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Hydrogen (H,) is a promising energy vector for mitigating greenhouse gas emissions.
Lignocellulosic biomass waste has been introduced as one of the abundant and carbon-
neutral H, sources. Among those, xylose with its short carbon chain has emerged attrac-
tive, where H, can be catalytically released in an aqueous reactor. In this study, a com-
posite catalyst system consisting of silica (SiO,)-supported platinum (Pt)-cobalt (Co)
bimetallic nanoparticles was developed for aqueous phase reforming of xylose conducted
at 225 °C and 29.3 bar. The PtCo/SiO, catalyst showed a significantly higher H, production
rate and selectivity than that of Pt/SiO,, whereas Co/SiO, shows no activity in H, produc-
tion. The highest selectivity for useful liquid byproducts was obtained with PtCo/SiO..
Moreover, CO, emissions throughout the reaction were reduced compared to those of
monometallic Pt/SiO,. The PtCo bimetallic nanocatalyst offers an inexpensive, sustainable,
and durable solution with high chemical selectivity for scalable reforming of hard-to-
ferment pentose sugars.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The utilization of bioenergy has significantly increased in the
past decades, and global warming by greenhouse gases has
become a serious environmental issue worldwide [1]. Ligno-
cellulosic biomass, mainly obtained from wood, corn stover,
wheat straw, etc., has been extensively studied as an energy
source to produce heat, electricity, and chemicals owing to its
abundance in nature and carbon-neutral characteristics [2]. In
recent years, hydrogen (H,) production processes have
received increased interest in the biomass conversion field
because H, produced from biomass can generate renewable
electricity in conjunction with a fuel cell [3]. There are various
methods to extract H, from lignocellulosic biomass, such as
implementing pyrolysis (>400 °C) [4], gasification (>750 °C) [5],
steam reforming (>700 °C) [6], enzymatic decomposition pro-
cesses (30—70 °C) [7]. However, the quantity of produced H, by
these methods is low, and the reaction normally operates at
high temperatures, lowering the overall energy efficiency [3,8].

Aqueous phase reforming (APR) is an alternative method
for producing H, in a higher yield than other methods [9]. The
process is operated at low temperature (200—250 °C) and high
pressure (15—50 bar); hence, the reaction conditions are in
liquid phase. The APR energy efficiency (~81% [10]) is higher
than that of the normal steam reforming process (~60% [11])
because there is no need to evaporate the water and oxygen-
ated hydrocarbons produced during the reaction. Moreover,
an additional water-gas shift (WGS) reactor is not essential
because the reaction occurs in a favorable temperature range
for WGS, leading to low carbon monoxide formation and
increased H, production rate in a single-step APR [12].

Many reactants related to the three polymeric components
(cellulose, hemicellulose, and lignin) of lignocellulosic biomass
have been tested for APR [9]. Sugar compounds such as glucose
and xylose produced from the depolymerization of hemicellu-
lose have been highlighted as reactants for APR because of their
shorter carbon chain length than that of other products [13]. In
particular, xylose, a C5 sugar-based chemical, is mostly wasted

in conventional cellulosic ethanol production from lignocellu-
losic biomass because of the difficulties in fermenting xylose in
the presence of glucose [14,15]. This is attributed to the carbon
catabolite repression where microorganisms preferentially
consume glucose over xylose through fermentation [16].
Consequently, scientific research on glucose has been more
extensive than that on xylose with implications for applica-
tions in biohydrogen production, which was further extended
to APR. On the other hand, the majority of research on xylose
has focused on its fermentation process for the production of
valuable chemicals, rather than hydrogen. For these reasons,
recent studies have been more focused on H, production from
the APR of xylose as an economically attractive way to produce
H, from biomass-derived chemicals [17—-19].

For the APR of sugars, the amount of hydrogen produced
throughout the reaction depends on the mechanism favored
over the catalyst. For example, it has been reported that the
primary mechanism for H, formation is through C—C bond
cleavage of the reactant and the subsequent WGS reaction
[20,21]. When C—O bond cleavage becomes more favorable
than C—C bond cleavage, side reactions occur, resulting in
products such as alcohols and carboxylic acids [22]. Metha-
nation is another competing mechanism in the APR reaction
that produces methane from carbon dioxide, thereby lowering
the overall H, selectivity [23]. Therefore, a catalyst with high
selectivity towards C—C bond cleavage must be utilized to
avoid side reactions and maximize H, yield. With respect to
the catalyst, Pt metal has been extensively employed for the
APR of sugars because it offers high activity and moderate
selectivity [24,25]. For instance, Liu and Greeley [26] conducted
a density functional theory (DFT) study on several catalysts
(i.e.,, Pt, Pd, Rh, and Cu) for glycerol dehydrogenation and
concluded that both Pt and Pd exhibited high selectivity for
C—C bond cleavage, but Pt exhibited a higher predicted ac-
tivity. The experimental results obtained by R.R. Davda et al.
[27] also suggested that, among silica-supported Pt, Ni, Ru, Rh,
Pd, and Ir catalysts, Pt shows the highest activity in ethylene
glycol APR, with an H, turnover frequency (TOF) of 5.5 times
higher than that of Pd. In another study on the APR of sorbitol
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to hexane, the authors suggested that the addition of Pt
loading resulted in a higher rate of C—C cleavage [28].

The sintering of metallic nanoparticles at high tempera-
tures is a well-known catalyst deactivation mechanism in
thermochemical reactions. Additionally, when carbon-based
feedstocks are involved in the reaction, they can lead to the
formation of carbon deposits on the catalyst (i.e., coking),
which reduces reactivity by blanketing active sites and/or
disrupting electronic interactions between the catalyst and
support. In the case of APR, several catalyst deactivation
mechanisms have been identified, including coking, carbon-
ate formation, sintering, re-oxidation, and leaching [24]. Re-
actions with water can also cause deactivation by leading to
(re-)oxidation and/or leaching, which causes a loss of active
species transferred to the liquid reactant [29,30]. Moreover,
the formation of boehmite on alumina-supported catalysts
during APR reaction can increase support surface acidity [31],
leading to a preference for C—O cleavage. In summary, APR is
subject to deactivation mechanisms that are typical in ther-
mochemical reactions, as well as others that are associated
with the presence of water as a reactant.

Incorporating a second element in metallic catalysts has
been shown to improve the thermal stability (by increasing the
support-catalyst interaction and delaying sintering) and resis-
tance to coke formation and catalyst poisoning in heteroge-
neous catalysts [32]. Therefore, studies have been conducted to
investigate the effect of promoters on the performance of Pt-
based catalysts for the APR [24]. Among the common transi-
tion metal promoters, non-noble metals such as Co and Ni have
been assessed for APR. For instance, Dosso et al. [33] compared
the performance of bimetallic formulations supported on
alumina (Al,05) in the APR of polyols, showing that both PtNi
and PtCo are more active than monometallic Pt catalysts,
whereas Co addition mainly lowers coke formation and
methane selectivity. Moreover, the catalytic performance of
carbon-nanotube-supported Pt catalysts promoted with Co or
Mo was investigated by Dietrich et al. [34] in glycerol APR. The
addition of Co can effectively improve the coke resistance of
catalysts [35]. In addition to the catalyst particle itself, the
support material can dramatically affect catalytic performance.
Due to its thermochemical stability and high metal-support
interaction, Al,O; has been extensively investigated as a
promising support interaction. However, the transition from
Al,O3 to boehmite (AIO(OH)) has been reported as one of the
main challenges in APR applications [36,37].

In this study, to develop a practical route for sustainable H,
production, we conducted a continuous APR of xylose over
PtCo bimetllic nanoparticles supported on SiO, and compared
its activity with that of SiO,-supported monometallic Pt or Co
catalysts. We selected non-reducible SiO, (50.4 USD/t — in-
dustrial sand basis [38]) as the catalyst support because it is a
more cost-effective than Al,O3 (500 USD/t [38]) and has a
significantly higher surface area. Various reaction conditions
were evaluated to identify and optimize the correlation be-
tween the catalyst activity and APR process. All the catalysts
were characterized by X-ray powder diffractometry (XRD),
electron microscopy (TEM), N,-sorption,
temperature-programmed reduction (TPR), X-ray photoelec-
tron spectroscopy (XPS), extended X-ray absorption fine
structure (EXAFS) to investigate the chemical and physical

transmission

properties of the catalyst as well as to investigate the forma-
tion of PtCo nanoalloys. Finally, DFT calculations were con-
ducted to determine the adsorption and reaction energies of
the first dehydrogenation of xylose on the PtCo surface to
understand the enhanced activity when Co was added.

Experimental
Materials

Chloroplatinic acid (H,PtClg-xH,0, Sigma-Aldrich) and cobalt
nitrate hexahydrate (Co(NOs),-6H,0, Sigma-Aldrich) were
used as the metal precursors for the synthesis of Pt/SiO, and
Co/Si0,, respectively. Fumed silica (SiO,; Sigma-Aldrich) was
used as the catalyst support.

Catalyst synthesis

Monometallic Pt- or Co-based samples were synthesized by
the wet impregnation (incipient wetness) method. The metal
precursor powders were first dissolved in deionized water,
where the pH of the precursor solution was maintained at 1
using 0.1 M of HCI solution. 2.5 g of SiO, was added to the
solution to obtain 5 wt % Pt/SiO, and Co/SiO, for each sample.
The resulting suspension was homogeneously mixed at 70 °C
for 3 h prior to drying in a rotary evaporator at 130 °C. The
product sample was fully dried at 110 °C in a convection oven
overnight. The final dried catalyst was calcined at 400 °C in the
air for 5 h to transform the metal precursors into their oxide
form. For PtCo/Si0,, 2.5 wt % of Pt and Co were loaded to the
sample under identical synthesis conditions as mentioned
above. Prior to catalyst characterization, all samples were pre-
reduced ex situ for 2 h at 500 °C using 10% H,/Ar, except for the
TPR experiment.

Catalyst characterization

Inductively coupled plasma atomic emission spectroscopy (ICP-
AES)

The actual Pt and Co metal contents in the samples were
measured by ICP-AES using a Horiba Jobin Yvon Ultima,
Horiba France Sas. Prior to measurements, all samples were
pre-reduced and dissolved in HF/HNO,/HCI solutions.

Brunauer—Emmett—Teller (BET) surface area and pore volume
The N, physisorption technique was employed using a
Micromeritics accelerated surface area and porosimetry in-
strument (ASAP 2000, Micromeritics) to obtain the Brunauer-
Emmett-Teller (BET) surface area and pore volume of the
catalysts. The pre-reduced sample was first degassed at 250 °C
under vacuum for catalyst surface cleaning purposes before
the experiment. N, molecules were then adsorbed on the
sample surface at the liquid nitrogen temperature by varying
the relative pressure (P/P,). The pore size distribution curve
was acquired using the Barrett-Joyner-Halenda (BJH) model.

X-ray diffractometry (XRD)
Structural analysis of the pre-reduced samples was conducted
using an X-ray diffractometer (XRD, D8 Advanced, Bruker)
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with CuKa radiation (A = 0.15418 nm) at 40 kV and 40 mA. The
diffraction pattern was recorded from 26 = 10°—90° at a scan
rate of 2 °/min, and the measured peaks were identified by the
JCPDS (Joint Committee on Powder Diffraction Standards)
references.

X-ray photoelectron spectroscopy (XPS)

The XPS spectra of the pre-reduced samples were acquired by
K-Alpha+ XPS (ThermoFisher Scientific) using a mono-
chromatic Al Ko anode (spot sizes of 1486.6, 12 kV, 1.16 mA,
and 400 pm). The pressure during measurement was less than
2 x 10~'mbar.

Temperature-programmed reduction (TPR)

Temperature-programmed reduction (H,-TPR) was performed
using Belcatll (Microtrac) equipped with a thermal conduc-
tivity detector (TCD) to reveal the reduction behavior of the
samples. 25—-50 mg of sample powder was loaded in a quartz
tube insulated by glass fiber and was thermally treated at
500 °C for 2 h in pure Ar. The sample bed temperature was
then naturally cooled down to 50 °C. After stabilizing the TCD
signal for 30 min at 50 °C, the temperature was slowly
increased to 900 °C at a ramp rate of 5 °C/min using 10% H,/Ar.

Transmission electron microscope (TEM) and high angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging

TEM and HAADF-STEM (Talos, FEI, ThermoFisher Scientific)
images were collected over the ex situ reduced Pt and Co cat-
alysts. The samples were prepared by dispersing the powder
in ethanol and loading the suspension onto a carbon-film TEM
grid (CF200—Cu, Electron Microscopy Sciences). The particle
size distribution of the samples was determined using the
Image] software.

X-ray absorption spectroscopy (XAS)

The formation of the PtCo nanoalloys was investigated using
XAS. The extended X-ray absorption fine structure (EXAFS)
spectra of the pre-reduced PtCo/SiO, catalyst were acquired at
the PLS-II 10C wide XAFS beamline, Pohang Accelerator Lab-
oratory (PAL), located in Pohang City, Republic of Korea. The Pt
L3-edge (11563.7 eV) was recorded in both the transmittance
and fluorescence modes using Si(111) and Si(311) double
crystal monochromators. Platinum (II) chloride and platinum
foil were used as standards and their spectra were collected.
First, the samples were finely ground, pressed into pellets, and
then moved to the center of the beam. The oxidation state of
the PtCo/SiO, catalyst was calculated using a linear combi-
nation of the spectra of the two standards in the Athena
software. The bond distances to the neighboring atoms and
the coordination number of Pt were estimated by conducting
quantitative EXAFS fitting in Artemis software, where the
single-scattering paths were calculated for Pt—Pt, Pt—0O, and
Pt—Co using Feff calculations.

Catalytic activity testing: APR of xylose

APR of 3 wt% xylose aqueous solution was conducted in a
fixed-bed continuous reactor. The xylose APR reaction is
shown in Eq. (1). First, the xylose powder was dissolved in

deionized water and magnetically stirred for 30 min at room
temperature. The reactor with a length of 8 cm and 0.95 cm of
diameter was filled with 300 mg of catalyst, which was then
reduced in situ at 500 °C in 10% H,/Ar for 2 h. After the reactor
was cooled down to 195—-235 °C depending on the experi-
mental conditions, the reactor pressure was raised to 29.3 bar
using pure N, gas (30 ml/min) controlled by a thermal mass
flow controller (MFC, Bronkhorst) and a back pressure regu-
lator (BPR, Bronkhorst). The reactor pressure was continu-
ously monitored using an electrical pressure gauge. 3 wt %
xylose feed was injected using a high-performance liquid
chromatography pump (HPLC pump; Series 1500, LabAlliance)
atarange of space velocities of 2—32 g/gc.¢/h depending on the
reaction conditions. The reactor outlet was connected to a
vapor—liquid separator. The separated gas products were
analyzed using a gas chromatograph (GC, 9780 A, Agilent)
equipped with a double column (HP-MOLESIEVE capillary, HP-
PLOT/Q capillary) and a thermal conductivity detector (TCD).
The total flow rate of the product stream was estimated using
an internal standard of N,. At the end of the experiment, the
effluent liquid was drained from the separator and analyzed
using high-performance liquid chromatography (HPLC, YL
9100, Young In Chromass) equipped with an HPX-87H column
and a refractive index detector (RID). The conversion of carbon
(C) to gas, H, selectivity, and liquid product selectivity for the
APR reaction were calculated using Eq. (2) to Eq. (4) (RR refers
to the theoretical H,/CO, reforming ratio for xylose, APR = 2):

CsH100s + 5H,0 — 10H; + 5CO, (1)

m010ut.carbon (2)

Conversion of C to gas (%) =100 x
& ( ) m01in.xylose x5

m010ut.H2 1

Selectivity to H, (%) =100 x RR 3)

mOlout.carbon

Liquid product selectivity (%) =100

" mol of liquid products
mol of total liquid products

mOIOHt,HZ

x Total flow rate
m01out.gas

H, production rate =

Density functional theory (DFT) calculation

DFT calculations were conducted to clarify the improved ac-
tivity of the PtCo/SiO, catalyst in the APR of xylose. Plane-
wave spin-polarized calculations were performed using the
Vienna ab initio simulation package (VASP) [39], which solves
self-consistent algorithms using the Kohn-Sham equations. A
plane-wave basis set with a kinetic energy cutoff of 400 eV was
used to describe the valence electrons, while the electron-ion
core interactions were described using projected augmented
wave (PAW) [39] pseudopotentials1 within the Perdew-Burke-
Eenzerhof (PBE) [40] exchange-correlation functional. For both
the adsorption studies and reactions occurring on different
surfaces, the irreducible Brillouin-zone integrations were
sampled with a 1 x 1 x 1 Monkhorst—Pack k-point mesh. A
6 x 4 supercell containing three layers [41] with bottom layer
fixed and top two layers, including the adsorbate relaxed, was
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used as our model catalyst Convergence criteria of 1 x 10 eV
and 0.05 eV/A were chosen for the ionic and electronic re-
laxations of slabs and adsorbates, respectively.

Results and discussion
Metal loading, BET surface area and pore volume

The physical and chemical characteristics of the ex situ
reduced catalysts (at 500 °C for 2 h in 10% H,/Ar) are sum-
marized in Table 1. Compared with the monometallic Pt/SiO,
catalyst, a 2.36 times reduction in the loading of costly Pt was
observed for the PtCo/SiO, catalyst. This was achieved while
maintaining the surface area and total pore volume of the
monometallic Pt/SiO,, as these values are approximately the
same for the bimetallic PtCo/SiO, catalyst. On the other hand,
the surface area and total pore volume showed the highest
reduction for Co/SiO, compared to pristine SiO,. The higher
decrease in surface area and pore volume after Co impreg-
nation of the SiO, support was possibly attributed to the
agglomeration of Co particles on the catalyst surface, as evi-
denced by the TEM images. Each of the metal loaded catalysts
exhibits a significant increase in total pore volume compared
to the bare SiO, support. This increase is mainly attributed to
the HCI treatment used during catalyst synthesis, in which a
0.1 M HCl solution was utilized to dissolve the metal precursor
powders, resulting in an acidic solution with a pH of 1. The HCl
treatment leads to a highly disordered and porous SiO, sup-
port with an enhanced pore volume. This phenomenon has
been previously observed and reported in several other
studies in the literature [42—44]. As the pore volume increases,
the BET surface area decreases due to the deposition of Pt and
Co particles inside the pores.

X-ray diffractometry (XRD) and X-ray photoelectron
spectroscopy (XPS)

XRD diffraction patterns of the reduced catalysts, shown in
Fig. 1(a), were obtained to confirm the crystal structure. A
amorphous halo around 20 = 23° was observed for all the
samples, which was assigned to SiO, (JCPDS No. 29—-0085). The
Pt/SiO, catalyst peaks were detected at 20 = 39.8°, 46.2°, 67.6°,
and 81.5°, corresponding to the (111), (200), (220), (311) for Pt
(JCPDS No. 01—-1311) metal planes of the face-centered cubic

Table 1 — Physical and chemical properties of the Pt/SiO,,
PtCo/SiO,, and Co/SiO, catalysts.

Sample Metal Molar Ratio BET Surface Total Pore

Loading of Pt/Co Area(m%g) Volume
(Wt.5%) (cm’/g)

Pt Co

Si0, = = = 448 0.64

Pt/SiO, 443 — = 303.3 1.11

PtCo/SiO, 1.88 2.12 1:35 294.0 1.11

Co/Si0, = 4.92 = 2349 1.02

(a) XRD ——PtCoISiO,
——PUSIO,

——ColSiO,

Pt (200)

/f‘w,, .
1
i el
Co (111) WM"“"MMNM
Co (200) Co (220)
N ety

T T T T

20 40 60 80
2 theta (degree)

Pt(220) pt(311)

Intensity (a.u.)

(b) XPS: PUSIO, i
1

P1(0) 4f5;

b ey
Bt AM

Pt(+2) 4f;,

Nomalized Intensity (a.u.)

|
Pt(+4) 4fy,  Pt(+4) 4f;, i
8o 78 76 74 72 | 70 68
Binding energy (eV) i
(c) XPS: PtCo/SiO, i
PO 4z iPt(O)4fm

Pt(+2) 4f5|12

Normalized Intensity (a.u.)

P(+4) 4fs;

Pt(+4) 4f;,,

80 78 76 74 72 70 68
Binding energy (eV)
Fig. 1 — (a) X-ray diffractograms of the catalysts; XPS

spectra of the Pt 4f region for the (b) Pt/SiO, and (c) PtCo/
SiO, catalysts.
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structure of Pt (FCC) structure, respectively. Furthermore, the
peaks of Co/SiO, (JCPDS #15—0806), detected at 20 = 42.4°, 51.8°
and 77.6°, correspond to the (111), (200), and (222) planes of the
FCC structure of metallic cobalt (Co). Because Co is easily
oxidized, the presence of the oxide phase is due to the expo-
sure of the Co/SiO, sample to air prior to diffractometry.
Notably, the XRD peaks for PtCo/SiO, were shifted to 26 = 40.4
°and 46.8°, indicating the presence of an PtCo alloy phase in
the bimetallic catalyst [45]. While PtCos alloy peaks were not
detected for the tetragonal phase crystalline, a partial Pt;Co
alloy can be formed by adding Co to the Pt lattice [46]. More-
over, compared with Pt/SiO,, the reduction in the lattice
parameter of PtCo/SiO,, as shown in Table 2, further corrob-
orates the formation of an alloy phase in the bimetallic cata-
lyst [45,47]. In other words, although the average particle size
of Pt in both catalysts is similar, PtCo/SiO, exhibits broader
diffraction peaks, strongly indicating the formation of defects
and strain in the crystal lattice due to the PtCo alloy. However,
it should be noted that this may also indicate the possible
existence of larger particles (>10 nm) in the Pt/SiO, catalyst
that were not detected in the TEM images. XPS measurements
were performed to analyze the surface composition and
chemical states of the catalysts. It should be noted that during
exposure to air, the top surface of the pre-reduced sample
may undergo oxidation. Fig. 1 (b) and (c) show the XPS spectra
of the Pt/SiO, and PtCo/SiO, catalysts, respectively. The
spectrum of Pt 4f;,, of Pt/SiO, was deconvoluted into 71.1, 72.1,
and 72.5 eV, corresponding to Pt(0), P(+2), and Pt(+4), respec-
tively [48]. The respective peaks in the spectrum of Pt 4fs/, of
Pt/SiO, were also assigned to 74.4, 75.5, and 75.9 eV. On the
other hand, the Pt 4f;/, spectrum for PtCo/SiO, shifted to a
higher binding energy than that of Pt/SiO,. Pt(0) 4f;,, is shifted
to 71.4 eV, Pt(+2) 4f;/, to 72.5 eV, and Pt(+4) 4f;/, to 72.9 eV.
Similarly, the respective peaks for Pt 4fs, also shifted to 74.7,
75.8, and 76.2 eV. This shift is associated with the downshift of
the d-band center indicating successful formation of PtCo
nanoalloys [49,50], which change the electronic structure of
the Pt 4f orbital as a strong charge-transfer interaction occurs
[51].

TEM results

The dispersion and particle sizes of Pt and Co in the PtCo/
Si0,,Pt/Si0, and Co/SiO, catalysts are shown in the TEM im-
ages in Fig. 2. The average particle size of both the PtCo/SiO,
and Pt/SiO, catalysts was approximately 1.3 nm (Table 2),
indicating that the dispersion of the catalyst particles was
unaffected by the addition of the Co promoter. The inset in
Fig. 2(b) shows a high-resolution TEM image of a singular
particle with a fringe distance (d) of approximately 2.15 A that

Table 2 — Calculated lattice parameters and sizes of the
Pt/Si0,, PtCo/SiO, and Co/SiO, catalysts.

Sample Lattice Averaged particle
parameter size (nm) - TEM
(A) - XRD

Pt/SiO, 3.92 1.28

PtCo/SiO, 3.87 1.29

Co/Si0, 3.55 2.07

corresponds to the (111) interplanar spacing of the PtCo alloy
[52,53]. Furthermore, the EDS mapping of the bimetallic
catalyst particles (inset in Fig. 2(c)) indicates that the larger Co
particles are partially masked by the Pt nanoparticles. Based
on these observations, it can be concluded that binary Pt—Co
and alloyed PtCo particles are both present in the as-
prepared bimetallic PtCo/SiO, catalyst. The Co/SiO, catalyst
displayed chunks of Co particles larger than 5 nm, as seen in
Fig. 2(h). This can be attributed to the significant agglomera-
tion of Co on the catalyst surface, which agrees with the BET
surface analysis results indicating the highest decrease in
surface area for the Co/SiO, catalyst.

H,-TPR results

Fig. 3 shows the H,-TPR profiles of Pt/SiO,, PtCo/SiO,, and Co/
SiO, catalysts. The Pt/SiO, catalyst showed a broad peak
around 150—450 °C, indicating the reduction of PtOx species
interacting with the SiO, support. Reduction occurs from the
surface to the bulk of the catalyst, resulting in a broad peak.
This could be attributed to the reduction of Pt** or Pt** to Pt°
[54]. The precursor used was H,PtCls which was reduced at
lower temperatures (137—217 °C [55]); hence, the species
reduced here were those anchored to the support [56]. The TPR
curve for the Co/SiO, sample showed two steps of reduction.
The first step of reduction is possibly attributed to the reduc-
tion from Cos0, to CoO and/or CoO to Co, which is then
further completely reduced to Co in the second step [57—59].
For the PtCo/SiO, catalyst, peaks were detected at approxi-
mately 176 and 348 °C. The Co;0, reduction peak shifted to a
lower temperature than that of the monometallic Co. The
addition of noble metals (e.g., Pt) has been reported to
decrease the Co oxide reduction temperature via autocatalytic
reduction and/or alloying, which promotes the dissociation
and activation of H,, thus facilitating the reduction of Co ox-
ides [60—65]. This may indicate the formation of the alloy
phase, as the Co reduction peaks are dramatically shifted to
lower temperatures by hydrogen spillover from the highly
adjacent Pt nanoparticles in their metallic states [66,67].

EXAFS

The electronic and structural environments of the PtCo/SiO,
catalysts were examined using XAS. The oxidation state of Pt
was obtained by a linear combination method based on the
two standards of Pt foil and PtO, representing Pt° and Pt'*,
respectively. As shown in Fig. 4(a), Pt was fairly reduced,
indicating an average oxidation state of Pt "3, which is in good
agreement with the XPS results. The catalyst was reduced ex
situ prior to the experiment; however, it was exposed to air
during the sample preparation process. Because of the pres-
ence of oxidized Pt particles on the catalyst surface and the
small Pt particle size, these results reveal that not all Pt atoms
were alloyed with Co.

The k*>-weighted EXAFS spectrum of the PtCo/SiO, catalyst
and the corresponding Fourier transform (FT) magnitudes are
shown in Fig. 4(b) and (c). The EXAFS spectra were fitted using
three single scattering paths: Pt—0, Pt—Co, and Pt—Pt (Table 3).
The fitting results showed Pt—Pt bond length of 2.70 A with a
coordination number (CN) of 3.7 and Pt—Co bond length of
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2.55 A with a CN of 1.8. The calculated CN ratio of (Pt—Co)/
(Pt—Pt) was 0.49, which corresponds to the Pt;Co phase and is
consistent with the values reported in the literature [68—70].
These results strongly suggest that the majority of Pt and Co
exists as Pt3Co nanoparticles on the SiO, support. Further-
more, Pt—0 bond was confirmed with a bond length of 2.00 A
and a CN of 1.2. In line with the XANES results, oxidized Pt
particles were observed on the surface. However, these par-
ticles are likely to be reduced to metallic Pt through in in situ
pre-reduction prior to the APR reaction.

Activity results

Optimization of the reaction conditions for high hydrogen
production rate

First, xylose reforming reaction conditions were optimized
using a PtCo/SiO, catalyst to obtain the highest hydrogen
production rate. As shown in Fig. 5(a), the WHSV values were
varied at a reactor temperature of 225 °C and pressure of
29.3 bar. The catalytic activities are presented in Table 4. Both
the H, production rate and H, selectivity increased with
increasing WHSV from 2 to 8 h™%. On the other hand, the
conversion of C to gas (Table 4) was maximized at a WHSV of 2
h~! and decreased significantly at higher space velocities. In
general, a higher C to gas conversion is achieved with
decreasing WHSV values (greater amount of gas produced). It
should be noted that during the experiment, the only carbon-
containing gas detected was CO,, and no CO or CH, was
produced.

By increasing the WHSV from 8 h™* to 32 h™%, both the H,
production rate and the conversion of C to gas decreased
rapidly. The H, selectivity dropped to 20%, and the H, pro-
duction rate decreased to 3.4 pmol/min, implying a ca. 60%
reduction compared with 8 h™*. These results indicated that
H, production was optimal when the space velocity was 8 h™™.
Although there was a steady decrease in the C-to-gas con-
version from 2 h™! to 32 h™?, the H, selectivity revealed a
volcano plot.

Overall, increasing WHSV values indicate an injection of a
larger amount of xylose, or in other words, carbon per unit
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Fig. 4 — XANES and EXAFS spectra of PtCo/SiO,.

Table 3 — EXAFS fitting results for PtCo/SiO,. Pt L3 edge
spectra were measured at RT; N, coordination number; ss,

Debye—Waller factor; R, bond distance. Fitted
range:2.3 <k <12.0 A"*and 1.2 <R < 2.8 A (k2 weighting).

Samples Scatter N ss (A?) R(A)

RWH-Y Pt—0 12(1) 0.002 2.00 (1)
Pt—Pt 37 (2) 0.013 2.70 (1)
Pt—Co 1.8 (2) 0.007 2.55 (2)

time over the same amount of catalyst into the reactor.
Notably, the hydrogen selectivity is increased or maintained
fairly constant with decreasing C to gas conversion WHSV
from 2 to 8 h™?, possibly implies that catalyst deactivation is
not severe under these conditions and most carbon species
dissolve in the liquid phase as by-products and/or long-chain
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catalyst.

Table 4 — Catalytic activity of PtCo/SiO, catalysts at

different WHSVs (T = 225 °C, P = 29.3 bar) and
temperatures (WHSV = 8 h™%, P = 29.3 bar).

WHSV (h™h) 2 4 8 16 32
H, selectivity (%) 36 40 42 24 20
H, production rate (umol/min) 2.9 3.2 8.4 7.2 3.4
Conversion of C to gas (%) 38 19 20 17 10
Temperature (°C) 205 215 225 235
H, selectivity (%) 33 34 42 40

H, production rate (umol/min) 31 3.6 8.4 2.9
Conversion of C to gas (%) 11 12 20 8

carbon liquids. However, at higher WHSV values, catalyst
deactivation becomes more pronounced due to the availabil-
ity of more xylose, leading to severe coking, which subse-
quently results in decreased H, selectivity and C to gas
conversion. This finding demonstrates the promising catalytic
activity of PtCo/SiO, up to a WHSV value of 8 h ' resulting in a
volcano plot in H, production rate.

Second, the effect of reaction temperature on the catalytic
activity of PtCo/SiO, was investigated. The APR experiments
were carried out by fixing the pressure at 29.3 bar and WHSV
at 8 h~! while increasing the reaction temperature from 195 to

235 °C. It was found that the H, selectivity gradually increased
and remained constant after 225 °C with 42% selectivity
(Fig. 5(b), Table 4). The largest amount of H, was produced at
225 °C by 8.4 ymol/min, where the conversion of C to gas was
optimized. However, at 235 °C, even though the H, selectivity
was not significantly reduced (40%), a sudden drop in the H,
production rate was observed (2.9 umol/min).

The overall xylose reformingreaction is endothermic, which
leads to increased catalyst activity with rising temperature.
Thus, both the H, production rate and conversion of C to gas
increase up to 225 °C, resulting an increase in H, selectivity.
This reveals that 1) the catalyst is still active for APR of xylose
up to 225 °C and 2) as the catalyst becomes more active, higher
extent of carbon deposition on the catalyst surface and/or
formation of by-product carbon species in the liquid phase
occurs, reducing CO, formation in the gas phase and increasing
hydrogen content in the product stream. However, at 235 °C,
the catalyst significantly deactivates due to severe coking on its
surface and possibly because of the formation of long-chain
carbon liquids (alkanes) at higher reaction temperatures
[71,72], which in turn decreased both the amount of CO, and H,
produced. For example, similar trends in H, selectivity were
observed in a study conducted by Wu et al. [73] on the APR of
biodiesel byproduct glycerol, where the H, composition
increased up to 225 °C from 180 °C and then suddenly dropped
at 240 °C using Ni/CeO, and NiCu/CeO, catalysts.

Xylose reforming reactivity of Pt/SiO,, PtCo/SiO, and Co/SiO,
catalysts

The reforming activities of the Pt/SiO,, PtCo/SiO,, and Co/
SiO, catalysts were examined while fixing the total metal
loading of the catalyst to 5 wt % under optimized xylose APR
conditions (225 °C, 29.3 bar, 8 h™%). Pt has been reported to
exhibit high selectivity for breaking C—C bonds, with high
activity in H, production [24]. However, when supported on
Si0,, the hydrogen selectivity decreased from 43 to 17% as
the reaction progressed for 3 h over the Pt/SiO, catalyst
(Fig. 6(a)). The average H, production rate was 4.5 pmol/min
(Table 5). In comparison, a significantly higher and stable H,
selectivity of 42% with an averaged H, production rate of
8.4 umol/min were obtained using PtCo/SiO, catalyst. It
should be noted that Pt shows a C—C cleavage selectivity
similar to that of bimetallic PtCo; however, Pt itself fails to
maintain its activity owing to the strong adsorption of CO on
the metal surface that was generated during the reaction. On
the other hand, Co metal effectively reforms CO by
increasing the water dissociation rate [74,75]. This facilitated
the WGS reaction on the metal surface, significantly
increasing catalytic activity. Hence, the amount of Pt loading
was reduced by half, and the activity was improved by add-
ing Co, compared to the monometallic Pt catalyst. Further-
more, the activity of Co in producing oxygen vacancies and
promoting the reaction of oxygen and hydroxyl (OH) species
from the dissociation of steam/water with oxygenate groups
on the Co and/or Co-support interface reduces the formation
of coke (coking) on the catalyst surface [35,76]. However, the
catalytic activity results acquired over Co/SiO, indicated that
a small amount of CO, was generated while the H, selectivity
was at 0%, revealing that monometallic Co alone was inac-
tive in the APR of xylose.
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different catalysts (T = 225 °C, P = 29.3 bar, WHSV =8 h™").

Table 5 — Catalytic activities of Pt/SiO,, PtCo/SiO, and Co/SiO, for the APR of xylose (T = 225 °C, P = 29.3 bar, WHSV =8h™%).

Catalyst
H, selectivity (%) 42 17 =
H, Production rate (pmol/min) 8.4 4.5 -
Conversion of C to gas (%) 20 33 3.7
Selectivity (%) of liquid byproducts xylitol 0.7 = 1.3
lactic acid (LA) 4.7 16 5.4
acetic acid (AA) 9.4 30.2 =
ethylene glycol (EG) 39.6 20.5 6.7
1,2-propanediol (propylene glycol, PG) 1.1 14.8 =
butyric acid (BA) = 16.6 =
propanol = = =
2-butanol (B) 11.7 = =
furfural (F) 32.8 = 86.6
Liquid byproducts (mmol/L) 40.6 15.9 81.2
Xylose conversion (%) 100 99.9 99.6

Several intermediate liquid products are produced during
the APR reaction, as shown in Fig. 6(c) and Table 5. In all
cases, xylose was completely converted, with >99% xylose
conversion, while organic acids and furfural were detected
in all the catalyst formulations studied. These intermediates
are produced via hydrogenation/hydrogenolysis and/or
dehydration. In addition, it must be noted that long-chain
carbon species derived from the polymerization and
condensation of intermediate products that are not detect-
able by HPLC were present in the liquid phase. Fig. 7 shows
the routes for xylose conversion in the APR. Based on the
activity results, Co/SiO, favored the dehydration reaction by

C—O bond cleavage, resulting in the formation of large
amounts of furfural (86.6%) [77]. In contrast, both the PtCo/
Si0, and Pt/SiO, catalysts produced large amounts of
ethylene glycol (EG) and 1, 2-propanediol (propylene glycol,
PG). These two byproducts were produced by cleaving the
C—C bond of xylitol, indicating that Pt and PtCo selectively
break the C—C bonds. EG was produced the most (39.6%)
using the PtCo/SiO, catalyst, which is an essential inter-
mediate product to further produce H, through EG reform-
ing. In contrast, the Pt/SiO, catalyst produced intermediates
such as butyric acid (BA) and more PG and acetic acid via
successive dehydration/hydrogenation reactions [72,78].
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These results suggest that Pt/SiO, results in the consump-
tion of H, by intermediate hydrogenation, contributing to a
lower H, selectivity and production rate. Therefore, the

DFT calculation results

To estimate the reactivity of the total xylose dehydrogenation,

presence of Co in the PtCo/SiO, catalyst shows a synergistic
effect for the cleavage of the C—C bond, contributing to a
higher H, selectivity than that of the monometallic Pt/SiO,
catalyst.

the reaction energy (AE,) of the first dehydrogenation step
from CsH;00s to CsHgOs [i.e., CsH1oOs* — CsHoOs* + H*] was
calculated. The adsorption and reaction energies were calcu-
lated using Eq. (5) and Eq. (6).

-0.20

-0.29

-0.20 -0.42

Fig. 8 — Most optimized conformations of xylose on (a) Pt (111), (b) PtzCo (111), (c) Pt:Co/Pt (111), and (d) PtsCo/O (111) surfaces.

These values represent the adsorption energy in eV.
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-1.55

Eads = Eorr — Estap — Especie‘ (5)

AE, = (EC5H905' + EH') - (ECSHmOs') (6)

where Eqs is the adsorption energy of any reaction species,
including H atoms. Egq, and Ey are the total energies of vac-
uum and adsorbate slabs, respectively. It is worth noting that
various binding conformations of xylose and dehydrogena-
tion intermediates were examined in this study, but the most
optimal conformations are presented in Figs. 8 and 9,
respectively.

According to Fig. 9, the strongest adsorbed xylose first-
stage dehydrogenation intermediate (CsHoOs) on Pt (111) and
Pt;Co (111) was obtained from xylose dehydrogenation via the
O atom. However, the same process occurs via the C atom of
xylose on the Pt3Co/Pt (111) and Pt3Co/O (111) surfaces.
Consequently, CsHqOs adsorption followed the order Pt;Co
(111) > Pt3Co/O (111) > Pt3Co/Pt (111) > Pt (111). However, for
the overall most stable conformations of xylose first dehy-
drogenated from either the O or C atom of xylose, the reaction
energies shown in Table 6 follow the trend Pt;Co (111) < Pt
(111) < PtsCo/Pt (111) < PtsCo/O (111).

Although the thermodynamics of the xylose first-stage
dehydrogenation predicts an endothermic process on all the
investigated surfaces, the Pt;Co (111) catalyst yielded the
lowest reaction energy (see Table 6), along with a stronger
affinity for CsHoOs (see Fig. 9). This result suggests that the
incorporation of Co on the Pt (111) surface enhances xylose
dehydrogenation. In the case of Pt;Co/Pt (111), a slightly lower
affinity of CsHgOs than that of the Pt;Co (111) surface was
observed, but a slightly stronger affinity compared to that of
the Pt (111) surface. Nonetheless, thermodynamics (see Table
6) showed reduced activity compared to both Pt (111) and
Pt;Co (111) surfaces. Similarly, Pt;Co/O (111) had a slightly
weaker affinity for CsHyOs than the Pt;Co (111) surface but a
slightly stronger affinity than both Pt (111) and Pt;Co/Pt (111)
surfaces. However, thermodynamic analysis showed a
dramatically reduced activity compared with the rest of the
surfaces, implying that the presence of an oxidized Co atom
on the Pt;Co (111) surface greatly hinders xylose dehydroge-
nation. In addition, to better understand the Pt;Co (111) cat-
alyst's enhanced activity in line with its stronger affinity for
CsHoOs compared to Pt (111), a density of state (DOS) electronic
structure analysis was performed, as shown in Fig. 10. It is
well known that, according to d-band theory, the up-shift of d-
band center toward the Fermi level tends to increase binding
strength between adsorbate and transition metal surface and
vice versa [79]. In this case, it can be seen that on Pt;Co (111)
there is an up-shift of the DOS for the surface Co atom
compared to the surface Pt atom, leading to Co higher d-band
center; [eq (Co) = —1.27 eV] us. [eq (Pt) = —1.90 eV]. Moreover,
when compared with the case of Pt (111), an up-shift of DOS

xylose's alcoholic group (counting in clockwise direction).
In contrast, b, d, f, and h conformations represent xylose
dehydrogenation from the first and second C atom
separated by the xylose's alkoxy O atom. The values
represent the adsorption energies in eV.
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Table 6 — Xylose-first dehydrogenation reaction energies
on investigated surfaces. AE, , and AE, . denote the
reaction energies from the xylose first dehydrogenation

via xylose's O and C atoms (obtained from their most
stable conformations on individual surfaces),
respectively.

Surfaces AE, o AE, .
Pt (111) 0.62 0.68
PtsCo (111) 0.46 0.60
Pt;Co/Pt (111) 1.34 0.79
PtsCo/O (111) 1.16 1.05
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Fig. 10 — Projected density of states (DOS) of surface atoms
of Pt @Pt (111), Pt @ Pt;Co (111), and Co @ Pt;Co (111). The
dotted lines denote the d-band centers (eq).

for both Pt @ Pt;Co (111) and Co @ Pt3Co (111) compared to Pt @
Pt (111) [eq (Pt) = —2.26 V] was observed. This result suggests
that the enhanced activity of Pt3Co (111) is related to the
surface layer of Co atoms.

The PtCo/SiO, catalyst employed in this study mainly con-
sists of metallic Pt, Co, and Pt;Co alloy sites during the APR of
xylose. Evaluation of the catalytic activity data reveals that the
metallic Co sites exhibit low activity levels when tested using a
Co/Si0; catalyst, while the metallic Pt sites exhibit higher ac-
tivity levels and are responsible for the C—C cleavage of the
xylose-derived intermediates. The majority of the active sites in
the PtCo/SiO, catalyst appear to be Pt;Co alloy sites, as indi-
cated by the observed changes in liquid product selectivity and
increased catalytic activity compared to a Pt/SiO, catalyst. The
Pt;Co sites display a higher affinity towards the xylose first-
stage dehydrogenation intermediate, as evidenced by DFT cal-
culations, potentially enhancing C—C cleavage activity and
leading to the formation of ethylene glycol while suppressing
dehydration reactions that produce other liquid by-products.

Conclusion

A bimetallic catalyst formulation (PtCo/SiO,) was proposed and
tested for the APR of xylose, which is an abundant and carbon-
neutral H, source. Detailed morphological characterizations
were performed to investigate the formation of bimetallic PtCo
nanoparticles and/or nanoalloys. The APR conditions were
optimized, and the catalytic activity and durability of the pro-
posed bimetallic catalysts were experimentally investigated
and benchmarked against their monometallic counterparts.
Finally, the mechanism of the proposed catalyst is discussed.
The following summarizes the principal findings of this study:
TEM, XRD, XPS, and EXAFS results confirmed the partial for-
mation of PtCo nanoalloy particles. PtCo/SiO, exhibited the
highest H, selectivity (42%) and production rate (8.4 pmol/min).
These are 2.47 and 1.87 times higher than Pt/SiO,, respectively,
whereas Co/SiO, exhibits no activity in H, production. More-
over, the selectivity of the PtCo/SiO, for liquid byproducts is
2.55 times higher than Pt/SiO,, with ethylene glycol having the
highest fraction (39.6%) among the liquid byproducts. Using
PtCo/SiO,, only 20% of the carbon was released as gas (CO,)
under the optimized reaction conditions, as opposed to 33%
using Pt/SiO,. In contrast, Co/SiO, produced a significant
amount of furfural (86.6%). Therefore, not only does PtCo/SiO,
have the highest activity, it also promotes the production of
useful chemicals as byproducts. This is due to the high selec-
tivity of the Co promoter in breaking C—C bonds (C—C cleavage).
Finally, our proposed bimetallic catalyst offers a cost-effective,
durable, and highly functional solution for carbon-neutral H,
production and fuel production from hard-to-ferment xylose.
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