol (0.28). If CH4 were only produced by
C—C cleavage of ethanol, the amount of H, produced from
the WGS reaction should be 33.99 mmol. However, the total
H, is only 6.93 mmol, clearly showing that H, and CO,
undergo conversion to CHy. It is known that Pt and Ru have
different activities toward methanation.?>*° Ru is much more
active for methanation. Thus, the observed CO,/CH, ratio can
be taken as a figure of merit when assessing different catalysts
for the APR of ethanol.

As depicted in Scheme 1, the low temperature APR of etha-
nol over Ru and Pt involves the following steps. First, ethanol
is dehydrogenated to form a surface aldehyde species, which
either desorbs into the liquid phase or undergoes hydration
and further dehydrogenation to produce acetic acid. Although
this path generates H,, it does not include C—C cleavage and
consequently does not produce the maximum yield of H,. By
contrast, if the surface aldehyde species undergoes C—C
cleavage via decarbonylation, CH4 and CO are produced at a
1:1 ratio. In a subsequent step, adsorbed CO alternatively
undergoes the water—gas shift reaction producing CO, and H,
or methanation. A parallel path that does not produce H; is the
dehydration—etherification that leads to diethyl ether. Another
possible product is ethane, which is obtained by dehydration
of ethanol to ethylene followed by hydrogenation.

Ru particle size effects

To evaluate the effect of particle size on Ru catalysts,
liquid- and gas-phase product distributions are compared at
early stages of reaction (approximately 10% conversion) for
the different monometallic Ru catalysts, as listed in Table 2.
The greatest differences in the Ru series are observed in the
gas-phase product distributions (see Figure 3). The catalysts
with higher Ru loading and larger particle sizes produce more
CH, than H,. The CH4/H, molar ratios for 5% Ru/C and 2.6%
Ru/TiO, are 5 and 3, respectively. By contrast, on the lower
loading, smaller particle size catalysts, 0.5% Ru/C and 0.5%
Ru/TiO,, the CH4/H, ratio is less than 1, indicating that the
reaction selectively produces H, rather than CHy4. These results
are consistent with previous studies conducted at 473.15 K,*'
in which the CH4/H; ratio was 3.3 over a 5% Ru/TiO, catalyst
and 0.4 over 0.5% Ru/TiO».
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Figure 2. Liquid product distribution of 0.5% Ru/TiO,
catalysts as a function of reaction time. Reac-
tion conditions: 200 mg of catalyst, 523.15 K,
1.38 Mpa of Ar; feed: 15 vol % ethanol aque-
ous solution with overall volume of 100 mL.
[Color figure can be viewed at wileyonlinelibrary.com]
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Another important figure of merit to evaluate catalyst per-
formance is the C1/C2 product ratio, listed in Table 2, which
is a measure of the relative ability of the catalyst to achieve
C—C bond cleavage. Higher C1/C2 ratio indicates more Cl
products, for example, CO, CO,, and CHy, in the gas phase.
Similarly, liquid products such as acetaldehyde and acetic acid
make up for C2 products, and a low C1/C2 ratio signifies that
ethanol has further reacted, mainly to liquid products. Our
experimental results clearly show that the C1/C2 product ratio
is higher on the catalysts with larger particle sizes (i.e., 5%
Ru/C and 2.6% Ru/TiO,). However, DFT calculation shows
that the energy barriers for C—C bond cleavage are lower on
low-coordination-number sites at the corners and step-edges
on metal surfaces.’*>>* A possible explanation could be that
the more active, low-coordination sites are more likely to be
blocked by the fragment produced during the initial C—C
cleavage and the binding of these fragments (CO or CH,) is
too strong to easily react with H, and regenerate the active
site.'” Other possible deactivation mechanisms are attributed
to reactions such as the Boudouard reaction, methane decom-
position, ethylene polymerization, and cracking of ethane.’”
Among them, the carbon deposition via the Boudouard reac-
tion (2CO = CO, + C) is the most commonly proposed. How-
ever, the solid carbon formation under excess water and low
temperatures is thermodynamically unfavorable.***’

The phenomenon of site blocking by CO was further dem-
onstrated by investigating the FTS reaction in the aqueous
phase over the two catalysts, 5% Ru/C and 0.5% Ru/C. This is
a good probe reaction, because it involves C—O dissociation
as the rate-limiting step. For comparison, the same conditions
used in the APR of ethanol were used for the FTS, with the
only difference being in the composition of the gas phase, for
the reaction with a H,/CO molar ratio of 5. Interestingly, the
0.5% Ru/C catalyst produced mainly CO, and additional H,,
via WGS reaction. By contrast, CO, was not observed as a
product over 5% Ru/C. Instead, C,—C; alkanes were the main
products observed. These results clearly indicate that the smal-
ler particles present on 0.5% Ru/C are deactivated by CO to a
greater extent. That is, the low-coordination corner and step
sites present in smaller Ru particles adsorb CO more strongly
and are quickly rendered inactive. CO activation is hard to
achieve. The FTS is hindered over low coordinate step edge
sites. However, for 5% Ru/C, surface CO is more easily acti-
vated over with larger Ru particles. By contrast, adsorption of
CO and CO, on the high-coordinate surface sites is much
weaker; therefore, these sites are kept clean and active for
C—O dissociation and subsequent C—C bond formation to
longer chain hydrocarbons.

Carballo et al.*® investigated Ru particle size effects on the
FTS ranging from 4 to 23 nm. The turnover frequencies
(TOF) for H, and CO as well as CH, formation increased with
particle sizes smaller than 10 nm. The DFT calculation by
Loveless et al.>*%° suggests that the energy barriers of chemi-
sorbed CO activation on the low-coordinated corner and step-
edge sites are larger than on the high-coordinated flat-extended
surface. H-assisted CO activation on Ru(111) terrace of Ru,g;
cluster lowers the activation energy to 165 kJ/mol compared
to 356 kJ/mol for CO activation without H-assistance at corner
sites. Strong adsorption of CO at the corner and step-edge sites
significantly blocks the Ru active sites.

Pt particle size effects

All monometallic Pt catalysts exhibit high selectivity toward
H, and low selectivity to CH,. The results are plotted in
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Scheme 1. Reaction pathways of the low temperature aqueous phase reforming of ethanol.

Figure 4. Liquid products such as acetaldehyde, acetic acid,
and diethyl ether are noteworthy. However, as demonstrated
by DFT calculations, ethanol decomposition via C—C cleav-
age is more difficult on Pt** than on Ru,'® as revealed by the
calculated energy barriers, 90 kJ/mol for Pt, compared to
38 kJ/mol for Ru. Moreover, the C—C cleavage over Pt hap-
pens after the surface ketenyl CHCO species via dehydrogena-
tion of CP is formed indicating the stronger affinity of Pt for
H atoms. Therefore, one should expect that most of the H,
produced over Pt catalysts derives from dehydrogenation of
ethanol. However, because no CO is observed in the gas phase
products when Pt is present because of the favorable WGS
reaction at low temperatures, one can expect that surface CO
converts to CO, producing additional H,. This observation is
consistent with previous results of WGS reactions,*! showing
that the TOF over Pt is about six times higher than over Ru
for the same reaction temperatures.

For Pt catalysts, increasing the metal loading from 1 to 2 wt
% did not result in a significant change in particle size, as
shown in the TEM images and particle size distributions of
Figure le,f, that is, 2.2 nm for 1% Pt/C and 2.4 nm for 2%
Pt/TiO,. The product distributions on these two catalysts were
similar, with the 1% Pt/C catalysts producing only slightly
more CO, and CHy. Contrasting with Ru, Pt exhibits a lower
activity toward the methanation reaction.”’ Indeed, DFT

calculations suggest a high activation energy barrier for CO
dissociation on a Pt(111) surface with a C—O bond length
close to the value for free CO.* Therefore, CH, production is
practically negligible on Pt. However, the adsorption and
decomposition of ethanol, acetaldehyde, and glycerol have
been previously investigated over Pt catalysts of different par-
ticle size and different planes of Pt single crystals. For
instance, Cong et al.*’ has investigated the adsorption and
desorption of ethanol on Pt(331), which consists of steps and
terraces of Pt(111). The step sites display high activity for
direct C—C cleavage upon adsorption, although terrace sites
catalyze the dehydrogenation of ethanol, followed by C—C
cleavage. Likewise, the decomposition of acetaldehyde has
been studied over Pt catalysts of different particle sizes,** with
the observation that large particles exhibit a lower activity
toward C—C cleavage, reflected by a lower rate of acetalde-
hyde decomposition. Pt particle size effects have also been
studied in the APR of glycerol**** with the smaller Pt parti-
cles producing a higher selectivity to CH4 and C1 oxygenates.
Several experimental studies concluded that WGS reactivity
on Pt is independent of particle size.*'*®

Effect of the support

Supports are not only used to disperse metal particles, but
they may also promote catalytic activity for some reactions.

60.00
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Figure 3. Gas phase product distribution over different Ru catalysts. Reaction conditions: 523.15 K, 1.38 Mpa of Ar;
feed: 15 vol % ethanol aqueous solution with overall volume of 100 mL.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Gas phase product distribution over different Pt catalysts. Reaction conditions: 523.15 K, 1.38 Mpa of Ar;
feed: 15 vol % ethanol aqueous solution with overall volume of 100 mL.

[Color figure can be viewed at wileyonlinelibrary.com]

Our experimental results, summarized in Table 2, indicate that
the bare TiO, support catalyzes dehydrogenation and dehydra-
tion reactions under ethanol APR reaction conditions. Dehy-
drogenation of ethanol produces H, and acetaldehyde,
whereas dehydration of ethanol yields diethyl ether and ethyl-
ene, which are observed in moderate amounts. By contrast, no
CO, CO,, or CHy is detected, indicating that TiO, has no
activity for C—C bond cleavage.

TiO, exhibits a higher activity toward ethanol conversion
than the carbon support, most probably via acid—base interac-
tions. It is possible that an H atom of ethanol, acting as an
acid, may interact with a basic site of TiO,, whereas the O
atom of ethanol may interact with a surface Ti** site having
Lewis acidity.47 As a result, an ethoxide is formed on the sur-
face of TiO,. Under the presence of water, the surface ethox-
ide may further interact with surface OH groups, further
dehydrogenating to acetaldehydf:,35’47’48 which can in turn
reacts to form a surface acetate. When a metal is supported on
TiO,, bifunctional activity may develop.>>** It has been pro-
posed that the acetate species can decompose at the metal—
support interface, producing CO, which can undergo WGS
reaction, yielding CO, and H,. Guo et al.*’ has suggested that
strong basic sites present on a support could promote the dis-
sociation of water, facilitating the WGS. This idea is consis-
tent with our experimental results (see Table 2), which show
that carbon-supported Ru produces much more CO in the gas
phase than TiO,-supported Ru. That is, the sequential conver-
sion of CO to CO, via the WGS reaction is not promoted on
the carbon support as it is on TiO,.

Bimetallic Ru—Pt catalysts

Based on the results shown above, we have selected the
bimetallic Ru—Pt catalysts supported on TiO, as potentially
promising materials that may incorporate the beneficial proper-
ties of the support as well as both Ru and Pt, without the nega-
tive effects of either. That is, the TiO, support may enhance
C2 decomposition as well as WGS, whereas Ru catalyzes
C—C cleavage, and Pt enhances WGS. However, we have
shown that flat Ru surfaces with large Ru ensembles may pro-
mote the undesired methanation reaction that consumes H,
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2% Pt/TiO2

and produces CHy4, which is detrimental. At the same time,
small Ru particles may lead to strong adsorption of CO at the
low-coordination corner and step-edge sites, poisoning the
sites. Alloying Ru with Pt, however, may simultaneously
result in lower density of large Ru ensembles and lower den-
sity of uncoordinated defects. Pt itself has low activity toward
C—C cleavage but enhanced activity for the WGS.

Table 2 summarizes the results of the APR over the three
bimetallic catalysts. Two of them are the sequentially impreg-
nated bimetallics (one Ru first, the other Pt first), whereas the
third one is the co-impregnated (Ru—Pt). The product distribu-
tions observed in the gas phase are presented in Figure 5. The
behavior of the bimetallic 0.5% Ru/2% Pt/TiO, (Ru first)
resembles that of the monometallic 2% Pt/TiO,. This result
would suggest that the small Ru loading (0.5%) deposited first
on the support becomes covered by the larger amount of Pt
(2%), without much Ru exposure. In the reversed preparation
sequence, 2% Pt/0.5% Ru/TiO, (Pt first), the added Ru pro-
vides enhanced C—C bond cleavage, producing surface
CO. The abundant liquid products indicate that there are still
large fractions of exposed Pt that catalyze dehydrogenation
and not enough exposed Ru to break C—C bonds. However,
the co-impregnated 2% Pt—1% Ru/TiO,, with higher Ru load-
ing, demonstrates an excellent performance providing suffi-
cient C—C cleavage activity upon ethanol adsorption and high
WGS activity to convert the surface CO species to CO, and
H, without undergoing methanation. Aiming to detect any
interaction between Pt and Ru in the bimetallic Pt—-Ru/TiO,
catalyst, the XRD patterns of 2% Pt/TiO,, 1% Ru/TiO,, and
2% Pt—1% Ru/TiO, were recorded (see Figure 6). However,
only TiO, diffraction peaks representing the anatase and rutile
forms were detected for those three catalysts. Pt and Ru inten-
sities were too weak to be used as a measure of Pt—Ru interac-
tions. This is because the low loading of Pt and Ru as well as
their high dispersion on TiO,. A weak peak was observed at
26 of 40.0° for 2% Pt—1% Ru/TiO, (line a) and 2% Pt/TiO,
(line b) catalysts. As depicted in line d, after subtracting the
1% Ru/TiO, (line ¢) from 2% Pt—1% Ru/TiO, (line a), a weak
intensity emerged. This peak corresponds to the Pt(111) dif-
fraction. Similarly, subtracting 1% Ru/TiO, (line c) from 2%
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Figure 5. Gas phase product distribution over different Pt-Ru bimetallic catalysts. Reaction conditions: 523.15 K,
1.38 Mpa of Ar; feed: 15 vol % ethanol aqueous solution with overall volume of 100 mL.

[Color figure can be viewed at wileyonlinelibrary.com]

Pt/TiO, (line b) should have resulted diffraction patterns for
monometallic Pt in line e. However, the intensities for both
lines d and e are too similar to identify any Pt—Ru interaction.
The same analysis is also conducted to identify Ru diffraction
patterns. As indicated in line f, no noticeable intensities have
been detected.

Bimetallic Pt—Ru catalysts have been found to be effective
for APR of biomass, with high catalytic activity toward H,
production.’*>! The multi-objective optimization diagram pre-
sented in Figure 7 provides a comprehensive perspective with
full assessment of optimal catalysts toward this reaction.

0
W q o Anatase TiO,
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Figure 6. XRD patterns for prereduced 2% Pt-1%
Ru/TiO; as line “a;” 2% Pt/TiO, as line “b;” 1%
Ru/TiO, as line “c.” The line “d” shows the dif-
ference in intensity between 2% Pt-1%
Ru/TiO, and 1% Ru/TiO,; the line “e” shows
the difference in intensity between 2% Pt/TiO,
and 1% Ru/TiO,, whereas the line “f’ shows
the difference in intensity between 2% Pt-1%
Ru/TiO, and 2% Pt/TiO,.

[Color figure can be viewed at wileyonlinelibrary.com]
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Catalysts can be compared on the basis of their H, production
rate (per gram of catalyst) along with the ratio of CO, to C2
products. CO, represents the sum of CO, and CO; C2 repre-
sents the total amount of two-carbon products. The ratio of
CO,-to-C2 provides a measure of the efficiency of each cata-
lyst for C—C cleavage. Catalyst with maximum potential for
APR of ethanol should maximize the yield of H, per unit time
with maximum utilization of the carbon source. It is clear that
all the points for the pure Ru series are located to the left side
of the diagram, which is less desirable. Although Ru is effi-
cient at C—C cleavage readily converting C2 products into C1
products, the yield of H, production is rather low. Large Ru
particles tend to dissociate CO easily and produce CH, by
consuming H,. At the same time, smaller Ru particles strongly
adsorb of CO which is difficult to further react and leads to
site poisoning. However, while Pt catalysts produce significant

1% Ru-2% Pt/TiO,

5

4 2.6% Ru/TiO,
o
= ()
< 3
~
3 1% Pt/C
8 5% Ru/C
)
S ! 2% Pt/0.5%

0.5% Ru/C Ru/TiO,
1 b 2% PY/TiO, e
~ 0.5%Ru/2%
@-0.5% Ru/TiO, @ @ Py/TiO,
0
0 50 100 150 200 250 300 350

H, Production Rate, mmol/gcat-h

Figure 7. Assessment of catalyst performances based
on two desirable ratios: vertical: CO,-to-C2
ratio, which indicates the catalyst efficiency
for C—C cleavage; horizontal: overall H, pro-
duction rate. The optimal catalysts should
appear on the upper right corner of the
diagram.
[Color figure can be viewed at wileyonlinelibrary.com]
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amounts of Hj, this conversion is mainly through dehydroge-
nation of ethanol. Therefore, although the H, production rate
is higher than on Ru catalysts, the utilization of ethanol is
incomplete. That is, the low CO,-to-C2 ratios observed for
pure Pt catalysts indicates that large amounts of C2 liquid
products are required to obtain a given H, yield. Finally, the
bimetallic catalysts display their points toward to upper right
of the diagram because the efficiency of the C—C cleavage is
enhanced, and the produced CO is further converted via WGS
reaction, mostly catalyzed by Pt, which results in maximum
H, production rate with maximum utilization of ethanol.

Conclusions

Monometallic Ru catalysts with large particle sizes display
high activity toward C—C cleavage upon ethanol adsorption.
However, the larger Ru particles more readily dissociate CO
which reacts with H, to form CH,. Smaller Ru particle shows
higher selectivity toward H,, but the CO species present strong
adsorption on low index corner step-edge sites lowers the
overall catalytic activity because of site poisoning. On the con-
trary, Pt also reveals high selectivity toward H, production
and lower activity to methanation reaction. The surface CO
species react with water via WGS reaction to produce more
H, and CO,. However, the activation energy of C—C cleavage
over Pt is much higher than that over Ru, making ethanol
reforming less efficient.

Support TiO, interacts strongly with ethanol and water
through acid-base interaction. Ethanol decomposes upon
adsorption and produced acetaldehyde as the dehydrogenation
product and ethylene along with diethyl ether as dehydration
products. The basicity of TiO, is also believed to promote the
WGS reaction.

Bimetallic Ru—-Pt with 1% Ru co-impregnated with 2% Pt
over TiO,, located at the top right of the optimization diagram,
exhibited the beneficial properties of both Ru and Pt without
the negative effects of either. Its synergistic behavior results in
higher H, production rate, higher C—C cleavage ability, and
lower methanation rate than any of the monometallic Ru or Pt
catalysts.
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