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Aqueous phase reforming (APR) of ethylene glycol was performed at 225 °C and 30 bar in batch and continuous
reaction conditions. The effect on the APR performance by functionalizing carbon supports with nitrogen and
adding Mn to Pt-based catalysts was investigated. The presence of nitrogen species on the carbon surface and Mn-
addition (PtMn) improved the catalytic activity and promoted Hy production. XPS results suggest that the
enhancement of the catalytic activity may be attributed to charge transfer from platinum to the nitrogen groups

and Mn. Pt-based catalysts were stable under the studied reaction conditions, while up to 97 % of the manganese
leached into the liquid solution during APR. However, the catalytic activity was maintained even with such
significant decrease in Mn content, indicating that only a small amount of Mn is necessary to maintain the
promotional effect on Pt during APR.

1. Introduction

Aqueous phase reforming (APR), a process proposed by Dumesic and
co-workers, utilizes biomass-derived wastewater streams to produce Hj
at relatively mild reaction conditions [1]. The APR process offers
favorable conditions to obtain a Hy-rich stream with low CO content
through the water-gas shift reaction (WGS). However, side reactions are
also promoted, such as methanation and Fisher-Tropsch synthesis re-
actions, leading to formation of undesirable alkanes.

Sustainable Ha-rich streams can be used for fuel cell applications, the
production of ammonia and synthetic liquid fuels, aiding to mitigate the
intermittent nature of renewable energy [2]. However, the activity and
stability of the catalyst during APR are compromised by the hydro-
thermal conditions in the presence of oxygenates at 200-270 °C and
20-60 bars, leading to deactivation through sintering, coke deposition,
metal phase oxidation, and metal leaching.

APR catalysts must withstand severe hydrothermal conditions and
exhibit strong metal-support interactions to minimize catalyst deacti-
vation. Thus, the nature of the catalyst support plays a key role in the
catalytic APR performance. Oxide supports such as TiOy, ZrO,, MgO,
Aly03 and SiO; suffer pore degradation and phase transformation under
hydrothermal conditions leading to catalyst deactivation [3-6]. Carbon
materials, including carbon black, carbon nanotubes, carbon nanofibers
and mesoporous carbons demonstrate their high hydrothermal stability,
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resistance to acidic media and tunable chemical properties when studied
in APR [7-10]. Nonetheless, the broad distribution of pore sizes, high
microporosity and irregular pore structure of some carbon materials
limit their applicability for APR, influencing the diffusion of the re-
actants and products throughout the structure of the catalyst [11].

Carbon nanofibers (CNF) are suitable as support material for APR
due to their unique structural and textural properties that can be tuned
according to the synthesis conditions. Various ratios of edge/basal atoms
in the carbon structure lead to different CNF structures [12]. Platelet
carbon nanofibers have their graphite sheets stacked perpendicularly to
the fiber axis, thus exposing predominantly carbon edge sites [13].
These edge sites can be used as anchoring sites for metal particles on the
carbon support giving stronger metal-support interactions [12,14-16], a
desirable feature to enhance catalyst stability at APR conditions.

Pt is the most studied metal for APR since it is highly active and
selective towards hydrogen production [17]. However, it has been
demonstrated that using bimetallic catalyst such as Pt-Ni [18] Pt-Re [19]
Pt-Co [20] and Pt-Mn [11] promotes the catalytic activity. For example,
Re and Co are known for favoring the WGS reaction by tuning the
electronic properties of the catalyst and modifying the biding energies of
CO [21,22]. However, base metals are affected by the hydrothermal
conditions in APR. Van Haasterecht et al. [7] studied cobalt, nickel,
copper and platinum supported on CNF in APR of ethylene glycol and
observed leaching of the base metal catalyst due to oxidation in the
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acidic media. A similar pattern is observed for Mn where most of the
metal leached out during APR [9].

Thus, to promote the interaction between the metal particles and the
support, functionalization of the carbon surface is proposed as a prom-
ising route. It has previously been observed that nitrogen-doping of
carbon supports has a positive effect in liquid phase reactions. It is
shown to be advantageous for the distribution of meal particles on the
support, enhance the metal-support interaction, as well as modifying the
electronic structure of the metal particles [23-26]. Gogoi et al. [23]
observed that the nitrogen on the support not only aids in anchoring of
Ru particles on the surface but also decreases the reduction temperature
of Ru nanoparticles. This decrease is attributed to interactions between
electron-rich nitrogen atoms present on the carbon surface and the Ru
species, leading to a higher fraction of metallic Ru during APR of
glycerol.

In this work we evaluate the promoting effect of nitrogen surface
functionalization of a platelet CNF support on Pt and Pt-Mn based
catalyst by evaluating the catalytic activity, selectivity and stability in
APR of ethylene glycol (EG). Mn, a known unstable promoter at APR
conditions, was selected to evaluate if the surface modification of the
support in addition to the interaction with Pt is sufficient to stabilize Mn
during APR. The role played by the support and the properties intro-
duced to stabilize the metals on the support are discussed.

2. Experimental section
2.1. Catalyst synthesis

2.1.1. Carbon nanofiber synthesis

The preparation of platelet carbon nanofibers (CNF) has been
described in detail elsewhere [27]. In short, carbon nanofibers were
synthetized by chemical vapor deposition in a tubular quartz reactor
using a Fe3Oy4 catalyst. About 100 mg of catalyst was reduced in 25 %
Ha/Ar (100 mL/min) at 600 °C for 6 h (heating rate 5 °C/min), followed
by flushing with Ar for 30 min. A synthesis mixture of CO/H; (50/12.5
mL/min) was introduced to grow CNF at 600 °C for 46 h.

2.1.2. Functionalization of CNF

To remove the Fe304 CNF growth catalyst contained in the fibers and
to introduce surface functional oxygen groups, the as-synthetized CNF
were treated in concentrated nitric acid (70 %) under reflux conditions
for 3 h at 90 °C. Subsequently, the suspension was filtered, washed with
deionized water until pH 7 was reached, and dried overnight at 100 °C.
The acid treated CNF are denoted CNF-ox.

Heat treatment of CNF-ox was carried out in a quartz reactor inside a
vertical tubular furnace. The CNF-ox were subjected to heat treatment in
argon (100 mL/min) for 2 h at 700 °C to remove unstable oxygen groups
introduced to the carbon surface during the acid treatment. The heat-
treated CNF are denoted CNF-HT.

A gasification-assisted heteroatom doping method was utilized for
nitrogen-doping of CNF-ox (N-CNF). The method consists of generating
defects on the carbon surface with the aid of a gasification agent (H0)
in the presence of a gaseous nitrogen source at high temperature. Ni-
trogen will occupy the new sites created by the gasification of carbon.

A vertical tubular furnace with a quartz reactor was used for the N-
doping with ethylene diamine as the nitrogen source. First, 365 mg of
CNF-ox were loaded into the reactor and heated to 875 °C at a heating
rate of 10 °C/min in Ny atmosphere (200 mL/min). Once the system
reached the desired temperature, the nitrogen stream was saturated by
flowing through a sparger with 1:1.5 (mol: mol) ethylene diamine/water
solution and fed into the reactor for 90 min. Then, the system was cooled
down in Ny atmosphere (100 mL/min). A schematic drawing of the
experimental setup is provided in Fig. S1.

2.1.3. Catalyst synthesis
Platinum (nominal loading 3 %wt) was introduced to the CNF by
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incipient wetness impregnation using chloroplatinic acid hexahydrate
HyPtClg x6H20 (Sigma-Aldrich, > 37 % Pt basis) as metal precursor and
acetone (Sigma Aldrich, 99.9 %) as solvent. The support material was
mixed dropwise with the Pt solution and kept at room temperature
overnight, followed by drying at 100 °C for 20 h. Subsequently, the
prepared catalyst was heat-treated in Ny atmosphere (100 mL/min) at
320 °C (heating rate 3 °C/min) for 2 h to decompose the precursors from
the synthesis.

A similar procedure was followed for the bimetallic Pt-Mn catalysts
using manganese (II) nitrate hydrate Mn(NOg3)2-xH20 (Sigma Aldrich,
98 %) as Mn precursor and acetone as solvent. Pt and Mn solutions were
added to the CNF support by co-impregnation (nominal loading 3 %wt
and 0.8 %wt), followed by drying and decomposition using the same
conditions as for the monometallic catalysts.

2.2. Catalyst characterization

Textural properties of the carbon supports were measured by Ny
physisorption at — 196 °C using a Micromeritics Tristar 3000 instru-
ment. About 100 mg of the samples were degassed overnight at 200 °C
prior the analysis. The specific surface area was calculated by the BET
method [28].

CO chemisorption was carried out in a Micromeritics ASAP 2020
instrument. 100 mg of the sample was reduced in situ for 1 h in pure Hy
at 300 °C with a heating rate of 5 °C/min. After the reduction, the system
was purged in helium at 120 °C for 30 min before cooling down to 35 °C
for the chemisorption analysis. Pt dispersion was evaluated assuming a
Pt/CO adsorption stoichiometry of 1 [29]. The error in the chemisorp-
tion measurements is obtained from repeated measurements assumed to
be in the range of 1-2.5 %, giving a standard deviation in the dispersion
values of + /- 1.

The particle size (d) in nm was estimated assuming spherical shape
from Eq. (1).

6M

= 1
PAN,Sq W

Where D is the metal dispersion (%) obtained by CO chemisorption, M is
the atomic weight, N, is Avogadro’s number, S, the area of each surface
atom and pthe density of Pt (21.45g/cm?®).

X-ray diffraction was carried out in a Bruker D8 A25 DaVinci X-ray
diffractometer using Cu Ko radiation and a LynxEye detector. Dif-
fractograms were acquired in the 20 range 10-80° with a step size of
0.044°. Peak identification was conducted by comparing it to the crys-
tallography open database [30]. The Scherrer equation was used to es-
timate the Pt average crystallite size from the XRD pattern. The Scherrer
constant d was assumed as 0.89 [31].

Metal loading was determined by microwave plasma atomic emis-
sion spectroscopy (Agilent 4210 MP-AES optical emission spectrom-
eter). The samples were prepared by microwave assisted digestion using
a speedwave XPERT (Berghof) instrument. The digestion was carried out
in two steps, initially heating up to 170 °C, remaining at this tempera-
ture for 10 min followed by an increase in temperature to 210 °C for
20 min with a power of 2 x 800 W in 10 mL HClI/HNOs3 mixture (1:4,
vol:vol). Then, the samples were transferred to a 100 mL volumetric
flask, adjusting the volume with Millipore Milli-Q water, and filtered
with a syringe filter (0.2 ym) before the analysis. External calibration
with Pt and Mn standards for ICP (Sigma-Aldrich, 1000 mg/L) was
carried out before every measurement.

X-ray photoelectron spectroscopy (XPS) was performed at ambient
temperature under ultra-high vacuum (UHV). The measurements were
conducted in a Kratos Analytical Axis Ultra DLD spectrometer using
monochromatic Al Ka radiation (1486.6 eV) operating the anode at
10 kV with an aperture of 700 x 300 um. For each sample, a survey
spectrum was measured with a pass energy of 160 eV, while high-
resolution spectra were recorded with a pass energy of 20 eV. The
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binding energy scale of the system was calibrated to the C1s contribution
of sp2 carbon at 284.6 eV. The peaks were deconvoluted after Shirley
background subtraction [32] and fitted to linear combinations of
Gaussian and Lorentzian functions. The full set of band assignments as
well as fitting parameters are listed in Table S1.

Samples for scanning transmission electron microscopy (STEM) were
prepared by ultrasonic dispersion in n-hexane followed by drop-casting
on carbon coated copper grids. STEM micrographs were obtained on a
Hitachi SU9000 electron microscope operating at an accelerating
voltage of 30 kV. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed at an accelerating voltage of 30 kV using an Oxford Ultim
Extreme 100 mm? windowless detector.

2.3. Catalytic testing in aqueous phase reforming

2.3.1. Batch reactor testing

Aqueous phase reforming of ethylene glycol was carried out in a
160 mL stainless-steel mini bench reactor (Parr 4592 model) equipped
with a magnetic driver stirrer and PID temperature controller (Parr In-
struments Co., USA). A quartz reactor was employed for the ex-situ
catalyst reduction in a vertical tubular furnace. Typically, the catalyst
was reduced ex-situ at 300 °C for 1 h in 5 % Hy/N; flow (100 mL/min,
heating rate 5 °C/min).

The pre-reduced catalyst (200 mg) and 30 mL of 6 %wt aqueous
ethylene glycol solution were loaded into the vessel. The reactor was
thoroughly purged with nitrogen and pressurized to an initial pressure
of 20 bar, which served as an internal standard for the final quantifi-
cation of the products present in the gas phase. The mixture was sub-
sequently stirred at 500 rpm and heated to 225 °C. After 2 h at 225 °C,
the reactor was quenched to room temperature in an ice water bath.
Gaseous products were collected in a multilayer foil gas sampling bag
(Supelco). After depressurization, the liquid products were collected and
filtered with a 0.2 pm PTFE filter. The spent catalyst was recovered by
filtration, washed with DI water, and dried overnight at 60 °C.

Gas phase products were analyzed by gas chromatography (Agilent
7820 A) equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). Ho, CO, CO2, N and CH4 were detected
by TCD using a Porapak-Q GS-Q and CP-Molsieve 5 A columns. Hy-
drocarbons were detected by the FID detector using a HP-Plot Al,O3 KCl
column.

The liquid phase was analyzed by high-performance liquid chroma-
tography (1260 Infinity II LC System, Agilent technologies) equipped
with a refractive index detector. The separation of the products was
carried out in an Agilent Hi-Plex H ion exclusion column
(300 mm x 7.7 mm) with diluted sulfuric acid (5 mM) as the mobile
phase at a flow rate of 0.6 mL/min and a temperature of 60 °C. External
standard calibration with all foreseen reaction products was used.

The equations applied to evaluate the catalyst performance during
aqueous phase reforming in batch conditions are shown in Table S2.

2.3.2. Continuous reactor testing

Aqueous phase reforming of ethylene glycol was conducted in
continuous flow in a stainless-steel tubular reactor (internal diameter
=15 mm; length = 385 mm). About 0.3 g of catalyst was sieved
(125-250 um) diluted with SiC (125-250 pm, 1:1 dilution in weight)
and held in place with a stainless-steel frit and quartz wool plugs. Before
the reaction, the catalyst was reduced in situ at 300 °C (heating rate
5 °C/min) in 10 % Hs/N5 flow (100 mL/min) for 1 h. Then, N5 was used
to pressurize the system to 30 bars, and to regulate the pressure at a flow
of 25 mL/min using a back pressure regulator. A 6 wt% ethylene glycol
solution was introduced at 0.17 mL/min (2.0 h™! weight hourly space
velocity WHSV) in an up-flow configuration. The reaction was carried
out at 225 °C. The evolution of the reaction products was monitored by
an on-line gas chromatograph (Agilent 8890) equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID) using
CP-Sil 5 CB, CP-Molsieve 5 A and Haysep-A columns for separation of
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the components. Samples of the liquid phase were taken every hour and
analyzed by an offline HPLC (described in Section 2.3.1). A schematic
diagram of the experimental setup is provided in Fig. S2.

The equations used to quantify the catalyst performance during
continuous operation are summarized in Table S3.

3. Results and discussion
3.1. Catalyst characterization

Textural characterization of the CNF was carried out to observe the
differences in the CNF subjected to various surface treatments. The
surface morphology of the as-synthesized catalysts is presented in
Fig. 3, indicating the graphite layered structure perpendicular to the
fiber axis, typical of platelet carbon nanofibers. The BET specific surface
areas are summarized in Table 1, including carbon, oxygen and nitrogen
content determined by XPS (at%).

The carbon supports are mainly mesoporous, with only minor dif-
ferences in surface area. The oxidized carbon nanofibers (CNF-o0x) show
a higher surface area that decreases with the subsequent heat treatment
or nitrogen functionalization of the carbon support. The most notable
variation is a 15 % decrease in surface area after nitrogen functionali-
zation of the carbon nanofibers.

The chemical composition and Pt dispersion of the synthesized cat-
alysts are presented in Table 2. For the monometallic samples, Pt
dispersion is relatively high and comparable for the different CNF sup-
ports. Similar results can be observed for the bimetallic samples,
although introducing Mn lower the CO uptake of the catalyst, which is
reflected in the values of dispersion. A possible explanation is that this
lower CO uptake is a result of a physical blockage, where Mn covers the
platinum atoms, as it was suggested by Jain et al. [33].

The XRD patterns of the catalysts are presented in Fig. 1. All samples
showed the characteristic high-intensity graphite (002) peak at 20
= 26.2°, which is associated with the graphitic structure of the carbon
nanofibers (Fig. S5). Characteristic diffraction peaks of the Pt fcc
structure were mainly observed in the catalyst with CNF-ox as support.
No Pt diffraction peaks were detected in the N-CNF samples, indicating
that the nanoparticles are well dispersed on this support.

From the STEM images (Fig. 2) a bimodal particle size distribution
can be seen for the catalysts supported on CNF-HT. A large fraction of
the Pt is finely dispersed on the surface, but a significant fraction of
larger particles can also be observed in the images. The bimodal particle
size distribution can be related to the discrepancy observed in the esti-
mation of average crystallite size from XRD and chemisorption, which
can be explained by the size detection limit of XRD. Only the large
particles are detected by XRD, whereas the finely dispersed Pt fraction
leads to relatively high dispersion values (35-50 %).

These observations indicate that the deposition of Pt by impregna-
tion is affected by the surface functionalization of the carbon support,
leading to larger aggregation of Pt nanoparticles when there is a high
content of surface oxygen groups.

Several reports [10,34,35] have suggested that electrostatic inter-
action between the metal precursor and the heteroatoms present on the
carbon surface have an effect on the dispersion of the nanoparticles
during preparation of the catalyst. For impregnation, it is reported that
oxygen-containing groups on the surface can be used as anchoring sites
for the metal particles, preventing aggregation. However, when using an

Table 1

Textural properties and elemental composition of the functionalized CNF.
Support BET surface area (mz/ 2) C (at%) 0O (at%) N (at%)
CNF 197 - - -
CNF-ox 209 95.0 5.0 -
CNF-HT 195 96.4 3.5 -
N-CNF 174 96.4 1.7 1.9
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Table 2
Pt dispersion, metal loading and average particle size determined by CO
chemisorption, MP-AES and XRD.

Catalyst Cco Pt Metal Pt particle  Crystallite
uptake dispersion loading size (nm)” size (nm)“
(pmol (+/- 1" (40.1 %)°
g O
Pt Mn
Pt CNF- 48.5 39 2.9 3 27
ox
Pt CNF- 72.4 50 2.8 - 2 7
HT
Pt N- 52.1 40 2.5 - 3
CNF
PtMn 47.3 37 29 038 3 22
CNF-
ox
PtMn 45.9 34 26 08 3 16
CNF-
HT
PtMn N- 46.0 35 26 08 3
CNF
# CO chemisorption.
° MP-AES.
¢ XRD using the Scherrer equation.
[a] — Pt CNF-ox
- Pt CNF-HT
:: Pt N-CNF
s s Pt
>
=
[72]
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Fig. 1. [a] XRD patterns of monometallic catalysts (Pt). [b] XRD patterns of
bimetallic catalysts (PtMn) supported on CNF-ox, CNF-HT, and N-CNF. The
diffraction peaks of Pt metal are indicated in the figure.

anionic precursor such as Pt(Clg) 2, the negatively charged ions could be
repelled from the surface by acidic oxygen functional groups (such as
carboxylic acids), favoring aggregation of Pt particles [10]. Thus, the
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formation of larger particles can be facilitated in CNF-ox and CNF-HT
during impregnation. And it is suggested that the aggregation of the
particles increases with the amount of oxygen content on the carbon
surface, observing larger particles for the CNF-ox catalyst with 1.5 %at
more oxygen than CNF-HT.

Detailed XPS characterization of the N-doped sample allowed for
determination of the nitrogen species on the carbon surface. The XPS of
the N-CNF support in the N 1 s region (Fig. 3[a]) indicates the presence
of oxidized nitrogen species (402.7 eV), quaternary nitrogen species
(401 eV), pyrrolic nitrogen (399.5eV) and pyridinic nitrogen
(398.4 eV) [36], in which the pyridinic functional groups were found to
be the most abundant species on the surface (41.8 %). The concentration
of individual nitrogen species on the surface of the catalyst is summa-
rized in Table S4. Pyridinic nitrogen is known to be an electron acceptor
when it is located on carbon vacancy sites [37,38]. It has been suggested
that this nitrogen species have a strong donor-acceptor interaction with
Pt nanoparticles by decreasing the electron density of Pt [39].

The N 1 s spectrum of Pt N-CNF (Fig. 3 [b]) shows a decrease in the
fraction of pyridinic nitrogen groups (12.6 %) as well as an apparent
drop in the overall N content (from 1.9 at% in N-CNF to 1.5 at% in Pt N-
CNF) on the surface of the catalyst after deposition of Pt on the support.
The loss in N content and specifically that of pyridinic N can be attrib-
uted to a preferential anchoring of the Pt nanoparticles on these sites, as
has been observed in previous studies for other metals [40,41]. For the
bimetallic catalyst (PtMn N-CNF in Fig. 3[c]), it is observed that the
fraction of pyridinic nitrogen does not change significantly (44 %),
while the overall N content drops from 1.9 %at for N-CNF to 1.4 %at for
PtMn N-CNF. This finding indicates that Mn might not be selectively
deposited on the pyridinic sites but randomly on all the functional N
sites of the carbon.

XPS measurements were carried out to investigate the chemical
valence of the Pt phase. The analysis was performed on the reduced
catalysts before and after APR. This means that the catalysts were
exposed to air when transported to the XPS chamber. The Pt in the
catalysts is however still predominantly in the reduced state (ca. 80 %,
see Table 3). It is thus assumed that the state of Pt in the catalysts is
representative for the active state during reaction.

The binding energy of Pt species in the reduced samples is summa-
rized in Table 3 and Fig. 4. From the deconvolution of the Pt regional
spectra (Fig. S6), no apparent shift of the binding energy of Pt is
observed when comparing Pt N-CNF with Pt CNF-HT. These results
indicate that there is no change of the Pt electronic state due to the
presence of nitrogen groups on the carbon surface. Previously, it has
been observed that the typical binding energy of metallic platinum at Pt
4 7,9 (71.1 eV) is exceeded when platinum is supported on N-containing
carbon, and that the Pt binding energy increases with higher content of
N groups on the carbon surface [24,42]. Podyacheva et al. [41] reported
a shift in Pt binding energies to 72 eV and 72.4 eV for Pt supported on
carbon containing 3 at% and 7.5 at% of N, respectively. In this context,
electron-withdrawing nitrogen species on the CNF surface may explain
an increase in the Pt binding energy by withdrawing electrons from Pt,
leading to a decrease in the electron density on the Pt particles. As a
result, the Pt nanoparticles are stabilized by strong metal-support in-
teractions leading to higher catalytic activity compared to Pt supported
on non-doped carbons [15,34,43]. For the monometallic catalyst in this
study, the nitrogen content is most likely too low (1.9 at%) to give a
significant effect on the electronic density of Pt. However, a higher
Pt%/Pt?>* ratio can be observed for both catalysts supported on N-CNF,
suggesting that the presence of nitrogen in the support increases the
degree of reduction of Pt metal particles, as was observed for Ru cata-
lysts studied by Gogoi et al. [23].

From Fig. 4 it can be seen that the bimetallic catalysts PtMn CNF-HT
and PtMn N-CNF present a shift to higher binding energies for the Pt
species. However, the most significant effect is observed in the bime-
tallic catalyst supported on N-doped CNF, with a shift of approximately
1.5 eV compared to Pt CNF-HT. These results indicate that not only the
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Pt CNF-HT
Red

Pt N-CNF
Red

PtMn CNF-HT
Red

PtMn N-CNF
Red

Catalysis Today 418 (2023) 114066

Pt N-CNF
Spent

PtMn N-CNF

Fig. 2. STEM images of the reduced and spent catalysts after APR of ethylene glycol for 20 h at 225 °C, 30 bar. [a] Pt CNF-HT reduced [b] Pt CNF-HT spent [c] Pt N-
CNF reduced [d] Pt N-CNF spent [e] PtMn CNF-HT reduced [f] PtMn CNF-HT spent [g] PtMn N-CNF reduced [h] PtMn N-CNF spent. Note that the scale bar is 50 nm

for Fig. 4 [a] and 100 nm for all the other images.

presence of Mn affects the electronic state of Pt [44], but also nitrogen
groups present on the surface of the carbon support are further
decreasing the electron density on Pt.

Evaluating heat-treated PtMn CNF-HT with no nitrogen groups on
the CNF surface and nitrogen-containing PtMn N-CNF allowed to
distinguish sources of binding energy shifts in the Pt 4 f region spectra.
PtMn CNF-HT shows a shift of 0.8 eV to higher binding energies
compared to Pt CNF-HT, which can be attributed to the presence of
oxidized Mn species. The XPS Pt 4 f spectrum of PtMn N-CNF shows the
combined influence of the presence of Mn as well as electron with-
drawing nitrogen groups on the carbon supports, which amounts to an
overall shift of 1.5 eV.

In addition, XPS measurements of Mn 2p3,» spectra suggested that
Mn should be predominantly in oxidized state, although these results
must be interpreted with cation due to the low signal to noise ratio
(Fig. S7). The presence of oxidize manganese is consistent with earlier
observations from Bossola et al. [9], attributing the activation of glyc-
erol in reforming reactions to strong Lewis sites formed by Mn®" oxide,
leading to higher H, production rates.

3.2. APR of ethylene glycol in batch reactor

Screening of the catalysts in APR of 6 %wt ethylene glycol solution at
225 °C was carried out in a batch reactor with an initial pressure of
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Fig. 3. Nlis spectra of [a] N-CNF (1.9 at% nitrogen content) [b] Pt N-CNF (1.5 at% nitrogen content) [c] PtMn N-CNF (1.4 at% nitrogen content) [d] Spent PtMn N-

CNF after APR (1.2 at% nitrogen content).

Table 3
Pt 4f7/2 binding energies of Pt species and fractions of Pt species for the reduced
catalysts Pt CNF-HT, Pt N-CNF, PtMn CNF-HT, PtMn N-CNF.

Pt® (4 f7,2) P (4fy5) PO pt?* pt%/
Binding Binding Fraction Fraction pt**
energy [eV] energy [eV] (+/-0.01) (+/-0.01) ratio
Pt CNF- 70.90 72.68 0.79 0.21 3.8
HT
Pt N- 70.95 72.79 0.82 0.18 4.9
CNF
PtMn 71.71 73.20 0.74 0.26 3.2
CNF-
HT
PtMn N-  72.42 74.18 0.82 0.18 4.9
CNF
PtMn 72.04 73.99 0.80 0.20 4.0
CNF-
HT
spent
PtMn N-  71.99 73.67 0.77 0.23 33
CNF
spent

20 bar. Control experiments with CNF-ox, CNF-HT, and N-CNF pre-
sented negligible conversion of EG, indicating that the remaining
growth catalyst (Fe3O4) in the carbon structure (Fe content 0.02-0.1 %
wt) did not influence the APR experiments.

The catalytic activity and carbon yield to liquid products of the Pt
and PtMn catalysts on the functionalized CNF supports are presented in
Figs. 5 and 6. The main products in the gas phase were Hy, CO5 and CHy,
whereas methanol, ethanol, acetic acid and glycolic acid dominated in
the liquid phase. The monometallic samples do not show significant
difference in activity and selectivity towards Hy production for the

various surface functionalization of the CNF. A common trend among
the catalysts is high Hy selectivity (>80 %) and low alkane formation
(<5 %). The production of acetic acid is suppressed in the presence of N
groups on the support. Small organic acids, such as acetic acid, are
produced by the rearrangement of glycolic aldehyde, an intermediate
product produced by the dehydrogenation of ethylene glycol [1,7].
Thus, it is likely that dehydrogenation of ethylene glycol is less favorable
in the presence of N groups on the carbon surface.

In terms of catalytic activity of the monometallic catalysts, van
Haasterecht et al. [7] have shown that Pt supported on CNF shows a
higher ethylene glycol conversion than Pt supported on alumina in
aqueous phase reforming. In addition, it has been demonstrated that the
interaction between Pt and CNF results in a positive effect on the cata-
lytic performance of several reactions [15,34,45]. Chen et al. [15]
observed a higher Pt binding energy when supported on platelet CNF
compared to other carbon supports, attributing the catalytic perfor-
mance in ammonia borane hydrolysis to electron-deficient Pt particles.
In APR, the change in the electronic properties of Pt nanoparticles could
decrease the heat of absorption of CO and Hj, which are commonly
strongly adsorbed species that block the active sites, thus having more
available sites for ethylene glycol conversion [21].

The promoting effect of the N-doping can be clearly observed in the
bimetallic samples, with high Hj selectivity (85.8 %) and H site time
yield (22 min_l) obtained for the N-doped catalyst (Table S5). As the
mean particle size for all samples is comparable, the effect of nitrogen-
doping of the carbon support could be confirmed.

Several lines of observations in previous literature suggest possible
reasons for the improved catalytic activity of Pt supported on N-doped
carbon. Nitrogen groups on the carbon surface could enable strong
metal-support interactions by charge transfer from Pt to the nitrogen
groups, as has been observed for pyridinic N [46]. Additional active sites
may be formed on the metal-support interface by creating additional
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Fig. 5. APR of 6 %wt ethylene glycol (EG) aqueous solution at 225 °C and 20 bar initial pressure obtained in batch reactor. Catalytic conversion of EG, H, site time
yield (STYH,), H, and alkane selectivities for the [a] monometallic Pt catalysts. [b] bimetallic PtMn catalysts. The error bars represent the standard deviation of the

experiments.

defects on the carbon surface by incorporation of nitrogen in the carbon
structure [41]. N-doped carbon facilitates high dispersion and stability
of the metal nanoparticles on the support, with N surface groups acting
as anchoring sites for the nanoparticles on the carbon [39,41,47].

In this study, enhancement of the catalytic activity can not only be
attributed to the surface functional groups on the carbon support. The
addition of Mn promotes the formation of Hy, resulting in higher Hj site
time yield when compared to the monometallic catalyst. From the
STEM-EDX maps of our catalyst (Fig. S8), a homogenous distribution of
the two metals in on the surface can be observed, suggesting direct
interaction between the two metals. As noted by Kim et al., [11] alloy
formation between Pt and Mn may be responsible for enhancement of
the catalytic activity, increasing Hy selectivity and improving the sta-
bility of the catalyst. In the present study the electronic interaction be-
tween PtMn and the N groups contained on the surface of the CNF was
confirmed by the XPS analysis (Table 2). Hence, the higher catalytic

activity of PtMn N-CNF can be attributed to electron-deficient Pt present
on the surface of the CNF.

Harsh hydrothermal conditions are characteristic of aqueous phase
reforming and lead to the formation of organic acids in the liquid phase,
which lowers the pH of the solution from nearly neutral to pH 3-4. Such
conditions increase the risk of metal leaching by oxidation of the active
metal phase. Metal leaching of the catalysts was examined by comparing
the metal loading of the spent catalysts with the freshly reduced sam-
ples. For the bimetallic catalysts, a significant loss of Mn was observed
(Table 4). Between 95 % and 97 % of the Mn was lost during 2 h of APR,
demonstrating that the functionalization of the carbon support was not
sufficient to stabilize the Mn species. However, for both bimetallic and
monometallic catalysts, Pt nanoparticles were stable with no significant
leaching (<1 %).

Due to the high degree of Mn leaching, the accumulation of soluble
Mn species in the reaction media during batch operation may influence
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Table 4
Metal leaching of the spent catalyst determined by MP-AES.

Catalyst Metal leaching (+0.1 %)

Pt Mn
Pt CNF-ox 1.0
Pt CNF-HT 0.0
Pt N-CNF 0.0 -
PtMn CNF-ox 0.3 96.3
PtMn CNF-HT 0.0 97.6
PtMn N-CNF 0.0 95.6

the outcome of the APR of EG. Therefore, a control experiment con-
taining soluble Mn species (Mn(NOs)2 x H20) representing the total
amount of Mn contained in the catalysts (~ 400 ppm) was carried out.
No discernible conversion of ethylene glycol was detected in the batch
experiment with the soluble Mn species.

Previous studies on aqueous phase reforming have reported high
degrees of metal leaching from the catalyst matrix in similar systems (Pt-
Ni, Pt-Mn, Pt-Co) [7,9,18,48]. In some cases, it has been demonstrated
that although more that 50 % of the secondary metal is leaching out
from the catalyst, the catalyst maintained the activity [49].

3.3. APR of ethylene glycol in continuous flow conditions

It is challenging to evaluate the stability of the catalysts in batch
reaction. Accumulation of the products during reaction may favor con-
ditions for deactivation of the catalyst, such as lower pH that can induce
leaching of the active phase. Thus, the most active catalysts from the
batch tests were studied in a continuous APR setup to further study the
catalytic activity and stability. In the limiting case of the highest reac-
tion rate the Weisz-Prater criterion was evaluated to confirm absence of

intraparticle mass-transfer limitations (see SI).

Fig. 7 shows the catalytic activity of the catalysts supported on CNF-
HT and N-CNF during time on stream expressed by EG conversion, Hy
site time yield (STY), methane selectivity and carbon yield. The reaction
conditions were maintained for at least 20 h to reach steady-state per-
formance. As can be seen from conversion and STYyp, the catalyst
reached steady-state after approximately 15 h of time on stream.

The main products in the gas phase during APR of ethylene glycol are
Hj, CO2, CO, methane, and ethane. Higher hydrocarbons were not
detected in the GC analysis during continuous flow operation. From the
gas phase selectivities (Table S6), it can be seen that all samples follow a
general trend with low concentrations of CO and methane that decrease
with time on stream. The STYyy of all catalysts increased with TOS until
reaching steady-state, except for the bimetallic catalyst supported on N-
doped carbon which even after 20 h of reaction showed increasing
production of hydrogen, which can be associated to lower rates on side-
reactions consuming Hj, such as methanation and Fischer-Tropsch
synthesis. The catalysts supported on nitrogen-doped CNF showed high
H; selectivity (90 %), with the highest Hy selectivity measured for the
bimetallic PtMn N-CNF catalyst (96 %).

After 20 h of reaction, the most active catalysts are the PtMn-based
catalysts, in which PtMn N-CNF displays the highest H, site time yield
(15.8 min ') with the lowest production of alkanes among the catalysts.
These results are in agreement with comparable studies where Pt-based
catalysts are investigated. Huber et al. [21] studied the effects of addi-
tion of a second metal to Pd and Pt-based catalysts supported on
alumina: They noticed that most of the bimetallic catalysts (PtNi, PtCo,
PtFe) displayed higher turnover frequencies for Hy production than the
monometallic counterparts in aqueous phase reforming of ethylene
glycol, showing TOFy, values in the range 7-11 min~". Bossola et al. [9]
studied aqueous phase reforming of glycerol over Pt and PtMn catalysts

supported on carbon with TOFy, values between 13 and 17 min .
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Hence, the observed catalytic activity presented in Fig. 7 is in line with
previous observations reported in literature.

The selectivity towards liquid phase products is comparable for the
tested catalysts. Organic acids mainly produced during APR by ethylene
glycol dehydrogenation followed by molecular rearrangement, such as
organic acids [50] are not detected, in contrast to the results from the
batch reactor. Methanol and ethanol are still the main by-products in the
liquid phase, with ethanol being the most significant component.
Ethanol is formed by ethylene glycol dehydration at the catalyst surface
followed by hydrogenation [50]. The carbon yield towards liquid
products was relatively low, with only between 3 % and 6 % of the

carbon present in the feedstock converted to liquid products (Fig. 7 [d]).

All catalysts presented in this study follow similar trends in the
selectivity towards gas and liquid phase products, suggesting that the
addition of Mn and heteroatoms on the surface of the catalyst support
only have minor impact on the product distribution. However,
enhancement in the catalytic activity is observed when Mn and N are
present in the Pt-based catalysts. These similarities in the composition of
the by-products show that APR of ethylene glycol over CNF-supported
catalysts correlates with the reaction pathways published previously,
initially reported by Dumesic et al. favoring C-C bond cleavage over C-O
bond cleavage, resulting in high H selectivities [1,50-52] as presented

Rearrangement C-C cleavage
(0]
Ha
,/ " "
OH - > C0 N~ _ co
/\/ Dehydrogenation WGS
HO C-C cleavage Hy
Methanation Methanation
Hy
Hy0
Dehydration C-O cleavage 2
H 0
Ho0 CH4 D
Hp0
Hydrogenation C-C cleavage
Hz

Ho” X\ 7H HO/\

7’_' HO/

Ha

Fig. 8. Reaction scheme for aqueous phase reforming of ethylene glycol.
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in the following reaction scheme (Fig. 8).
3.4. Characterization of spent catalysts

To understand the possible role of deactivation due to metal oxida-
tion, leaching and sintering, the spent catalysts were analyzed after
being exposed to APR. In continuous operation, significant metal
leaching was detected after 20 h of reaction for the Mn-containing
samples (Table S7). For PtMn CNF-HT, 97.1 + 0.1 % of the Mn was
lost during APR, while for PtMn N-CNF, the Mn leaching was estimated
to be slightly lower at 89.0 + 0.1 %. This indicates that functionalizing
the carbon surface with N-containing groups may help stabilize some of
the Mn present in the catalyst. In the case of Pt, no significant leaching
was detected (<0.01 %) (Table S7).

In the current study, STEM-EDX analysis revealed the presence of Pt
and Mn in the catalysts and evidence of the proximity between Mn and
Pt in the reduced catalysts (Figs. S8 and S9).

Furthermore, from the STEM images in Fig. 4, the particles seem
homogeneously distributed on the carbon support for all the samples,
and no significant changes are observed for the spent catalysts. How-
ever, a slight decrease in the dispersion after reaction (Table 5) is
observed, suggesting minor sintering of the metal particles caused by the
harsh hydrothermal conditions in APR.

XPS characterization of the spent N-doped bimetallic catalyst after
APR was carried out, and the results are presented in Figs. 3 and 4. The N
1 s spectrum of the spent PtMn N-CNF (Fig. 3 [d]) shows similar frac-
tions of oxidized, quaternary, pyrrolic, and pyridinic nitrogen functional
groups with an overall N content of 1.2 %at. The N content is compa-
rable to the catalyst after reduction, indicating that the nitrogen species
located on the surface of the CNF are sufficiently stable to withstand the
hydrothermal conditions of APR.

Despite the substantial loss of Mn during the reaction (Fig. S9) the
catalytic activity of the samples is maintained as can be seen in Fig. 7
and from the Pt 4 f;/5 spectra of the spent bimetallic catalyst after APR
(Table 4) it still can be seen a shift to higher binding energies of
approximately 1.0 eV for Pt when compared to the monometallic cata-
lyst. Therefore, it seems that the leached Mn species from the catalyst
surface have a negligible impact on catalyst activity. Bossola et al. [9]
observed similar results, where only 5 % of the Mn was retained on the
catalyst after APR. It was suggested that Pt was alloyed with the small
amount of Mn still present in the sample, generating a promoting effect.
The minor fraction of Mn in the catalyst positively impacts the catalytic
activity toward Hy production. Thus, it can be considered that the
remaining Pt particles expose a larger fraction of low coordination
surface atoms after Mn leaching. These low coordination surface atoms
can be preferential sites for aqueous phase reforming of ethylene glycol.

4. Conclusions

The activity, selectivity, and stability of Pt-based catalysts for
hydrogen production by APR of ethylene glycol were evaluated, initially
by screening the catalyst in a batch setup, followed by further experi-
ments in continuous flow conditions. It is observed that the activity of
the catalysts was influenced by the nitrogen contained in the surface of
the CNF support and promotion with manganese. In this context, it was
demonstrated that bimetallic catalysts such as PtMn supported on N-
doped carbon nanofibers are active and selective catalysts in aqueous
phase reforming of ethylene glycol, with H, site time yield of 15.8 min !
at 225 °C and 30 bar pressure. The enhancement in catalytic activity
could be attributed to metal-support interactions between PtMn and N-
doped carbon nanofibers, decreasing the electron density on Pt and
promoting Hy formation. The addition of Mn to the Pt-based catalysts
further decreased the electron density of Pt by metal-metal interaction
and enhancing the catalytic activity.

After 20 h of continuous-flow APR, up to 97 + 0.1 % of Mn was lost
to leaching. N-doping of the support was able to slightly suppress the
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Table 5
Metal dispersion and average Pt particle size by CO chemisorption of reduced
and spent catalyst.

Catalyst Pt dispersion (+/- 1 %) Pt particle size (nm)
Reduced Spent Reduced Spent

Pt CNF-HT 50 44 2 3

Pt N-CNF 40 35 3 3

PtMn CNF-HT 34 35 3 3

PtMn N-CNF 35 31 3 4

metal leaching, with 89 + 0.1 % of Mn lost. However, it was found that
Mn leaching does not negatively affect the catalytic activity, indicating
that a small fraction of Mn is sufficient to improve the catalytic activity
of Pt.
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