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Abstract

Abstract

The extensive use of fossil fuels is widely recognized as one of the main contributors to
global warming. Therefore, finding alternative and sustainable energy sources/carriers is
a relevant area of research to address the environmental crisis. Processing biomass—
derived feedstocks for producing sustainable fuels and chemicals is a promising source to

exploit for production of carbon-neutral fuels.

Aqueous phase reforming (APR) is introduced as a process to valorize aqueous mixtures
of oxygenates to produce hydrogen and carbon dioxide at mild temperatures and
pressures close to the bubble point of the feed. Challenges associated with the catalyst
stability and selectivity and the common use of noble metals limit the use of aqueous
phase reforming in an industrial context. The research in this thesis aims to reduce the
use of platinum by promoting the catalytic activity of Pt-based catalysts supported on
carbon nanofibers. The addition of a second metal and the introduction of heteroatoms to
the carbon surface is explored to maximize the interaction of the components in the

system to obtain a stable and selective APR catalyst.

An initial screening of catalysts based on Pt and Ni raised interest in examining more
closely the bimetallic system Pt-Mn in APR of ethylene glycol. The catalytic APR
performance of supported nitrogen-doped carbon nanofibers was evaluated in batch and
continuous flow setups, observing a promising activity towards H; production. Utilizing
characterization techniques such as X-ray photoelectron spectroscopy (XPS),
identification of charge transfer from platinum to the nitrogen groups and to manganese
revealed metal-metal and metal-support interactions that enhance the catalytic activity.
It was observed that a small amount of Mn was sufficient to improve the performance of
the catalyst after detecting significant Mn leaching, but without any adverse effects on H;

production.

The local environment of Pt plays a crucial role in the catalytic activity and selectivity on
APR. Therefore, modifications of the carbon support by heteroatom doping were
investigated to find correlations between the properties of the catalyst and the activity,
selectivity, and stability in APR. Carbon dopants, including O, N, S, P and B, were chosen
for their capacity to introduce acidic or basic properties to the carbon support. In-situ X-
ray absorption spectroscopy (XAS) was employed in combination with multivariate curve
resolution alternating least squares analysis (MCR-ALS), to identify the platinum species

formed during APR and observing the differences in the catalyst activity. The N-doped Pt-
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based catalyst yields high metal dispersion and further promotion of the water-gas shift
reaction (WGS). The addition of boron and phosphorus dopants resulted in lower Pt
dispersion leading to lower activity. Additionally, phosphorous and sulfur-containing
functionalization introduced more acidic groups on the carbon surface, promoting the

formation of liquid by-products such as alcohols and organic acids.

Furthermore, a bimetallic PtNi catalyst supported on TiO, with low noble metal content
(Pt<1%wt) exhibited high activity and stability when subjected to the demanding
hydrothermal conditions of aqueous phase reforming. The metal-metal interactions and
favorable support characteristics promoting the WGS reaction led to a promising catalyst
for APR of ethylene glycol. Additionally, a simplified kinetic model based on the liquid
phase concentration of hydrogen and ethylene glycol captures the trend of hydrogen

production rate in a semi-continuous setup at 215°C.

The results yield encouraging indications for developing and improving catalysts for APR
of water streams containing oxygenates by tuning the electronic properties of Pt. This can
be achieved by promoting metal-metal and metal support interactions by adding a second

metal or heteroatoms to the catalytic system.
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Chapter 1: Introduction

1.1 Environmental challenges

Since the Industrial Revolution in the 18th century, the global consumption of fossil fuels
has risen alongside the gross domestic product (GDP), representing around 80% of the
total energy usage for decades, with oil and coal having shares close to 28% and natural
gas 25% in recent years [1,2]. The global CO2 emissions from energy combustion and
industrial processes reached a value of 36.3 gigatons (Gt) in 2021, representing a 6%
increase compared to 2020, driven by a 5.9% growth in the global economy [3]. In 2022,
CO; emissions reached a new high of 36.8 Gt, increasing by 0.9%. However, emissions
increase remained below the 3.2% GDP growth, marking a decoupling of the shared trend

of emissions and economic growth observed in the last decades [4].
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Figure 1-1. Total green house gases emissions from fuel combustion from 1971 to 2021. Adapted
from [4]

According to the International Energy Agency (IEA), natural gas emissions decreased by
1.6% due to gas supply disruptions caused by the Russian invasion of Ukraine in 2022.
This resulted in a significant European consumption reduction of 12.5%. In contrast, coal
emissions increased by 1.6% and reached a value of 15.5 Gt, while oil emissions rose by
2.1% to 11.2 Gtin 2022 (Figure 1-1) [4]. It is estimated that around 50% of the increase
in oil emissions can be traced back to transportation, as air travel is gradually resurging

from its pandemic-related decrease. On the other hand, a considerable portion of coal
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emissions were linked to electricity and heat production resulting from the recent

extreme weather conditions.

Due to the significant emission of greenhouse gases associated with the extensive fossil
fuel usage, people worldwide are experiencing the consequences of climate change, with
extreme weather events becoming more frequent and severe. Hence, countries across the
globe have recognized the importance of addressing climate change through actions such
as making climate-friendly policies, creating social awareness, implementing sustainable
urban planning, shifting from a linear to circular economy, and adopting alternative

technologies to reduce greenhouse emissions [5,6].

At the 2021 United Nations Climate Change Conference (COP26), new reinforced
commitments were made driving further actions and long-term strategies to move away
from coal power, protect and restore ecosystems, reduce greenhouse gas emissions, and
accelerate the transition to electric vehicles. In this context, to achieve the target set out
in the Paris Agreement of limiting global warming to 1.5°C, a transition towards a low-
carbon energy system is necessary, which indicates a substantial reduction in the overall
trade of fossil fuels accompanied by a rise in the trade of alternative energy sources and

vectors such as biomass and low-carbon hydrogen [2].

As outlined in the European Commission's hydrogen strategy published in 2020, there are
plans to implement widespread utilization of hydrogen across challenging industries to
decarbonize, starting in 2030. The European Union aims to promote the development of
clean and renewable hydrogen, aligning with the EU's long-term goal of achieving climate

neutrality [7].

1.2 Hydrogen production

Hydrogen has the potential to contribute to energy security by substituting fossil fuels in
end-use applications, shifting hydrogen production to renewable sources, and serving as
aclean energy carrier for storing renewable energy [8]. Hydrogen counts with the highest
gravimetric energy density, standing at 120 M] /kg, despite having a relatively low energy
density per unit volume (2.36 MJ/L for liquid hydrogen) as compared with other liquid
fuels such as ethanol (22 MJ/L), propane (23 MJ/L) and gasoline (32 MJ/L) [9]. Hence,
renewable hydrogen can serve as a bridge between renewable energy resources and the
modernization of energy supply, transportation, and industry due to its high gravimetric
energy density, high conversion efficiency and the potential for storage [10]. Hydrogen

produced through industrial processes has various applications in sectors such as
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ammonia production, petrochemical refining, iron and steel industry, food processing,

power plant cooling for electricity applications, and semiconductor manufacturing [11].

In 2021, global hydrogen production reached 94 million tons (Mt H;), including natural
gas without carbon capture, utilization, and storage (CCUS) as the primary production
source, constituting 62% of the total. Another 18% of the hydrogen production was
obtained as a by-product of naphtha reforming at refineries, with subsequent utilization
in other refinery processes such as hydrocracking and desulfurization. 19% of the total
production is attributed to coal-based hydrogen production. Only a small fraction of
hydrogen production, approximately 0.7% (1Mt), came from fossil fuels with CCUS and
from electricity via water electrolysis (35kt Hz) [8]. Still, the amount of hydrogen

generated through water electrolysis, experienced nearly a 20% rise compared to 2020.

Considering the policies and measurements governments implement worldwide, the IEA
projects that the demand for hydrogen could reach 115 Mt by 2030 [8]. These forecasts
also suggest a rise in hydrogen consumption among emerging users, such as biofuels,
which would require increased production capacity in the coming years. Hydrogen
production can utilize a diverse range of resources, employing different feedstocks,
pathways, and technologies, including fossil fuels and renewable energy resources.
Conventional methods for producing hydrogen include reforming of hydrocarbons,
gasification, pyrolysis, biomass conversion, and water splitting achieved through

electrolysis or photocatalysis [12].

Utilizing biomass for hydrogen production facilitates an increase in production volume,
diversifying the source of hydrogen and mitigating greenhouse gas emissions,
demonstrating that the CO, obtained from biomass-derived hydrogen processes is used
during biomass development, and thus closing the natural cycle [13]. Approximately 4.6
billion tons of lignocellulosic agricultural waste are produced annually with only 25%
being utilized. Additionally, around 7 billion tons are generated from grass and forested
areas, designated for energy production [14]. Thus, the abundance and low cost of

biomass render it as a compelling option for utilization in the energy context.

Various technologies are being developed for hydrogen production using lignocellulosic
biomass, including thermochemical processes, biological transformations, and
electrochemically assisted production. Gasification, thermal liquefaction, and pyrolysis
are widely used thermochemical processes that offer higher overall efficiency than
biochemical methods, estimated at 52% [15]. These thermochemical routes are designed

to facilitate cracking reactions, breaking down biomass molecules into lighter polymers
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and a gaseous streams containing hydrogen, carbon monoxide, methane, nitrogen, and

carbon dioxide [13].

The main stages in the biomass gasification process are presented in Figure 1-2, including
drying, pyrolysis, combustion, and reduction. These technologies generate both liquid and
gaseous co-products, such as pyrolysis oils or gases containing hydrogen that can be
further processed through steam reforming and the water-gas shift reaction to produce
additional hydrogen [16]. Furthermore, biochar, a solid by-product, can be used to

improve soil fertility by altering the physical and chemical properties of the soil [17].

Furthermore, the exploitation of these lignocellulosic materials yields water-soluble
fractions containing a variety of oxygenated compounds such as carboxylic acids, alcohols,
ketones, aromatics, and sugars that can be further exploited for the production of
hydrogen [19]. The economic viability and industrialization of the technologies used for
biomass conversions relies on the ability to efficiently utilize these streams, which

generally exhibit an organic content ranging from 2 g/L to 100 g/L [20].
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Figure 1-2. Stages and product distribution of pyrolysis and gasification of biomass [18].

Supercritical water reforming [21] or catalytic upgrading of carboxylic acids [22] have
been suggested as solutions to deal with the aqueous fractions obtained from bio-oil
production, to convert these carbon containing streams into valuable compounds.
Aqueous phase reforming (APR) emerge as a promising technology to transform these
oxygenated compounds into hydrogen and carbon dioxide at milder temperatures,
typically between 220-270°C [23]. APR shows interesting features related to the use of

liquid water as reaction medium, such as compatibility with high water content
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feedstocks and reduced energy consumption, which is typically high in processes
requiring higher temperatures and vaporization of the feedstock [24]. By using APR, the
organic content in the aqueous streams can be reduced while also obtaining valuable
products, aiding to manage the waste generated during bio-oil production and provide a

sustainable solution to upgrade these streams, as presented in Figure 1-3 [19].

Despite its potential, aqueous phase reforming technology has not yet achieved
industrial-scale application and remains an alternative validated mainly at laboratory
scale [25]. Zoppi et al. [26] studied the feasibility of using APR in the water effluent from
a Fisher-Tropsch synthesis pilot plant, observing full conversion of most molecules in the
aqueous solutions with high hydrogen selectivity, reducing the chemical oxygen demand

of the mixture by up to 90% by running the reaction at 270°C for 2 hours.
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Figure 1-3. Aqueous phase reforming of oxygenated hydrocarbons in the resiudal aqueous phase
obtained from thermochemical processes [25]

Regardless of the high variability of the feedstock containing low molecular weight C1-C4
primary alcohols along with their corresponding carboxylic acid and secondary alcohols
such as 2-propanol, no deactivation phenomena were observed during the reaction,
suggesting promising application of APR for the valorization of wastewater streams
containing light oxygenates [26]. Hence, with the appropriate adjustment of the process

parameters, it is possible to obtain renewable hydrogen as the main product in APR.
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1.3 Valorization of wastewater streams

In the pursuit of sustainable processes, circular economy emerges a crucial strategy to
maximize the value of products and raw materials by using waste as a resource in an
alternative process to minimize waste generation [27]. Wastewater streams containing
high loads of organic compounds are generated in relatively large volumes in the food
industry, including sugar refineries, industrial processing of agricultural products, cheese

manufacture and even in the brewery industry.

It is widely estimated that in the brewery industry, close to 10 liters of water are used for
every liter of beer, associated with processes such as bottle washing, tank cleaning,
filtering, and fermentation. In general, this wastewater must be treated or partially
treated before it can be discharged into waterways or municipal sewer systems [28].
Similarly, in the fruit juice industry, 10 liters of wastewater is produced per liter of juice.
Large fluctuations in the organic load, pH and salinity are observed in the water effluents
due to the seasonal characteristics of this particular field, making conventional biological

treatments challenging before disposal [29].

In the cheese-making process a large amount of cheese whey is generated, estimated to
yield 5 million tons of this effluent a year, containing sugars, organic acids, fats, and
proteins. Hence, this by-product must receive appropriate treatment to be discharged
[30]. On the other hand, in the agricultural sector, large quantities of starch-rich
wastewater from processing rice, potatoes and cassava are obtained. As an example, in
Thailand 7L of wastewater are produced by one kilogram of fresh cassava for a total
production of 18 million tons of cassava per year [31]. This field generates an effluent
with high content of high molecular weight organic polymers, where the starch can be
hydrolyzed into smaller sugars followed by biological treatments to produce

carbohydrates, organic acids, and subsequently hydrogen [32].

In recent years, researchers have investigated the potential of valorizing these
wastewater streams by employing primarily noble metal-based catalysts via aqueous
phase reforming, resulting in a significant reduction in the organic matter of these water
effluents [25,29,33-35]. Oliveira et al. [33] studied the conversion of starch in agricultural
wastewater from potato, rice, and cassava using bimetallic catalysts supported on carbon
(PtRu, PtPd, PtRe, and PtRh). They reported high total organic carbon (TOC) removal
values between 45-85%, with the highest H; yield from the rice, processing wastewater

of 28.5 mmol Hy/g TOC. Additionally, they emphasized the relevance of the starch
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concentration and impact of other components present in the feed on the catalytic
activity, suggesting that wastewater streams with high protein content should be pre-

treated to achieve good catalyst performance with high stability.

Oliveira et al. [34] also explored the treatment of effluents from the fish-canning industry
using aqueous phase reforming over a Pt/C catalyst. The results showed that APR,
combined with adsorption on the carbon support and hydrothermal carbonization,
removed 45-60% of the TOC from the wastewater streams. However, the high chloride,
acetate, and phosphate concentrations in the effluents had a negative impact on gas
production and could potentially lead to catalyst deactivation. Despite this, the study

achieved 18% gas generation towards valuable products such as hydrogen and alkanes.

Although encouraging outcomes have been achieved in laboratory-scale experiments,
introducing real waste feedstocks brings new challenges related to the type of wastewater
that needs to be treated. If the feed contains high concentrations of proteins or
phosphates, it may affect the performance of the catalyst, which could potentially limit the
application of APR on such streams. In this sense, to integrate APR into biomass-based
processes to generate value from their waste streams, a characterization of the product
to be used is essential to determine if the effluent needs to be pretreated before APR to
achieve high H; yields. Additionally, effective catalyst development promoting the right
pathways in the reaction scheme is crucial for the feasibility of the process. The
development of the catalyst, the reactor design, and proper process integration are still

steppingstones for scaling up APR to industrial applications.

1.4 Resource sustainability of platinum

As part of the group VIII elements in the periodic table, platinum is widely recognized for
exceptional catalytic activity in various reactions. It is particularly suitable for
hydrogenation reactions, ammonia oxidation, and catalytic conversion to purify harmful
emissions from vehicle exhausts due to its oxidation resistance and its effectiveness in

petroleum reforming [36].

Global production of platinum is primarily centered in southern Africa, the region with
the most extensive known reserves of platinum group metals (PGM) and nearly exclusive
supply of osmium, iridium, and ruthenium [37,38]. On a minor scale, platinum is produced

in Russia, North America and Canada, as by-products of other metals such as palladium
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and nickel/copper (Figure 1-4) [39,40]. The extracted ore usually has a concentration of
roughly 4-6 grams of PGMs per metric ton. Of this, around 50-60% is platinum, 20-25% is
palladium, and the remaining fraction is made up of other platinum group metals. The
next step involves a refining process which separates the PGMs from the base metal and

rocks [38].

According to the critical raw materials report provided by the European union (EU) [41],
PGMs are considered strategic essential raw materials, defined as materials that will
experience an increase in supply while also bearing the potential for supply-related
challenges. When we think of the PGMs as a group, the supply risk is not too high.
However, only 12% of the demand for PGMs is met through secondary supply, such as
recycling. A deeper understanding of the situation can be obtained if platinum is examined

independently.

17%

9%

Il Southern African mining Il Russian mining Other mining
Il Auto recycling Other recycling

Figure 1-4. Platinum supply in 2022 [40]

Due to the highly centralized production and elevated cost of platinum, ongoing capital
investment is needed to access new areas and maintain the infrastructure in the mining
zones. Mining companies in South Africa are working towards a sustainable process,
investing to meet ambitious targets to decarbonize the system. They seek to reduce their
dependency on unreliable energy supply in the country by introducing renewable energy

sources, minimizing the overall carbon footprint of platinum [42].
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As a valuable metal, the platinum market benefits from a well-established recycling
network worldwide. Platinum has the potential for high recyclability; almost all the metal
can be reused if it is effectively recovered from its applications [40]. However, some metal
losses are associated with collection and handling of the used material [43]. Roughly 10-
25% of'the platinum in the market originates from recycled sources, mainly from catalytic
converters from vehicles but also electronic waste and jewelry [40]. This secondary
source of platinum minimizes the environmental impact of the platinum industry
compared to the primary mining source. Furthermore, significant amounts of platinum
circulate within the system in many industrial applications using platinum catalysts and
platinum alloys, such as in chemical and pharmaceutical companies. The catalysts can be
internally recycled and reused for the same application, minimizing the demand for new

materials.

For the last decade there has been an oversupply of platinum, reflected in a decrease in
the price from $1789/troy oz to $1054/troy oz (Figure 1-5)[39]. Despite having more
platinum in the marked than actually required, there are continuing efforts to find
secondary sources of the metal to avoid any negative impact on the supply chain.
Moreover, the demand for platinum is expected to increase in the coming years due to the
emergence of new markets such as fuel cells and electrolytic hydrogen generation that

are aimed towards energy transition applications [44].
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Figure 1-5. Average prices of Pt during 2011-2023 [39]

Platinum is a relatively expensive metal compared to other metals. However, its
applications often require significantly less amounts of platinum than base metals, such

as in battery applications [45]. Hence, it is recommended to identify intensity of use and
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simplicity of use of the metals to make a valid comparison when assessing the use of

platinum for new applications [40].

It is estimated that recycled and extracted platinum will be sufficient in the coming
decades to meet the increasing demand [40,42]. The PGM deposits in South Africa are
estimated to hold vast amounts of platinum that could increase the primary supply with
increased investment. Besides, the secondary supply will be sustained to ensure

circularity of this valuable resource [44].

1.5 Scope of the thesis

APR has been proposed as an alternative to steam reforming for hydrogen production,
avoiding vaporization of the feed, to add value to polyol mixtures in wastewater streams.
Over the past years, there has been a surge in the number of studies concerning aqueous
phase reforming to produce hydrogen and alkanes. The studies have indicated a
relationship between the nature of the support and the active phase of the catalyst
translated into catalytic activity. Still, the relatively demanding reaction conditions
associated with APR, including hydrothermal environment, acid formations and presence

of impurities have thus far prevented the realization of large-scale applications.

Further catalyst design and process intensification developments are necessary to make
APR economically feasible to convert organic wastewater streams into sustainable Hs.
Thus, alloy formation, strong metal-support interactions, or mesoporous supports with
high surface areas are currently being studied to synthesize effective catalysts for

aqueous phase reforming applications.

In this context, carbon supports provide the setting to advance in the fundamental
understanding of the dynamics of the catalytic APR process, minimizing diffusion
limitations, , and allowing exploration into more basic or acidic environments that can
promote the activity and selectivity towards H; production. Furthermore, the
incorporation of bimetallic systems could lead to creation of robust and efficient catalysts

capable of withstanding the hydrothermal conditions of APR.

The work in this doctoral thesis concerns evaluation of the potential of platinum-based

catalysts supported on carbon nanofibers for hydrogen production by aqueous phase

10
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reforming of polyols. This thesis aims to explore the effects of modifying platinum
electron density through the addition of a second metal to the catalytic system or by the
introduction of heteroatom dopants to the carbon supports, striving to enhance the metal-
support interactions and catalyst activity. These modifications are made with the goal of
attaining a stable and selective catalyst for aqueous phase reforming of a polyol feedstock

while tuning the reaction conditions to promote high H; yields.

Chapter 1 provides the background and motivation for this study. Chapter 2 presents a
literature review summarizing the theoretical background of aqueous-phase reforming
including the relevance of carbon nanofibers in catalysis, and the main functionalization
of carbon surfaces used in recent studies. The experimental details of catalyst synthesis,
characterization and experimental testing are specified in Chapter 3. A summary of the
results achieved during the development of this work, including research papers and
unpublished results is found in Chapter 4. This chapter is subdivided into four main
sections attributed to the initial catalyst screening, followed by a study that goes deeper
into investigating the effect of Mn addition to a Pt-based catalyst (paper I). Then, a more
comprehensive study of the impact of heteroatom dopants on the carbon supports is
explored (paper II). Finally, the catalyst stability and effect of the reaction conditions on
a promising bimetallic catalyst for aqueous phase reforming applications is evaluated,
including a kinetic model of APR of ethylene glycol (paper III). Concluding remarks and

suggestions for future work are presented in Chapter 5.
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Chapter 2: Theoretical background

Critical aspects of catalyst design are based on the development of active, stable and
selective materials that can withstand demanding operating conditions [46]. In aqueous
phase reforming (APR), high feedstock conversion, high selectivity to hydrogen, and
stability to hydrothermal conditions are desired. However, the diversity of the feed and
presence of water introduce significant challenges to designing a selective and stable
catalyst [47]. Thus, various approaches have been explored to try to overcome these

barriers.

This chapter provides a description of aqueous phase reforming, including catalytic
systems that have been studied to promote APR performance. The discussion explores
metals and supports that favor hydrogen production and examines carbon materials,
mainly focusing on carbon nanofibers. Additionally, the utilization of dopants to enhance

metal-support interactions is included.

2.1 Aqueous phase reforming

Aqueous phase reforming is a catalytic process proposed by Dumesic and co-workers to
produce H; and carbon dioxide from low-value mixed oxygenated compounds [23]. The
conventional approach to aqueous phase reforming of oxygenated hydrocarbons involves
operating at low temperatures, around 200-250°C, and pressures near the bubble point
of the feedstock (15 -50 bar) [48]. Under these circumstances, the aqueous solution
remains in the liquid phase, resulting in a beneficial energy scenario due to the
elimination of vaporization, as opposed to steam reforming [49]. Furthermore, these
conditions limit the number of decomposition reactions and favor the exothermic water-
gas shift reaction, contributing to decreasing CO levels of the final gas mixture. Equation
(2-1) illustrates the reforming reaction, succeeded by the water gas-shift reaction (2-2)

and the general APR reaction (2-3).

CuHyy0y © NCO + yH, 21

CO+ H,0 & CO,+H, z2)
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CuHayOp + NH,0 & 1CO, + (v +n)H, z3)

Nonetheless, the promotion of exothermic side reactions at lower temperatures
introduces selectivity challenges, leading to the formation of short-chain alkanes [48], as

demonstrated in Equation (2-4)

CO, + 4H, & CH, + 2H,0 (-4

The interactions between the reactant molecule and the active site, as well as the support
and metal-support interphase, contribute significantly to the final product distribution in
APR, as the reaction mechanism involves different steps [48]. As seen in Figure 2-1, the
catalytic pathways responsible for the production of H; and CO in APR of oxygenated
hydrocarbons involve breaking C-C, C-H, and C-O bonds to obtain adsorbed species on the
catalyst surface. Adsorbed CO is removed from the surface by the water-gas -shift
reaction, leading to formation of CO2 and Hz. Consecutive reactions in the gas phase results
in alkanes formation through hydrogen consumption. Alternatively, the cleavage of C-O
bonds lead to the formation of alcohols by hydrogenation or organic acids involving

rearrangement reactions at the expense of H, production [50].

APR is susceptible to the reaction conditions, including factors like the composition and
concentration of the feedstock, reaction temperature, pressure, type of catalyst and the
configuration of the reactor [49]. Hence, the selectivity can be tuned to produce H; or
alkanes as function of the process parameters [51]. For instance, when using polyols, the
selectivity to H; usually decreases as the carbon number of the feed increases, due to a
rise in undesired side reactions consuming H,. Additionally, the high functionality of the
biomass used as feedstock in the APR process leads to formation of non-desired products
that reduce the overall yield and can affect the catalyst stability [52]. Likewise, the acidity
of the solution plays a significant role in the outcomes of APR. An acidic solution promotes
the formation of alkanes through acid-catalyzed dehydration reactions, while a neutral or

basic pH favors the formation of Hz, resulting in high H: selectivities [53].
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Figure 2-1. Schematic representation of reaction pathways in aqueous phase reforming of polyols,
based on previous literature [23,24,54].

2.1.1 Active metals used as catalysts for aqueous phase reforming

The purpose of catalyst development is to facilitate the desired transformations by
selectively breaking specific chemical bonds in the feed [55]. As Figure 2-1shows, when
C-C bond cleavage and the WGS reaction occur faster than the rate of C-O cleavage and
methanation/Fisher-Tropsch reactions, the production of H, will dominate in the process.
Thus, selecting metals that favor C-C cleavage over C-O cleavage is preferred for APR

applications [23].

In general, metals from Group VIII present high activity towards C-C bond cleavage and
have been widely studied in APR, highlighting platinum as the most promising metal
[24,52]. Within the group of non-noble metals, nickel is renowned for its high activity but
is also associated with a significant selectivity towards methane formation. Previous
research has identified supported bimetallic catalysts as promising options for APR,
exhibiting enhanced catalytic activities compared to their monometallic counterparts
[47,56-59]. In the context of APR, bimetallic systems can involve interactions between two
metals in their metallic state. Alternatively, one of the metals in the system may be present

in an oxidized phase and still have an effect on the overall properties of the catalyst.
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The synergistic effects of bimetallic catalysts in APR can enhance a specific desired
outcome, such as promoting the rate of C-C bond cleavage and suppress the rate of C-O
cleavage or introduce new catalytic pathways. Studies have shown that incorporating
metals such as Ni, Co, and Fe into Pt-based catalysts results in higher H, turnover
frequencies and superior H; selectivity compared to monometallic catalysts [60-62].
Huber et al. [60] suggested that the enhanced activity of PtNi, PtCo, and PtFe was due to
lower heats of adsorption of H; and CO than on pure Pt by alloy formation. This leads to a
decrease in the surface coverage of Hz and CO, creating a scenario where a larger number
of active sites become accessible to the reactant. Likewise, the addition of Ni or Co to a
platinum-based catalyst significantly increased the turnover frequency of H, production,

maintaining a high H; selectivity compared to the monometallic platinum catalyst [57].

Similarly, the introduction of Re as a second metal in aqueous phase reforming has
proven to enhance the activity of Pt-based catalysts. The effect is attributed to the
synergistic interplay between Re and Pt, which weakens the interaction of CO with the
active phase [63]. Furthermore, an increase in the formation of liquid products is
observed due to the presence of metal and acid functionalities facilitated by well-

dispersed Re oxide species close to platinum, thus decreasing H; selectivity [64].

In the case of addition of Mn to Pt-based catalysts, increased conversion and selectivity
has been observed when compared to monometallic Pt catalysts [65,66]. According to a
study by Bossola et al. [65], it has been suggested that Mn forms an alloy with Pt,
facilitating the desorption of CO from adjacent Pt sites. Due to a substantial portion of Mn
leaching from the catalyst during APR (95%), no direct correlation between the presence
of Mn*3 species that altered the acid-base characteristics of the catalyst and the observed

activity enhancement could be established. [65].

New and promising catalyst materials for developing APR are explored, and tungsten
appears to be an interesting alternative [35,67-69]. Sotdk et al. [68] studied a tungsten-
based catalyst in APR of cellulose, observing significantly higher activities than for a Pt/C
catalyst, and stable catalytic performance in the presence of nitrogen and sulfur-
containing compounds. It was determined that the presence of the 3-W crystalline phase
in the catalyst facilitates adsorption of the reactants and subsequent C-C bond cleavage.
Furthermore, APR of agricultural waste (steam exploded rice straw hydrolysate) over a
tungsten zirconia catalyst resulted in 15% yield towards 5-hydroxymethylfurfural even
in the presence of impurities such as acetic acid and xyloses. The catalyst activity was

attributed to the presence of Brgnsted acidic WOxclusters on the surface [35].
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Bimetallic catalysts can be designed to address typical problems causing catalyst
deactivation, such as preventing coke deposition, active metal phase oxidation or
sintering of the metal particles, by taking advantage of the positive effects introduced by
metal-metal interactions [70]. Under APR conditions, acidic products may lower the pH
in the liquid phase, increasing the likelihood of catalyst leaching by oxidation of the metal
or formation of organometallic species after being in contact with the feed, as observed
for Ni-based catalysts [71-73]. At hydrothermal conditions, reduced nickel particles can
oxidize and hydrate to form Ni(OH), losing catalytic activity and gaining mobility as they

dissolve at acidic conditions [47].

Introducing a second metal can increase the dispersion, suppress the sintering, and
prevent dissolution of the metal by improving the corrosion resistance of the metallic
surface [72]. Rahman [62] studied the effect of adding Cu and Pt to a Ni-based catalyst
supported on MWNT in APR of glycerol. Higher H; production and stable catalytic activity
for up to 100 hours on stream were observed for both bimetallic catalysts (Pt-Ni, Cu-Ni)
compared to the monometallic Ni catalyst. Furthermore, Cu and Pt as promoters were
able to minimize Ni oxidation during reaction, with a positive impact on metal dispersion.
The characteristic high activity of Cu for the WGS reaction [74] contributed to favorable

formation of H; in APR of glycerol.

2.1.2 Supports used in aqueous phase reforming

The nature of the support is an additional factor that impacts the selectivity and stability
of the catalysts in APR. Properties including surface area, porosity, presence of acidic and
basic sites and morphology of the support can affect the overall performance by
mitigating transport limitation phenomena or engaging in the catalytic reaction [63].
Supports with high hydrothermal stability and high surface area are preferred for the APR
process [49]. Various studies have assessed the influence of acidity of the catalytic system
on the selectivity in APR [75,76]. The observations suggested that employing acidic
supports such as silica, alumina, and titania leads to faster deactivation and high
selectivity to alkanes through promotion of dehydration reactions. On the other hand,
hydrogen production is favored by more basic to neutral supports, such as MgO by

promotion of the water-gas shift reaction and water activation [48,77].

Alumina is the predominant support in this field, although it has been demonstrated that
it is unstable under hydrothermal conditions. During APR, alumina undergoes a phase

transition from a metastable phase with a high surface area (y-alumina) to low surface
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area phases like boehmite [78-80]. Similarly, hydrothermal deactivation through pore
degradation and phase transformation was observed in supports such as CeOz, ZnO, SiO:

and Ti0:[48,63,78].

Carbon-based supports have gained attention due to their hydrothermal stability, tunable
chemical properties easily modified by surface functional groups, and resistance under
acidic or basic media, making them suitable for APR application [81-83]. Various types of
carbon supports have been applied in APR, such as activated carbons, carbon nanotubes,
carbon nanofibers, and mesoporous carbon, determining the strong influence of the
carbon structure on APR activity [58,63,71,82,84]. It has been observed that catalysts on
mesoporous carbon is more favorable for overall catalytic activity. In contrast, irregular
pore arrangements, broad pore size distribution, and high microporosity have been
shown to negatively affect the catalytic activity in APR [85]. Kim et al. [63] studied the
effect of the support in APR of various polyols and noted that catalysts supported on
carbon, such as ordered mesoporous carbon (OMC) and activated carbon (AC), displayed
higher conversion and higher hydrogen yield than silica and alumina-supported catalysts.
The improved catalytic activity was attributed to the high surface area and thermal

stability of the carbon supports.

2.2 Carbon nanofibers as catalyst supports

Generally, CNF are produced by chemical vapor deposition, although alternative synthesis
methods are also employed, including electrospinning with organic polymers, templating,
and phase separation [86]. During the synthesis of the CNF, various parameters affect the
morphology and properties of the final products, such as type of carbon source,
temperature, catalyst, and particle size. Hence, a wide range of carbon structures can be

obtained by tuning the synthesis conditions.

CNF can be classified according to the orientation of the graphene layers in relation to the
growth axis of the fiber. The types of CNF are referred to as fishbone (or stacked cup),
platelet, and tubular. In fishbone CNF, the graphene layers are inclined relative to the
central axis. In platelet CNF the layers of graphene are stacked perpendicular to the fiber
central axis, while in the tubular type, the graphene layers run parallel to the growth axis

[87] as shown in Figure 2-2.
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10 nm
—————

Figure 2-2. TEM images of the different types of CNF (a) platelet, (b) fishbone and (c) tubular[88]

The fishbone and platelet CNF structures provide quite different properties for anchoring
of metal nanoparticles. Sanz-Navarro et al. demonstrated by using molecular dynamics
simulations that metal clusters of Ni are strongly influenced by the curvature of fishbone
CNF, introducing strain in the Ni particles whereas Pt where less affected [89].The
catalytic performance of Ni clusters can be optimized by tuning the curvature (diameter)
of the CNF fibers. However, on platelet CNF also Pt particles are affected by the support
due to the mismatch in structure between the platelet edge and the Pt cluster [90]. The Pt
particles are being restructured upon adsorption on the CNF as illustrated in Figure 2-3
for a cluster containing 100 Pt atoms, and the average Pt-Pt bond length is enlarged, and
the bond order of the platinum atoms are shifted to lower values. The differences in
interaction between highly dispersed platinum particles and the platelet and fishbone
CNF surfaces are also reflected in the catalytic activity of the materials [91]. It was
demonstrated that Pt on platelet CNF exhibits weaker CO adsorption strength than on

fishbone CNF, and subsequently higher catalytic activity in oxidation reactions.

t=0ps t=25ps

Figure 2-3. Molecular dynamics simulation of a cluster containing 100 Pt atoms interacting with the
armchair edge of the platelet CNF without hydrogen termination. (a) and (b) show the initial
configuration from two directions. (c) and (d) show a snapshot after 25 ps of equilibration in the
simulation [80].
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Similar to carbon nanotubes, the CNF exhibit favorable conditions for liquid phase
reactions. Not only are they chemically stable in acidic and basic environments, but mass
transfer limitations can be avoided by the large pore volumes, open morphology, and high
surface areas (100-200 m3/g) of the CNF [92]. For instance, Santillan-Jimenez et al. [93]
studied the activity of molybdenum carbide supported on different carbon materials: AC, CNT,
and CNF for hydrodeoxygenation of guaiacol where the catalysts supported on CNF and CNT
displayed higher phenol yield, and thus superior catalytic activity. The CNF-based catalyst
exhibited homogeneously distributed molybdenum carbide nanoparticles with a uniform
structural morphology, attributed to the mesopore volume and surface area available for

anchoring the metal nanoparticles on the carbon structure.

2.2.1 Carbon surface functionalization by heteroatom doping

The interaction of the support with the active phase directly influences the catalytic
activity. Poor interaction can facilitate catalyst deactivation causing the metal particles to
diffuse along the surface and sinter. On the other hand, too strong interactions may hinder
the interplay between the active phase and the reactants necessary to promote the

chemical reaction [94].

In the context of carbon materials, the nature and concentration of chemical species on
the surface strongly influence the chemical properties of the material. Different types of
heteroatoms or even the same type arranged in a different binding configuration can
provide distinct properties to the material [95]. For instance, introducing heteroatoms,
such as N, P, and B, into the sp? hybridized carbon framework alters the electronic
properties of the surface by substituting a carbon atom and transferring more (N) or
fewer (P, B) electrons to the material [96]. Thus, modifying these properties by
introducing surface functional groups can be tailored to favor interactions between the
carbon carrier and supported metal [94,97]. Additionally, these functional groups
determine the hydrophilic properties of the carbon surface, influencing the catalyst
performance and synthesis dictated by the interaction of the carbon material with the

local environment [87].

Diverse applications in catalysis have been explored for carbon surface functionalization,
with oxygen and nitrogen functional groups being the most extensively studied [96].
Functionalizing carbon materials typically involves either incorporating functional
groups during the direct synthesis of carbon or through post-treatment methods

involving heteroatom-containing precursors. Direct synthesis, such as chemical vapor
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deposition (CVD) and carbonization, are employed to obtain homogenously distributed
heteroatoms throughout the entire carbon matrix [95,98]. In contrast, post-synthesis
methods involve introduction of heteroatoms onto the carbon surface, mostly by
subjecting the already synthesized carbon material to high-temperature treatment with

an impregnated or gaseous heteroatom source [99-101].

Numerous investigations have explored the synthesis and treatments to functionalize
carbon supports, emphasizing differences arising from specific heteroatom incorporation
[96,98,102,103]. Particularly, the gasification-assisted heteroatom doping method
(GAHD) [101] enables the integration of N, S and P into carbon materials while inducing
only minor alterations in the texture and structure of the carbon. The approach employs
a gasification agent, such as H;0, CO,, or Hy, to deliberately induce defects within the
carbon material. These defects are subsequently saturated through a simultaneous
exposure to a gaseous heteroatom source. As a result, slight changes in the carbon
textural properties are achieved, enabling direct comparison of doped carbon materials
with various heteroatoms. The following section describes the commonly used
heteroatoms for carbon doping, including various functional groups typically

encountered and the distinct characteristics they provide to carbon materials.

2.2.1.1 Oxygen functionalization

Among the various surface modification approaches, intentionally introducing oxygen-
containing functional groups on the surface of carbon materials is by far the most
preferred and versatile strategy for functionalization [87]. The surface oxidation can be
applied to add hydrophilicity, increase the reactivity, or create a setting for further

modifications of the carbon materials [97].

Oxygen functional groups can be attached to the carbon surface during preparation [104],
or functionalities including carboxyl, hydroxyl and carbonyl groups can be introduced on
the carbon surface by wet chemical oxidation with strong oxidizing agents such as HNO3,
plasma treatments, photo-oxidation or gas-phase reactions (02, COz). The method
selected determines the final concertation, chemical structure, and distribution of the
oxygen functional groups over the carbon surface which ultimately influence the
properties of the carbon support [105]. For example, Wepasnick et al. [106] reported
higher concentrations of carbonyl and hydroxyl functional groups when treating CNT
with (NH4)2S20s, H202 and O3 while higher concentrations of carboxyl groups were

obtained with HNO3 and KMnO, treatments.
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Generally, the oxygen functional groups are divided by their acidic or basic properties.
When the carbon surface is exposed to oxidative treatments, acidic carbon surfaces with
different group distributions are obtained such as carboxylic acids, phenol, and lactone
groups. Alternatively, the basic functionalities are obtained after heat treatments in inert
atmospheres and exposure to air, where the decomposition of the acidic groups creates
defects at the edges of the graphene layers drawing oxygen basic functional groups such
as pyrones [102]. In CNT, at the edges of the graphitic planes, hydroxyl groups can be
present. Carbonyl groups can be arranged like quinones or pyrones, and ether type of

groups can substitute carbon atoms at the edges, as can be seen in Figure 2-4 [107].

Carboxylic anhydride

Carbonyl

O

Carboxylic acid
OH

Phenol

Ester

Figure 2-4. Schematic representation of oxygen functional groups on a carbon surface [107]

In catalysis, these oxygen functional groups can serve as attachment points for the metal
precursor facilitating controlled synthesis of nanoparticles or enabling a high dispersion
of the nanoparticles over the carbon surface [105]. In certain instances, the presence of
these oxygen groups can influence the catalytic activity. In APR of ethylene glycol over
Pt/CNT [83] and PtCo/CNT [108], the turnover frequency (TOF) was reduced to half when
-COOH surface groups were present on the support, even though the dispersion was
improved when compared to the original CNT support. The interpretation of this findings
relied on the concept of competitive adsorption between water and ethylene glycol on the
catalyst surface. Incorporating- COOH groups increases the hydrophilic nature of the

support, raising the local concentration of water around the support and decreasing the
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concentration of EG, resulting in lower TOF. The catalyst activity was recovered after

high-temperature treatments, removing the carboxylic groups on the support.

2.2.1.2 Nitrogen functionalization

Nitrogen, with a stronger electronegativity than carbon, enhances the surface energy and
wettability by generating dipoles in the graphitic carbon plane by C-N bonding.
Furthermore, the lone pair electrons linked to N dopants add surface reactivity [109]. The
most common configurations of N incorporated into graphitic structures are pyridinic,
pyrrolic, quaternary and oxidized pyridinic, illustrated in Figure 2-5. Pyridinic nitrogen
atoms are located at the edges of the graphene sheet. Pyrrolic nitrogen exists as part of a
5-member ring structure. Quaternary nitrogen resides within the layers substituting a
carbon atom. Oxidized pyridinic nitrogen are typically originated at the edges of graphene

layers [110,111].

The distribution of these functional groups on the carbon surface strongly influences the
catalytic activity of carbon supported catalysts. An abundance of pyridinic nitrogen
groups imparts a mild basic nature to the carbon surface, by the presence of lone pair
electrons which protonates in aqueous solutions, generating positively charged sites; a
feature that can be used to promote condensation reactions [112]. Platinum catalysts
supported on CNF have been studied in dehydrogenation of formic acid [113], indicating
that the presence of pyridinic surface groups contributes to the formation of electron-
deficient Pt sites and C-H bond cleavage in formic acid, leading to enhanced catalytic
performance. On the other hand, the presence of quaternary nitrogen species is preferred
for the oxygen reduction reaction, as the positive charge of carbon atoms adjacent to

nitrogen atoms enhances O adsorption [114].

Experimental and theoretical research have agreed that the use of nitrogen doped carbon
materials can promote metal-support interactions enhancing the catalyst stability and
modifying the electronic structure of the active phase in the catalyst to improve the
activity [109]. Within the context of APR, Garcia-Baldovi et al. [115] studied highly loaded
Fe-Cu (10-20%wt) catalysts supported on N-doped graphitic carbon in APR of methanol.
They emphasized the favored formation of highly active and stable small nanoparticles in
the presence of nitrogen atoms as well as a favorable interaction between Fe and Cu by
tunning the electron density transfer of the active sites. Additionally, Gogoi et al. [116]
reported a positive effect of the incorporation of N in the carbon framework of Ru-based

catalyst for APR of glycerol. The enhanced catalytic activity was attributed to the
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synergistic effects rising from the electronic interactions between nitrogen and Ru. DFT
calculations revealed charge transfer from nitrogen to Ru, leading to stabilization of metal
nanoparticles and fostering the adsorption of glycerol onto the catalyst surface.
Furthermore, the observed higher WGS activity of the catalyst was associated with higher

basic strength of the catalyst support, facilitating water dissociation [116].

Oxidized

Quaternay N Pyridinic N

Figure 2-5. Types of nitrogen species found in N-doped carbon: Pyridinic, pyrrolic, quaternary and
oxidized pyridinic [111].

2.2.1.3  Sulfur functionalization

In sulfur-doped carbons, sulfur bonds in different configurations including thiophene-S
(C-S-C), sulfoxide (C-SOx-C) sulfone/sulfate groups (SOx) and sulfonic acid, as illustrated
in Figure 2-6. Each of these configurations serves a role in inducing alterations within the
carbon structure [117]. Different bond lengths (C-S) in contrast to aromatic carbon bonds
(C=C), coupled with a larger atomic radius, introduce stress and nonplanarity within the
carbon lattice. Hence, the inclusion of a sulfur atom results in variations in charge

distribution, giving rise to the formation of active sites [118].

Carbon materials containing sulfonic groups are characterized by acidic properties, used
to promote acid-catalyzed reactions such as esterification/transesterification for
biodiesel synthesis [4]. Liu et al. [119] synthesized a sulfur-doped carbon with high
activity towards esterification of large organic molecules (decanoic acid) due to the high
specific surface area and presence of mesopores. However, it was noted that the activity

decreased during the reaction due to leaching of SOzH groups into the solution.

24



Chapter 2: Theoretical background

Sulfonic acid

Thiol

Figure 2-6. Schematic representation of sulfur functional groups on a carbon matrix [100].

Sulfur-based functional groups have gained significant interest due to their strong affinity
for noble metals. The strong chemical/electronic interactions between the metal and the
S-C support play an important role in the stabilization of Pt nanoparticles, suppressing
the sintering of the metal nanoparticles by hindering metal diffusion and nanoparticle
migration [120,121]. Yin et al. [121] effectively achieved stabilization of 1 nm platinum

nanoparticles at elevated temperatures (700°C), preventing sintering.

Furthermore, sulfur, known as a strong catalyst poison [122], selectively adsorbs on metal
defect sites. This feature can be employed to tune the catalytic activity by mitigating
certain reaction pathways by incorporating small amounts of sulfur in the catalyst
structure [123]. Auer et al. [123] modified a Pt/Al;O3 catalyst with sulfur containing
groups, leading to an enhancement in activity and reduction of side products formation.
This effect was associated with a gradual blockage of the Pt particles by the sulfur
compounds in addition to electronic interactions between P-S that facilitates the

desorption of products in the dehydrogenation of perhydro-dibenzyltoluene.

2.2.1.4 Phosphorous functionalization

With the same amount of valence electrons as nitrogen, phosphorous is an interesting
choice as a carbon dopant due to its larger atomic radius and higher capacity for electron
donation [124]. Similar to sulfur, the introduction of phosphorus into the carbon lattice

leads to alterations in the electronic and structural framework of the carbon materials.
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Phosphorous can be integrated into the carbon lattice directly or by forming bonds at the
surface, leading to the formation of phosphate groups such as PO4 and their subsequent

variations, due to the tendency of phosphorus to bind with oxygen (Figure 2-7).

Introduction of phosphorus leads to a hydrophilic acidic surface and chemical stability to
the carbon structure [125]. The phosphorous species with acidic nature enhances carbon
reactivity, rendering it active in reactions associated with biomass transformation. The
incorporation of C-O-P groups to carbon nanofibers demonstrated high activity in
fructose dehydration due to the presence of Brgnsted acid sites, such as phosphate groups
on the carbon surface, known to be active in this reaction. Nonetheless, at the applied
reaction conditions, the functional groups were not stable, leading to phosphate leaching
and a subsequent decrease in the catalytic performance [126]. Thermal treatments are
suggested to transform C-O-P groups into stable C-P bonds to decrease the tendency of

leaching of P species [127].

Phosphine
oxide
Phosphinic
acid

\
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P
Phosphate HO/ on
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Figure 2-7. Schematic representation of phosphorous functional groups on a carbon matrix [14].

Phosphorus-doped carbons have mostly been studied in electrochemical applications.
Long-term stability and high electrocatalytic activity have been observed for Pt-based
catalysts supported on phosphorous-doped multiwalled carbon nanotubes. Higher
dispersion and better electronic conductivity were observed for the P-containing support
in comparison to the P-free support in methanol oxidation reactivity, attributed to the

interaction between the Pt nanoparticles and the carbon nanotubes [128].
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2.2.1.5 Boron functionalization

Boron, with a similar atomic radius to carbon, introduces defects to the carbon material
without damaging the initial structure. By substituting carbon, boron can act as an
electron acceptor due to its three valence electrons, modifying the electronic system and
promoting charge transfer [129]. Boron can be integrated into the carbon lattice with
configurations such as BCs, B4+C, C-0-B, or it can be present in the surface as various oxygen

containing groups, as shown in Figure 2-8.

Incorporated
Boric ester ?H species (|3H
C,BO B

Boric acid

CBO,

Figure 2-8. Schematic representation of boron functional groups in a carbon matrix [130].

According to DFT studies, the presence of boron defects in carbon supports enhance the
adsorption energy of metal atoms in the catalyst, such as Pt and Ru. On the boron-doped
carbon, Pt prefers to adsorb on bridge sites common to two aromatic rings, and the
adsorption energy increases due to electron transfer from Pt to the support [131]. This
interaction has been confirmed by XPS studies, revealing a stronger interaction between
Ptnanoparticles and the boron-doped carbon support compared to the Pt interaction with

pure carbon [132].

In liquid phase reactions, the effect of boron doping was studied in hydrochlorination of
2,4-dichlorophenol over a Pd-based catalyst. It was found that introducing boron
intensifies the metal-support interaction, resulting in increased Pd dispersion and Pd
cationization, leading to higher catalytic activity [133]. Furthermore, Esteve-Adell et al.
[134] studied APR of glycerol over different doped graphenes (N,B,P) as metal-free
catalyst. Boron-doped graphene exhibited the highest catalytic activity attributed to
formation of frustrated Lewis acid-base pairs in conjunction with negatively charged
oxygen groups on the graphene surface. Nonetheless, B-doped graphene produced

hydrogen at a rate significantly lower than a Pt-based catalyst.
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Chapter 3: Materials and methods

In this section, an overview of the materials, experimental setups and procedures used to

conduct the experiments and investigations discussed in this study are presented.

3.1 Carbon nanofiber synthesis

Platelet carbon nanofibers (CNF) were synthesized utilizing chemical vapor deposition,
employing Fe304 as the catalyst and CO/H; as gas precursors. Approximately 100 mg of
catalyst was reduced at 600°C for 6 hours in a 25% H2/Ar mixture. Subsequently, the
system was purged with Ar for 30 minutes, after which a synthesis gas blend of CO/H; in
avolumetric ratio 4:1 was fed into the reactor (total flow of 62.5 ml/min) and maintained
for 46 hours at 600°C. Following the synthesis, the resultant carbon was gradually cooled

to room temperature under a continuous flow of Ar.

3.2 Post-synthesis treatments of the carbon nanofibers

3.2.1 Acid treatment

Two different acid treatments were used in the performance of this thesis: A mild
treatment conducted at 90°C for 3 hours was used to compare monometallic and
bimetallic catalysts (Paper I). Additionally, a rigorous treatment at 120°C for 24 hours was
utilized in experiments investigating the impact of dopants on catalyst activity (as
discussed in Paper II). A standardized procedure was applied in both cases, with the
objective of eliminating the Fe30s growth catalyst present within the fibers and
introducing oxygen functional groups onto the carbon surface. In short, the CNF were
exposed to concentrated nitric acid (65-70%wt) under reflux conditions for the specified
duration and temperature. Following this, the resulting suspension was filtered, washed
with deionized water until reaching a pH of 7, and dried overnight at 100°C. The carbon

nanofibers subjected to acid treatment are referred to as CNF-ox.
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3.2.2 Heat treatment

The heat treatment of CNF-ox was conducted in a vertical tubular furnace using a quartz
reactor. The CNF-ox was exposed to an argon atmosphere (100 mL/min) at 700°C for 2
hours. This process aims to eliminate unstable oxygen groups introduced in the carbon
surface during the acid treatment. The carbon nanofibers subjected to heat treatment are

designated as CNF-HT.

3.2.3 Carbon surface heteroatom functionalization

The gasification-assisted heteroatom doping method [101] was used to functionalize the
CNF with nitrogen, sulfur, and phosphorous. This approach involves using a gasification
agent such as Hy, COz, or H; to introduce defects into a carbon material. Simultaneously,
these newly formed chemisorption sites are exposed and saturated with a gaseous source
of heteroatoms containing N, S, or P. Briefly, the carrier gas is saturated with a heteroatom
precursor solution and put into contact with the CNF-ox at a specified temperature and
reaction time using a saturator upstream of the reactor. During the heating and cooling
phases, the carrier gas is directly channeled into the reactor, bypassing the saturator. 350

mg of CNF-ox was used in each doping experiment.

3.2.3.1 N-doped carbon nanofibers (N-CFN)

Ethylene diamine (Sigma Aldrich, = 99.5 %) was used as the nitrogen source, and water
as the gasification agent. The CNF-ox was placed in a quartz reactor and heated to 875°C
at arate of 10°C/min in 250 mL/min of N,. Once the desired temperature was reached, a
solution consisting of a 1:1.5 molar ratio of ethylene diamine to water was fed into the
reactor from the N; flow through a saturator containing the solution. After an hour of

exposure, the system was cooled down in N, atmosphere.

3.2.3.2 S-doped carbon nanofibers (S-CNF)

During the CNF-ox heating process in the reactor, a mixed carrier gas consisting of 10%
COz/N; at 100 mL/min was utilized. At a temperature of 825°C, carbon disulfide (Sigma-
Aldrich, 2 99.9 %) was introduced to the reactor using 2mL/min of N through the

saturator containing the sulfur source. The exposure time was 11 min. Subsequently, the
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reactor was cooled down in 90 mL/min N; flow. Due to the high volatility of CS, the
saturator was kept cool with a mixture of ice and NaCl (10:1 g/g) during the experiments.
To remove unstable sulfur-containing groups in H, atmosphere, the freshly doped CNF

were exposed to Hz at 450°C for 30 min with a heating rate of 10°C/min.

3.2.3.3 P-doped carbon nanofibers (P-CNF)

The reactor containing CNF-ox was heated to 825°C at 10°C/min in 50 mL/min of H,. Once
the desired temperature was reached, the carrier gas flow was directed through the
saturator filled with trimethyl phosphite (Sigma-Aldrich, = 99%) to feed into the rector
for a 3-hour exposure. Afterwards, the system was cooled down in N, atmosphere.
Synthetic air was supplied to the system starting from 80°C during the cooling step to

oxidize any possible white phosphorous formed.

3.2.34 B-doped carbon nanofibers (B-CNF)

The wet impregnation method proposed by Chiang et al. [135] was used to functionalize
CNF with boron. In short, for 3%wt boron loading, 2.5 g of CNF-ox and 0.23 g of B203 were
suspended in 250 mL DI water in a 500 mL round-bottom flask. The mixture was
sonicated for 25 minutes in an ultrasonic bath at 25°C. Afterwards, the suspension was
heated to 80°C in an oil bath and mixed with a magnetic stirrer. After 2 hours, the mixture
was dried for 24 hours at 60°C in an oven, followed by heat treatment at 1000°C in argon

atmosphere for 8 hours.

A washing procedure was required to eliminate the excess of boron oxide in the produced
B-CNF. The B-CNF were immersed in DI water and subjected to an ultrasonic bath for 25
minutes. Next, they were heated with constant stirring to 80°C in an oil bath. After 2 hours,

the hot mixture was filtered and dried for 14 hours in an oven at 60°C.

3.3 Catalyst synthesis

3.3.1 Incipient wetness impregnation

Chloroplatinic acid hexahydrate H,PtCls x 6H20 (Sigma-Aldrich, > 37 % Pt basis) was used

as metal precursor and acetone (Sigma Aldrich, 99.9 %) as solvent. The Pt solution was
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gradually mixed with the support and kept at room temperature overnight, followed by
drying at 100°C for a duration of 20 hours. Subsequently, the prepared catalyst
underwent a heat treatment under nitrogen atmosphere (100 mL/min) at 320°C (heating
rate of 3°C/min) for a duration of 2 hours, aiming to decompose the precursors from the

synthesis.

For the PtMn catalyst synthesis a similar procedure was followed. Manganese (II) nitrate
hydrate Mn(NO3)2-xH:0 (Sigma Aldrich, 98%) was used as Mn precursor and acetone as
solvent. The metal precursor solutions were added to the CNF by co-impregnation,
followed by a drying and heat treatment step under the same conditions as established

for the monometallic catalyst.

PtWO03/CNF-o0x was prepared by co-impregnation of CNF-ox with an aqueous solution of
ammonium tungsten oxide hydrate (NH4)¢W12039xH20 (Sigma-Aldrich, 99.99%) and
chloroplatinic acid hexahydrate. Typically, the loading was 3%wt Pt and 0.7% W. After
the impregnation, the catalyst was kept at room temperature to dry overnight, followed
by a drying step at 200°C for 12 hours. Subsequently, the catalyst was heat treated at

400°C for 2 hours in inert atmosphere.

PtWC/CNF-ox was prepared by sequential impregnation. Initially, an aqueous solution of
ammonium tungsten oxide hydrate was gradually added to the support and left to dry at
room temperature overnight. The resulting tungsten-containing CNF-ox was loaded into
a quartz reactor to reduce the catalyst at 400°C for 1 hour under a 50%H:/Ar flow. After
reduction, a heat treatment in Ar atmosphere at 1000°C for 1 hour was conducted. Then,
an aqueous solution of chloroplatinic acid hexahydrate was used to impregnate WC/CNF-

ox, following the same conditions as the monometallic Pt-based catalyst.

3.3.2 Flame spray pyrolysis

The catalysts were synthesized employing a double flame configuration in a flame-spray
pyrolysis process. The setup included five primary components as presented in Figure
3-1: The filter located at the culmination of a collection chamber positioned above the
burner heads, a vacuum pump utilized to gather particles by sustaining a continuous gas
flow through the filter, gas valves responsible for regulating the gas flow rate and fuel
concentration within the flame, and a dosing pump that controlled the rate at which

precursor solutions were sprayed into the flame.
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Figure 3-1. Flame Spray Pyrolysis System schematic [136].

Detailed information about the synthesis by flame spray pyrolysis can be found elsewhere
[137-139]. In short, a solution dissolving aluminum (III) acetylacetonate Al(acac)z (Merk,
>99%) and magnesium acetate tetrahydrate (CH3C00).Mg-4H.0 in a Mg:Al molar ratio of
2.3 was prepared in a mixture of methanol and acetic acid in ratio 1:1 %v (200 mL). A
second solution with platinum(II) acetylacetonate Pt(acac): for the monometallic catalyst
and adding manganese (II) acetylacetonate Mn(acac), for the bimetallic catalyst ( molar
ratio Pt:Mn 3:1 and 1:1) in a mixture of methanol and acetic acid in ratio 1:1 %v (200mL)

was prepared.

The solutions were sprayed simultaneously with a constant flow rate of 5mL/min and the
particles were collected in a glass wool filter. The yielded nanoparticles were calcined at

350°C for 5 hours to fully oxidize the carbon-containing remains of the sprayed solutions.

3.4 Catalyst characterization

3.4.1 N:physisorption

The textural properties of the catalysts were measured by N, physisorption at -196 °C
using a Micromeritics Tristar 3000 instrument. Before the analysis, the samples were

degassed overnight under vacuum at 200°C. About 100 mg of the samples was used for
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the measurements. The specific surface area was calculated by the Brunauer-Emmet-

Teller (BET) method [140].

3.4.2 Chemisorption

CO chemisorption was used to estimate the Pt dispersion of the catalysts assuming a
Pt/CO adsorption stoichiometry of 1:1 [141]. About 100 mg of the sample was reduced
in-situ for 1 hour in H, flow at 300°C with a heating rate of 5°C/min. Following the
reduction step, the setup was purged with helium at 120°C for 30 minutes and cooled to
35°C to perform the chemisorption analysis in a Micromeritics ASAP 2020 instrument.
From recurrent experiments, a standard deviation of +/-1 in dispersion values was
determined, meaning that the estimated error in chemisorption measurements falls

within the range of 1-2.5%.

3.4.3 X-ray diffraction

X-ray diffraction (XRD) patterns were measured on a Bruker D8 A25 DaVinci X-ray
diffractometer using Cu Ka radiation (A = 1.5406 A) and a LynxEye detector.
Diffractograms were acquired in the 26 range 10-80° with a fixed divergence slit of 0.2.
The acquisition time for all measurements was 60 min. Peak identification was conducted
using the information provided from the crystallography open database [142]. The Pt
average crystallite size was estimated from the XRD pattern utilizing the Scherrer

equation, taking a value of 0.89 for the Scherrer constant [143].

3.4.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was 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 pm. The measurements were performed atambient
temperature under ultra-high vacuum. Survey spectrums were acquired with a pass
energy of 160 eV, while high-resolution spectra were recorded with a pass energy of 20

eV. The energy axis was calibrated to the C 1s contribution of sp2 carbon at 284.6 eV.
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Following Shirley background subtraction [144], the peaks were deconvoluted and fitted
to linear combinations of Gaussian and Lorentzian functions (pseudo-Voigt-profiles). For

comprehensive details on the fitting procedures, refer to papers 1 and Il in the appendices.

3.4.5 Scanning transmission electron microscopy and energy-dispersive X-ray
spectroscopy

Scanning transmission electron microscopy (STEM) micrographs were obtained on a
Hitachi SU9000 electron microscope operating at an accelerating voltage of 30 kV with a
beam emission current of 10 pA. Energy dispersive X-ray spectroscopy (EDS) maps were
recorded at an accelerating voltage of 30 kV using an Oxford Ultim Extreme 100 mm?
detector and a pixel dwell time of 400 ps. Before the analysis, the samples were dispersed
in n-hexane using an ultrasonic bath and deposited on carbon coated copper grids using

a drop-casting technique.

3.4.6 Raman spectroscopy

Raman spectroscopy was conducted using a Horiba Jobin Yvon LabRAM HR800 Raman
microscope, utilizing a HeNe laser operating at a wavelength of 633 nm. The spectra were
recorded in the range from 750 cm-! to 3250 cm! with an acquisition time of 30 s. The
methodology outlined by Mallet-Ladeira et al. [145] was followed to fit the Raman spectra
and retrieve information about the G and D bands of the samples (Ip/I¢ ratio). A minimum

of five spectra from distinct locations on each sample were recorded and analyzed.

3.4.7 Microwave plasma atomic emission spectroscopy

Microwave plasma atomic emission spectroscopy was used to determine the metal
loading in an Agilent 4210 MP-AES optical emission spectrometer. Before the analysis, the
samples were prepared through a microwave-assisted acid digestion method, utilizing
the Speedwave XPERT instrument from Berghof. The process was divided into two steps
to carry out the acid digestion. Initially, the temperature was raised to 170°C for 10

minutes, then increased to 210°C for 20 minutes using a power of 2x800 W in a mixture
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of HCl/HNOs3 (1:4, vol: vol). Then, the samples were diluted to 100 mL in a volumetric flask
with milli-Q water and filtered using a syringe filter with a pore size of 0.2 um. External
calibration for the metals Pt, Mn, W, and Ni was performed before each measurement,

using commonly available ICP standards (Sigma Aldrich, 1000 mg/L).

3.5 Experimental APR setups

3.5.1 Batch reactor system

A mini bench batch reactor (Parr 4592) equipped with a magnetic stirrer and PI
temperature controller was employed to carry out the APR screening experiments at
various temperatures ranging from 225-270°C. The reactor vessel was loaded with the
pre-reduced catalyst (100-500 mg) and 30 mL of 6%wt aqueous solution of ethylene
glycol. The setup was leak-tested at 120 bars before each reaction. The system was purged
and pressurized with N to 20-26 bars. The mixture was stirred and heated to the desired
temperature during two hours of reaction. Subsequently, the reaction was quenched to

room temperature using an ice bath.

The gaseous products were collected in a gas sampling bag and analyzed by gas
chromatography (Agilent 7820A) equipped with a thermal conductivity detector (TCD)
and flame ionization detector (FID) employing Agilent Porapak-Q GS-Q, CP-Molsieve 54,
and J&W HP-PLOT Al;03 KCI columns for the separation of the gases. N, was employed as
an internal standard for the quantification of the products present in the gas phase. The
liquid phase was filtered using a 0.2 um PTFE filter and analyzed using high-performance
liquid chromatography (1260 Infinity II LC System, Agilent technologies) equipped with
refractive index detector (RID). The separation of the components was executed at 60°C
with a constant flow rate of 0.6 mL/min of 5 mM H2SO4 aqueous solution in an Agilent Hi-
Plex column (300 mm x 7.7 mm). An external calibration was used to precisely quantify

the reaction products, employing expected reaction products as references.

3.5.2 Semi-batch reactor system

A semi-batch rector system was used in the kinetic measurements. It consisted of a 300
mL stainless-steel benchtop Parr reactor (Parr 4560 model) equipped with a back-

pressure regulator. About 200 mg of catalyst inside a sealed glass capillary was loaded
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into the reactor with 60 mL of 1-20%wt aqueous solution of ethylene glycol. The reactor
was pressurized with He to 40 bars and the pressure was maintained constant during the

experiment by the back-pressure regulator.

The reactions were carried out in the temperature range of 215-235°C for 4 hours. Once
the reactor reached the desired temperature, the agitation of the systems started breaking
the glass capillary containing the catalyst, allowing it to come into contact with the liquid
phase. This marked the starting point of the reaction, considered as time zero. The gas
phase products were analyzed by an online micro-GC (3000A Agilent) equipped with a
TCD. Agilent J&W CP-Molsieve 5A column and HP-PLOT U column were used for the
analysis of Hz, CO2, CO and CHs. The liquid phase products were analyzed off-line using a
GC-FID ALS (Agilent 7820A) equipped with an Agilent J& W VF-Xms column.

Pressure:
25-35 bar

Liquid sampling

To GC analysis

Temperature:
215-235°C

Figure 3-2. Semi-continuous setup utilized for the kinetic studies of aqueous phase reforming of
ethylene glycol

3.5.3 Continuous-flow reactor system

Figure 3-3 illustrates a schematic of the experimental setup used for the continuous-flow
APR testing. The reaction was carried out in up-flow configuration to ensure total
wettability of the catalyst bed. A stainless-steel tubular reactor (15 mm internal diameter,
385 mm length) was loaded with approximately 0.3 g of catalyst (125-250 um) mixed
with SiC (125-250 um) in a 1:1 mass ratio. The catalyst was reduced in-situ at 300°C
(heating rate 5°C/min) in 10% H2/N; flow (100 mL/min) for 1h. The system was then

pressurized to 30 bars, and the pressure regulated with a back-pressure regulator using
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25 mL/min N and heated up to 225°C to carry out the reaction. An aqueous ethylene
glycol solution (6%wt) was supplied into the reactor at 2 h-1 weight hourly space velocity
(WHSV). The online gas chromatograph (Agilent 8890) equipped with TCD and FID
detectors is used to monitor the gas phase reaction products. For component separation,
CP-Sil 5 CB, CP-Molsieve 54, and Haysep-A columns were employed. Liquid phase samples
were collected hourly and subjected to analysis using an offline HPLC, as outlined in

section 3.5.1.

334
He nt
...vent,

Air

@

Reactor

Gas-Liquid
separator

Liquid Sample
HPLC analysis

Bypass Reactor

Figure 3-3. Continuous-flow setup utilized for aqueous phase reforming of ethylene glycol.

3.6 In-situ XAS-XRD characterization

In-situ powder XAS-XRD experiments were conducted at BM31 of the Swiss-Norwegian
Beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF) located in
France. The experimental setup used for the in-situ experiments is similar to a continuous-
flow reactor system (Figure 3-3), including a dedicated mass flow controller for H; and N>
feed, a back pressure regulator to maintain the pressure in the system and a HPLC pump
to feed the ethylene glycol aqueous solution. Catalyst samples (8 mg) of 120-200 um sieve
fraction were placed into a quartz capillary tube with internal diameter of 2.0 mm and

wall thickness of 0.02 mm. To secure the catalyst within the catalytic bed, quartz wool
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plugs and Kapton polyamide tube pieces (microlumen) were positioned at both ends of
the bed. The capillary reactor assembly was mounted in a custom-designed cell and
exposed to X-rays. The temperature of the capillary was controlled using a hot air blower

during the experiments.

X-ray patterns were acquired employing a Pilatus3 2M detector (Dectris) using
monochromatic radiation (wavelength A = 0.255 A). To ensure accurate measurements,
corrections for the instrumental peak broadening, wavelength calibration and detector
distances were conducted using a NIST 660 LaBe standard. X-ray absorption spectra were
recorded at the Pt Ls edge (11.564 keV), employing transmission mode for data collection.
X-ray absorption near edge structure (XANES) profiles were obtained during reduction of
the catalyst (300°C, 5%H:z/He flow, 1 hour) and during aqueous phase reforming of EG at
225°C, 30 bars and 9 h-t WHSV (0.02 mL/min) for 2 hours. Extended X-ray absorption fine
structure (EXAFS) measurements were conducted before and after reduction and
aqueous phase reforming at 50°C. Platinum standards involving EXAFS measurements of

platinum foil (Pt%) and PtO, (Pt#*) were collected ex-situ in transmission mode.

The phyton-based multivariate curve-resolution-alternating least squares (MCR-ALS)
package (3.10) was used to analyze the acquired XANES data during TPR and APR
experiments on the catalyst [146]. For the EXAFS data analysis, the Demeter software
package components Athena and Artemis, were utilized [147]. Detailed information about
the fitting parameters used in the applied data treatment techniques is presented in paper
I1. In short, the data analysis of the platinum-based catalyst supported on CNF-HT, N-CNF,
and S-CNF involves multiple shells fitting in k space with k2-weighting. Attempting to fit
the EXAFS data from platinum catalysts supported on P-CNF and B-CNF in k space did not
result in an adequate fit. Hence, these samples were fitting in R-space. The range used for
the fitis f 3 <k <12 A2and 1.1 <R < 4 A. The number of floating parameters employed in

the analyses meets the Nyquist criterion.

Additional in-situ XAS experiments were conducted at the CAT-ACT beamline at the
Karlsruhe Institute of Technology (KIT) light source [148]. The experimental setup used
for these experiments was explicitly designed at KIT for high-pressure applications,
including a stainless-steel cell with large solid angle openings that facilitates XRD-XAS
measurements at the challenging conditions of APR. Detailed information about the setup

is presented in the work by Loewert et al. [149].
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3.7 APR activity and selectivity calculations

For the activity and selectivity calculations, nitrogen served as an internal standard in all
of the employed experimental setups. In the case of the continuous and semi-continuous
setups, a nitrogen flow rate of 25 mL/min was used to determine the flow rate of gaseous
products, based on chromatography-measured composition of each component. The
estimation of the gas phase flow rate was conducted through the application of the ideal
gas law, with a reference to room temperature (25°C or 298.15 K). In the batch reaction
setup, the total moles of N; in the system were estimated using the actual initial

temperature and pressure of the system.

Furthermore, given that the continuous-flow APR experiments were conducted in an up-
flow configuration, with a diluted ethylene glycol (EG) feed and operating at moderate
conversion levels, it was assumed that the outlet liquid flow rate equaled the inlet flow
rate. The key parameters considered for evaluating the performance of the studied

catalysts in aqueous phase reforming are presented in Table 3-1.

Table 3-1. Parameters and equations applied to evaluate APR performance

Parameter Batch Continuous
. molgg mitiar — MOlgG final Fggin(mol/min) — Fggoye (mol/min)
Conversion Xec (%) -
molgg initial Fggin (mol/min)
Hydrogen mol H. 1 F, mol/min) 1
selectivity - Si2(%) ——Zproduced  —x100 2 producea ( - /min) x2=x100
Carbon based Crotarg R FCtotarg R
Ciy° FC: ©
Carbonbased ¢ - op) 29 %100 —9 100
selectivity g Crotalg FCiotalg

Hydrogen site

da e
HZ production rate MWPt

FHZproduced (mol/min) MWpte

STYy,(min™?

time yiEld DPthcathmh DPthcatg th
Carbon yield to €.y (%) Ci 100 FC,’ 100
liquid products ' Ci6 imital” FCpgin*
Carbon yield to Cigc FCigc
gaseous Ci,g (%) —— x 100 — x 100
products Ce6 inital FCrgin

aTotal carbon present in the gas phase

b Stoichiometric reforming ratio for EG R = H,/C0, = 5/2

¢Total carbon in each gaseous product (i) / Total flow of carbon in each gaseous product (i) (mol/min)
dMoles of Hz produced divided by the duration of the experiment (120 min)

e Molecular weight of Pt

fPt dispersion estimated by CO chemisorption (%)

2 Amount of catalyst (g)

h Weight fraction of Pt in the catalyst (%wt)

i Total carbon in each liquid product (i) / Total flow of carbon present in each liquid product (i)
kTotal carbon contained in the feed stream / Total inlet flow of carbon contained in the feed stream
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This chapter provides summaries of the work detailed in the research papers included in
the thesis, along with discussions about preliminary findings related to catalyst screening
(section 4.1). The content in this section is structured around relevant themes connected

to the papers.

4.1 Screening of bimetallic catalyst for hydrogen production via
aqueous phase reforming

In the search for a suitable catalyst for aqueous phase reforming, some crucial aspects
must be fulfilled in terms of performance. The catalyst should demonstrate high activity
for both the reforming and water-gas shift reactions, while remaining stable under the
challenging conditions of aqueous phase reforming. Furthermore, it is desirable to obtain
a catalyst highly selective towards Hz. The catalyst should favor C-C bond cleavage over

C-0 bond cleavage and prevent hydrogenation of CO or CO; into methane [23].

Several researchers have studied aqueous phase reforming of polyols, emphasizing the
relevance of various factors such as the synthesis method, the selection of the active metal
in conjunction with potential promoters, the nature of the support and other factors that
significantly contribute to the catalyst performance. Within this segment, the catalyst
screening involves evaluating the influence of various metals and supports on the activity,
selectivity, and stability of Ni and Pt-based catalysts in aqueous phase reforming of

ethylene glycol.

This section includes a brief introduction of the project that triggered this research,

followed by the results of the catalyst screening.

4.1.1 BIKE project: Bimetallic catalysts in knowledge-based development for
energy applications

The BIKE project is a Marie Sktodowska-Curie Actions (MSCA) doctoral network formed
to advance the development of cutting-edge bimetallic catalysts for the energy sector,

primarily emphasizing the H; field. The project explores various technologies, including
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steam reforming (SR), aqueous phase reforming (APR), and anion exchange membrane
water electrolysis (AEMWE), all aimed at enhancing the conversion of raw materials into

H: and syngas.

The project consists of 10 beneficiaries, including 8 from academia and 2 from the
industrial sector, along with 4 partners from both the public and private sectors. The
beneficiaries are the National Research Council of Italy (CNR), Bulgarian Academy of
Science (BAS), Technical University of Catalonia (UPC), Agencia Estatal Consejo Superior
de Investigaciones Cientificas (CSIC), Durham University (UDUR), Karlsruhe Institute of
Technology (KIT), Technical University of Denmark (DTU), Norwegian University of
Science and Technology (NTNU), and industrial partners Johnson Matthey (JM) and ICI
CALDAIE SPA (ICI). Their collaborative efforts involve expertise in various areas of
heterogeneous catalysis such as metal nanoparticle synthesis, support preparation,

catalyst development, characterization, and testing.

Hence, through the integration of diverse multidisciplinary and complementary expertise,
the project aims to explore unified strategies for enhancing catalytic activity, selectivity,
and stability, by introducing a second metal into a monometallic catalyst and studying the

synergistic effects arising from the possible interaction between the two metals.

The contribution of NTNU to the project is in the research line dedicated to aqueous phase
reforming. Within this context, NTNU was responsible for screening catalysts developed
by various project partners. The evaluation process involved assessment of different
materials at low temperatures (225-270°C) in the presence of pressurized liquid water.
This section provides an overview of the APR activity screening outcomes for the catalysts

developed by the other BIKE partners.

4.1.2  Studied catalyst systems within the BIKE framework

During the early development stage of the project, a range of bimetallic catalysts were
investigated for their potential in hydrogen production through aqueous phase reforming
(APR) of ethylene glycol. The evaluation process involved testing the catalysts under
milder operating conditions, with low temperatures (225-270°C) and pressures (20-50

bar) in a batch reactor.

For fundamental studies, ethylene glycol is widely explored in the literature in the APR

context, and it is selected due to its simplicity. Ethylene glycol facilitates the
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understanding of the chemistry in the APR process, containing the same functional groups

as larger polyols but producing fewer by-products [150] .

The catalytic features of the bimetallic catalysts, including activity and selectivity, were
examined using a lab-scale testing set-up. The screening focuses on two key performance
indicators (KPIs) addressing the selectivity and stability challenges encountered in APR
operating conditions, looking for a catalyst that displays high hydrogen yield with a low
degree of metal leaching. Once the initial screening is completed, the selection of
promising bimetallic catalysts will enable delving into further studies gaining a deeper

understanding of their kinetic behavior and how they may be affected by deactivation.

To achieve high H; selectivity under APR conditions, the catalyst needs to promote the
cleavage of C-C bonds over C-O bonds while facilitating the water-gas shift reaction to
effectively eliminate adsorbed CO from the surface. Platinum and nickel have been
recognized as highly active metals for reforming of oxygenates [78,151]. In this project,
they have served as the primary elements for catalyst development, creating two main
groups: Pt-based catalysts and Ni-based catalysts. To establish a basis for comparison, a
benchmark catalyst provided by JM was included: Pt/C with 4.3%wt Pt loading, allowing
for a thorough evaluation of the catalytic activity and being able to cross-reference the
experimental results across the experimental facilities operating within the BIKE project
(NTNU, JM and UDUR). The studied samples vary in metal loading and type of support
utilized. Their activity was tested and evaluated through a feedback loop for potential
changes that could improve their conversion to H,. Factors such as synthesis methods,
metal dispersion, molar ratios, particle size, and surface properties of the support were

considered.

4.1.2.1 Ni-based catalyst

At BAS, Ni-based catalyst were developed in order to substitute noble metals and leverage
the properties of nickel. Nickel is renowned for its high activity in aqueous phase
reforming but is also associated with a significant selectivity towards methane formation
[73]. To reduce the rate of methane production while preserving a high rate of C-C
cleavage, the addition of Sn as a second metal in the system has been explored. Previous
studies by Huber et al. [151,152] have demonstrated that the addition of Sn significantly

decreases the rate of methane formation without hindering the production of H,.

When subjected to the hydrothermal APR conditions, Ni-based catalysts are susceptible

to particle growth [73] and metal oxidation, which can lead to loss of active metal sites
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through leaching. The introduction of Sn to the catalyst system has the potential to
enhance catalyst stability by forming Ni-Sn alloys, which may improve corrosion

resistance [72].

This study involved investigating monometallic and bimetallic samples supported on
Ce(Zr)02, with variations in Sn loading. A preliminary evaluation was conducted to choose
a suitable catalyst support for the Ni-based catalysts. The activity of a catalyst during APR
is intricately affected by both the metal and the inherent properties of the support [78].
Thus, after a careful consideration within the BIKE consortium, mixed oxide supports
were selected. Catalysts supported on Zr0O;, Fe304 and CeO; has shown favorable activity
in APR of ethylene glycol and methanol thanks to the promotion of the water-gas shift
reaction, as one of the main reactions taking place during APR [153,154]. Mixtures of
these supports have shown high stability and resistance towards coke formation, a
desirable characteristic for the harsh conditions of APR. Hence, 27 %wt Ni catalysts

supported on Ce-Fe and Zr-Fe mixed oxides were evaluated.

The Ce-Fe catalyst presents high EG conversion of 75.5%, but with only 4.6% selectivity
towards H», with methane being the main component in the gas phase (51.3% mol). In the
case of Zr-Fe, the catalyst shows lower conversion (15.3%) with higher selectivity
towards Hz (19.0%) and low methane production, with a methane yield below 0.8%. In
the case of both catalysts, the solution after reaction had a reddish hue, possibly
associated with Fe leaching into the aqueous solution, as has been observed also in
previous research [155]. Hence, to take advantage of the promoting activity of Ce in Ni-
based catalysts with the slightly higher selectivity of Zr, a mixed-oxide of Ce-Zr was

selected as support to continue the screening process.

Once the Ce(Zr)O; support was selected, a comparison was conducted between two
catalyst synthesis methods: Incipient wetness impregnation (IWI) and a template-
assisted method (TAM). The catalysts synthesized using both methods contained 10%wt
Ni and 5%wt Sn. No significant differences were observed between the two catalysts
based solely on their catalytic activity. The IWI catalyst achieved 38.2% ethylene glycol
conversion, while the TAM catalyst achieved a slightly lower conversion of 36.2%. Both
catalysts showed methane selectivities of 5.5% and 4.1%, respectively, and identical H>
selectivities of 26.3%. Due to its simplicity, the incipient wetness impregnation method

was selected for the subsequent screening process.

Figure 4-1 provides an overview of the catalytic performance during APR of ethylene

glycol at 270°C using catalysts with varying Sn loadings (ranging from 2.5%wt to 10%wt)
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while maintaining a fixed 10%wt Ni content. The presence of Sn in the catalysts is
observed to considerably suppress methane formation, with at least three times lower
selectivity to methane. Furthermore, as the Sn loading increases, there is a noticeable
decrease in ethylene glycol conversion. However, at a Sn loading of 5%wt, a higher
selectivity towards H: is observed. This specific catalyst exhibits a significantly higher
conversion to gas phase products than the other samples in the series, resulting in a

higher yield of H.
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Figure 4-1. NiSn series - APR of 6 %wt ethylene glycol aqueous solution at 270 °C and 20 bar initial
pressure in batch reactor (2 hours) [a] Conversion (%), Hz selectivity (%) , Hz yield (%), CHas yield
(%) and reforming ratio (RR) [b] Carbon yield to liquid phase products (%).

In the liquid phase, the primary products observed are glycolic acid, acetic acid, methanol,
and ethanol. The introduction of Sn led to a moderate decrease in the carbon yield
towards liquid products (approximately 2-3% points less), while simultaneously
increasing the formation of organic acids. However, the production of alcohols remained

consistently similar among all the samples.

Although the catalysts are active under the evaluated conditions with EG conversion in
the range of 60-23%, the total H; yield remains low (14-5%). Previous studies have
explored the effect of addition of KOH in APR using Ni-based catalysts [73,156,157]. All
these studies consistently demonstrate that the addition of KOH leads to an increase in
APR activity of various polyols, such as glycerol, ethylene glycol, and sorbitol. Hence, KOH
was added to the liquid feed (0.35M) to boost the H, production in APR of ethylene glycol.

Figure 4-2 illustrates a significant enhancement in H; yield, showing an increase of up to
4.9 times higher yield compared to the experiments conducted at an initial pH of 7.
Additionally, the catalysts containing Sn exhibits a higher total carbon yield to the gas

phase. The selectivities to CO and alkanes decrease considerably, while CO; becomes the
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predominant carbon-based product in the gas phase, with selectivities exceeding 95% for

the Sn-containing catalysts.
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Figure 4-2. NiSn catalystseries - APR of 6 %wt ethylene glycol aqueous solution at 270 °C and 20
bar initial pressure including KOH (0.35M) in batch reactor (2 hours) [a] Conversion (%), Hz
selectivity (%) , Hz yield (%), CH4 yield (%)and reforming ratio [b] Carbon yield to liquid phase
products (%).

The enhancement of the catalytic activity in presence of KOH is most likely related to an
increase in the pH. As the pH of the solution increases, it creates an environment in which
oxidation of Ni is less likely to occur. Thus, a larger fraction of metallic nickel is present at
these alkaline conditions [73]. Additionally, KOH could inhibit CO methanation while
facilitating the WGS reaction. Potassium could block the active sites (step sites) for
methanation while KOH may induce dissociation of water necessary for WGS [156].
Finally, adding a base could lead to capture of CO,, which may be reflected in the higher
reforming ratios (H2/COz) seen in experiments conducted with KOH present. The

reforming ratio increases by roughly one third compared to those conducted at pH 7.

The carbon yield towards liquid products is higher in the presence of KOH by up to a factor
of 7 for the samples containing Sn, while a slight reduction was observed for the
monometallic Ni catalyst. The product distribution of the liquid phase for these
experiments is rather complex, including a significant fraction of C1-C5 alcohols,
aldehydes (isobutyl aldehyde), ketones (2-propanone, 3-butanone), and organic acids
(acetic acid, glycolic acid). In Figure 4-2 [b], the most representative components present
in the liquid phase are shown, where the production of glycolic acid becomes

predominant, followed by methanol and ethanol.

Therefore, it can be suggested that the presence of KOH promotes reactions within the
liquid phase, thereby providing diverse pathways in the APR mechanisms at high pH.

These pathways may involve processes like dehydrogenation of ethylene glycol,
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potentially triggering a rearrangement of the adsorbed species leading to the formation
of organic acids. This notion aligns with the observations made by Zope et al. [158], who
observed that selective oxidation of alcohols is facilitated in the presence of supported
gold and platinum catalysts at high pH conditions. Their observations suggest a

mechanism involving steps mediated by the solution and steps catalyzed by the metal.

Introducing Sn into a Ni-based catalyst reduced methane formation, leaving H, production
unaffected, whereas added KOH augmented the activity of all catalysts within the series.
The stability of the catalyst was assessed by metal leaching based on the nickel loading of
the samples before and after the reaction. As seen in Table 4-1, the catalyst with 5% Sn
loading is the most stable regarding Ni leaching during the aqueous phase reforming of
ethylene glycol. Only 0.3% of nickel leached under standard conditions, while 9.3%
leached under alkaline conditions, most likely due to alloy formation that stabilizes nickel.
In contrast, the leaching for the other samples was more significant. The increased
leaching at higher pH could be associated with the higher production of organic acids,
leading to oxidation and leaching.

Table 4-1. Metal loading and metal leaching of the SnNi based catalyst before and after APR at
270°C and 20 bar initial pressure

Metal loading 2.510 SnNi 510 SnNi 1010 SnNi
Element Ni (%owt) Ni (%owt) Ni (%owt)
Initial 10.6 8.5 9.8
Final pH7 9.3 8.5 8.8
Final pH14 9.9 7.7 7.4
Metal leaching [%] pH7 12.9 0.3 9.9
Metal leaching [%] pH14 6.8 9.3 24.8

Further investigations are underway at the Bulgarian Academy of Sciences (BAS),
including comprehensive catalyst characterization. The objective is to gain deeper
insights into the elements contributing to enhanced catalytic performance in aqueous

phase reforming of ethylene glycol.

4.1.2.2 Pt-based catalysts

Previous studies have indicated that breaking C-C bonds on platinum surfaces is more
readily than C-O bond cleavage following dehydrogenation steps of polyols in APR. This
phenomenon contributes to platinum catalysts having notable selectivity to Hz and high

catalytic activity [53,159]. In this project, Pt-based catalysts were developed
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collaboratively by NTNU and CNR, with the objective of enhancing catalyst activity by

introducing a second metal while upholding the high H; selectivity.

Carbon materials as catalyst supports were selected as the focal point in the BIKE project
for investigating Pt-based catalysts in APR. These materials are considered suitable
supports for APR applications due to their hydrothermal stability, high specific surface
area, resistance to acidic and basic environments and the potential to readily adjust their

chemical properties through surface functionalization [81-83].

For the first evaluation phase in this project, Pt-based catalysts containing 3%wt Pt
supported on carbon nanofibers (CNF-o0x) were investigated. These catalysts were further
modified by the addition of Mn (0.8%wt) and W (0.8%wt), including tungsten oxide
(WO0s3) and tungsten carbide (WC). The performance of these modified catalysts was
compared with that of the monometallic Pt catalyst supported on CNF-ox and the
benchmark catalyst supplied by JM consisting of 4.3 wt% Pt supported on a commercial
carbon material derived from coconut shells. A summary of the APR results from these

catalysts is outlined in Figure 4-3.
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Figure 4-3. Pt-CNF series - APR of 6 %wt ethylene glycol aqueous solution at 270°C and 20 bar
initial pressure in batch reactor (2 hours) [a] Conversion (%), Hz selectivity (%) , Hz yield (%), CHa
yield (%) and Hz production (mmol/min*ge:) [b] Carbon yield to liquid phase products (%).

The monometallic Pt-CNF-ox catalyst exhibited a relatively lower H; yield (69.3%) at
270°C, with the Mn-containing (83.3%) and WOs-containing (80.5%) samples surpassing
its performance. The bimetallic catalyst containing Mn showed the least methane yield
overall, with particularly low selectivity towards alkanes in the gas phase (6.8%).
Comparable patterns were observed among the studied catalysts regarding liquid-phase
products, with methanol emerging as the predominant liquid by-product, followed by

ethanol, acetic acid, and glycolic acid. The most significant formation of organic acids was

48



Chapter 4: Results and discussion

observed for the Pt/C and PtMn/CNF-ox samples, while the lowest carbon yield to liquid

products was detected for the catalyst containing WC.

After the initial screening, a study into the Pt-Mn ratio was conducted using samples
provided by CNR. These samples were supported on carbon black (Cvxc) and synthesized
through the metal vapor synthesis (MVS) method [160]. This technique facilitates the
creation of small and uniform particle sizes (1-2nm), thereby yielding a catalyst
characterized by high Pt dispersion. The Pt loading was fixed to 2%wt while the Mn
loading was varied based on the Pt:Mn molar ratio, including ratios of 3:1, 1:1, and 1:2.

The APR results are presented in Figure 4-4.

The catalysts were examined for their performance in APR, and the catalyst with the
lowest Mn content, represented by the Pt:Mn ratio of 3:1, exhibited highest activity with
a hydrogen yield of 52.8%. As the amount of Mn increases, the hydrogen yield decreases,
while the production of glycolic acid in the liquid phase increases from a carbon yield of
0.04% to 0.38%, as the Pt:Mn ratio changed from 3:1 to 1:2. This pattern reinforces
findings from our earlier screening, suggesting that the presence of Mn plays a role in
facilitating the dehydrogenation reaction and subsequent rearrangement of adsorbed
species, leading to the formation of organic acids in APR. Moreover, Mn might also
influence the C-O cleavage pathway, promoting the generation of liquid products to a
certain extent. Previous studies have shown that adding Mn increases the concentration
of Lewis acid sites, which is a catalyst feature promoting C-O bond cleavage in reforming

of polyols [65].
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Figure 4-4. PtMn Cvxc series - APR of 6 %wt ethylene glycol aqueous solution at 270 °C and 20
bar initial pressure in batch reactor (2 hours) [a] Conversion (%), Hz selectivity (%) , Hz yield (%),
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49




Chapter 4: Results and discussion

During this phase, an examination of catalyst deactivation was conducted. In the context
of APR, a prevalent cause of catalyst deactivation arises from the oxidation of the active
phase, subsequently leading to metal leaching due to the low pH developed in the reaction
mixture by the presence of organic acids [54]. The metal loading of the catalyst series
(PtMn/Cvxc) was measured before and after APR. Notably, only negligible quantities of
Mn were observed in all catalysts post-reaction, indicating significant leaching of Mn into
the liquid phase (~ 97%) during the two-hours of aqueous phase reforming of ethylene
glycol. In contrast, the stability of Pt within the catalysts is evident, as it is retained
throughout the experiments, with less than 1% metal leaching for all the catalyst in the

series.

Another aspect evaluated in this preliminary test is the nature of the carbon support. In
this case, two different carbon materials were evaluated as supports for bimetallic
catalysts with a Pt:Mn molar ratio of 3:1. The catalyst supports were carbon black (CVXC)
and carbon nanofibers (CNF). A lower catalyst loading of 160 mg was employed in the
batch APR experiments, in contrast to 200 mg used in prior studies. The catalyst
supported on carbon nanofibers (CNF) demonstrated superior performance under the
investigated conditions (270°C). This specific catalyst achieved a hydrogen yield of 53.8%,
accompanied by an EG conversion of 57.8% and a methane yield of 0.66%. Conversely,
the catalyst supported on carbon black displayed slightly lower values, with a hydrogen
yield of 43.4%, EG conversion of 49.8%, and methane yield of 1.1%.

In liquid-phase reactions, the influence of mass transfer limitations tends to be more
significant compared to gas-phase reactions. Within this context, the pore structure of the
support has an important role in APR, as it facilitates the diffusion of reactants and
products across the catalyst matrix [61]. Thus, the observed outcomes can be attributed,
at least in part, to the structural differences of the carbon materials. Carbon black
exhibiting a higher micro-pore volume (0.028 cm3/g) compared to CNF (0.006 cm3/g)
might affect the diffusion of ethylene glycol towards the active sites situated within the
micropores of the carbon support, or it might constrain the diffusion of liquid byproducts.
The liquid products may undergo subsequent reactions leading to the formation of

alkanes, as seen in the higher production of methane for the Cvxc catalyst.

An additional important aspect of the CNF, particularly platelet CNF, is the presence of
edges in the graphite planes. These edges can serve as suitable sites for anchoring and
stabilizing platinum nanoparticles and favor metal-support interactions involving

electron transfer between platinum and the carbon support [161]. Such interactions
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typically improve the catalytic activity, contributing to the overall performance of the

catalyst.

Within this framework, further investigation was directed towards Mn, chosen as the
secondary metal alongside Pt, with CNF as the selected support. The challenges associated
with Mn leaching under APR conditions will be addressed in section 4.2, where
modifications of the support were explored to enhance the stability of nanoparticles while

upholding a high level of activity and selectivity towards hydrogen production.

4.1.3 Aqueous phase reforming over non-carbon-supported catalysts

This section presents a study on an alternative kind of support, acknowledging the
limitations that arise when using carbon materials as catalyst supports. The relatively low
density and insufficient mechanical strength constraint the application of pelletized
carbon-based catalyst at industrial scale. Typically, carbon supports experience
fragmentation, resulting in creation of fines that increase pressure drop when utilized in

a fixed-bed reactor [162,163].

Various supports have been investigated in the context of APR, considering the required
stability under hydrothermal conditions. Guo et al. [164] studied the effect of the basic
properties of supports on hydrogen production in APR. Different mixed-oxides were
evaluated: MgO, Al;03, CeO;, TiO; and SiO2, observing that APR of glycerol was more
favorable over more basic supports such as MgO and Al;03 for Pt-based catalysts.
However, poor stability of MgO was observed due to the formation of magnesium hydrate

and carbonate, causing fragmentation and subsequent increase in pressure drop.

In the search for a basic support suitable for APR conditions, mixed oxides of magnesium
and alumina (MgO-MgAl;04) were synthesized by flame spray pyrolysis (FSP) with an
excess of MgO (Mg/Al ratio of 3) and studied in APR of ethylene glycol, including Pt and
Mn. Incorporating alkaline earth metals or metal oxides, like MgO and CaO, onto an Al,03
support is a commonly utilized strategy to enhance the basicity of catalysts [165,166], a
desired property in APR to enhance the H; formation through the WGS reaction. In the
synthesized catalyst, the molar ratio of Pt and Mn was varied while maintaining a constant
loading of 1%wt platinum. In Figure 4-5 the XRD patterns of the samples are presented,

where the reflections characteristic of the MgO, MgAl204 and platinum are observed.
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Figure 4-5. X-ray diffraction patterns of the catalysts supported on Mg0O-MgAl204 syntheiszed by
FSP.

The average Pt crystallite size estimated from the diffraction patterns of PtMn/MgO-
MgAl,04 catalysts with different Mn content are summarized in Table 4-2. The crystallite
size is relatively comparable among the synthesized samples. However, considering the
low Pt loading, a smaller crystallite size was anticipated. This might result from the
synthesis method used, since the composition and properties of the materials obtained by
double flame spray pyrolysis are susceptible to the intersection distance of the flames.
The distance depends on the space between the burner nozzles and the angles at which
they are arranged. Hence, if the distance is not optimized, lower temperatures at the
intersection of the flames due to a longer distance could promote aggregation between
the formed particles [138].

Table 4-2. Average crystallite size, metal loading, and metal leaching of catalysts synthesized by
FSP.

Av crystallite _Metal loading (%wt) Metal leaching (%)

Catalyst size (nm) Pt Mn Pt Mn
Pt/Mg0-MgAl204 14 0.96 - - -
3PtMn/MgO-MgAl204 15 0.99 0.15 - -
PtMn/Mg0-MgAl204 13 0.91 0.43 - -
Pt/Mg0-MgAl204 spent = 0.69 - 28.0 -
3PtMn/Mg0-MgAl204 spent - 0.72 0.07 27.3 58.4
PtMn/Mg0-MgAl204 spent = 0.74 0.18 18.2 49.7

The catalysts were tested in the context of aqueous phase reforming of ethylene glycol at
270°C. A summary of the results is presented in Figure 4-6. The catalysts containing Mn

exhibit superior activity compared to the monometallic Pt catalyst. No significant
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differences are observed in the gas phase product distribution across the range of Mn
loading, reflecting high H; yields for both catalysts studied (~70%). Similarly, the liquid
phase product distribution is comparable for the catalyst series, exhibiting methanol as

the main product followed by ethanol, acetic acid, and glycolic acid.
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Figure 4-6. MgO-MgAl203 series - APR of 6 %wt ethylene glycol aqueous solution at 270°C and 20
bar initial pressure in batch reactor (2 hours) [a] Conversion (%), Hz selectivity (%) , Hz yield (%),
CHa yield (%) and Hz production (mmol/min*gp) [b] Carbon yield to liquid phase products (%).

Increasing the Mn loading for the Pt-based catalysts seems to promote H; production.
Moreover, the presence of Mn correlates with a rise in the concentration of acetic acid in
the liquid phase. This suggests that Mn influences certain reaction pathways that
facilitates the formation of organic acids, such as the dehydrogenation of EG and the
subsequent rearrangement of adsorbed species. Regarding the basic support used for this
catalyst series, trace levels of CO were identified in the gas phase, with molar
concentrations remaining below 0.066%. These outcomes can be attributed to the
pronounced water-gas shift activity, which effectively converts CO generated from
ethylene glycol reforming into hydrogen and CO,. Furthermore, relative to the series
using CNF-ox as support, less formation of organic acids and methane is observed. The
CNF-ox are known to contain acidic groups on the carbon surface after the treatment with
nitric acid [167]. Hence, these acidic sites could promote the formation of methane and

organic acids during aqueous phase reforming [53].

Based on the evaluation of the catalysts after the APR reaction (Figure 4-6), Pt and Mn
leached out from the MgO-MgAl,04 support. the leaching is more pronounced for Mn, with
50-58% leaching out and less for Pt with 18-28%. The interactions between the support
and the metal particles seem not strong enough to stabilize the particles at the demanding

hydrothermal conditions characteristic of aqueous phase reforming. Therefore, despite
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presenting high activity at the examined conditions, the catalysts are susceptible to

deactivation by metal leaching during aqueous phase reforming of ethylene glycol.

4.1.4 Key findings

In the screening section, it was observed that the introduction of Sn to a Ni-based catalyst
hinders methane formation and enhances the activity in aqueous phase reforming of
ethylene glycol. The optimal loading of 5% Sn and 10% Ni was found to enhance hydrogen
selectivity when supported on ceria-zirconia mixed oxides. Even though SnNi-based
catalysts displayed activity at a pH of 7 during APR (with conversions ranging from 30%
to 60%), the selectivity towards H, remained modest, favoring the formation of liquid
phase products. The incorporation of KOH boosted the catalyst activity, resulting in a
significantly higher H; yield. For Pt, it was noted that the addition of Mn improves the
catalytic activity, contributing to a higher hydrogen yield. The optimum molar ratio
between Pt and Mn has been established at 3:1. However, minimal difference was

observed for the catalyst having a Pt:Mn ratio of 1:1.

Noticeable differences between the metals were observed: The catalysts containing Pt
displayed high selectivity towards Hz (>80%), while the nickel-based catalysts exhibited
high activity along with a moderate H; selectivity (ranging from 40% to 60%). These
distinctions emphasized the capacity of Pt to favor C-C bond cleavage and the notable high

activity of Ni, favoring side reactions that consume H3, such as methanation.

The selection of the supports mainly influenced the dispersion, diffusion of reactants and
products across the catalyst structure and either facilitated or hindered acid-catalyzed
dehydration reactions. Hence, both the texture and morphology of the support play a role
in the catalyst activity, along with the chemical properties. The basic nature of the
supports could be associated with enhancement of the WGS reaction activity leading to
an increase in hydrogen production. Additionally, challenges from hydrothermal
conditions were particularly visible in the case of Mg0-MgAl,04 and Fe-containing Zr-Ce
supports, where severe metal leaching was observed during the rection. Therefore, to
address these issues, supports such as carbons and ceria-zirconia mixed-oxides seem to
demonstrate better stability at the demanding reaction conditions. The following section
presents a more in-depth study of the interaction between Pt and Mn on CNF as the

support material.
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4.2 Nitrogen-containing carbon nanofibers as supports for bimetallic
Pt-Mn catalysts in aqueous phase reforming of ethylene glycol.

The work presented in this section involves studies into the addition of Mn as a second
metal in Pt-based catalysts supported on CNF. This includes findings discussed in Paper |,
which involve nitrogen-doped carbon nanofibers. Additionally, a separate segment
explores the in-situ XAS characterization of Pt-Mn bimetallic catalysts during aqueous

phase reforming of ethylene glycol.

Paper I delve into the influence of incorporating Mn into Pt-based catalysts and comparing
the performance with corresponding monometallic Pt catalysts. In addition, the effect of
nitrogen surface functionalization of platelet CNF is explored, relying on characterization
techniques to understand and identify the interactions between the elements in the
catalytic system. Mn recognized as an unstable promoter under APR conditions, was
selected to investigate whether modifying the support surface coupled with its interaction

with Pt could effectively enhance the stability of Mn at APR reaction conditions.
The paper is divided into the following sections:

Catalyst synthesis and characterization
Aqueous phase reforming at batch reaction conditions

Aqueous phase reforming at continuous flow conditions

B Noe

Characterization of spent catalysts

4.2.1 Catalyst synthesis and characterization

The surface of the CNF was modified by post-treatments: Acid, heat or gasification-
assisted heteroatom doping [101] as described in section 3.2 to introduce oxygen
functional groups (CNF-ox), remove unstable oxygen groups produced by the acid
treatments (CNF-HT) such as carboxylic acids and anhydrides [168] or introduce nitrogen

functional groups on the surface of the carbon nanofibers (N-CNF).

Characterization by BET and XPS of the platelet CNF aided in determining the textural
properties of the carbon materials and identifying the surface functional groups
contained in the carbon support. The CNFs primarily exhibit mesoporous characteristics,

with only slight variations in surface area, with a 15% decrease after the nitrogen
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functionalization. The nitrogen content in N-CNF is 1.9%at, while the oxygen content for

CNF-ox and CNF-HT is 3.5%at and 1.7%at, respectively.

Following the deposition of platinum and manganese through incipient wetness
impregnation, an assessment was conducted on Pt dispersion, particle size, and metal
loading. An overview of the results from various characterization techniques is displayed
in Table 4-3. From the table, it is noted that the introduction of Mn leads to a reduction in
the CO uptake of the catalysts, resulting in a decrease in platinum dispersion. This
phenomenon has been observed in previous studied by Jain et al. [169], attributing the
decline in CO uptake to a physical obstruction caused by Mn covering Pt atoms.

Table 4-3. Pt dispersion, metal loading and average particle size determined by CO chemisorption,
MP-AES and XRD.

Pt Metal loading . .
Catalyst CO uptake dispersion (0.1 %)® Et particle C.rystalllte
(umol g-1)a (+/-1)° PC  Mn size (nm) 2 size (nm)c
Pt/CNF-ox 48.5 39 2.9 3 27
Pt/CNF-HT 72.4 50 2.8 - 2 7
Pt/N-CNF 52.1 40 2.5 - 3 -
PtMn/CNF-ox 47.3 37 2.9 0.8 3 22
PtMn/CNF-HT 459 34 2.6 0.8 3 16
PtMn/N-CNF 46.0 35 2.6 0.8 3 -
2 CO chemisorption
b MP-AES

¢XRD using the Scherrer equation

Similarly, the presence of oxygen containing-groups on the carbon surface facilitated
aggregation of Pt when employing an anionic precursor such as Pt(Cl¢)- 2, leading to a
reduction in the CO uptake of the catalyst. This effect is more pronounced on the support
featuring a higher oxygen content (CNF-ox). Consequently, this led to a catalyst
composition where a significant fraction of Pt nanoparticles displayed fine dispersion on
the surface, alongside another fraction of larger particles observed in STEM images and
XRD patterns. Conversely, it was suggested that the presence of nitrogen functional
groups, such as pyridinic groups, serve as anchoring points for the Pt nanoparticles,
resulting in finely dispersed Pt nanoparticles on the surface of the supports, as observed

in previous studies [170,171].

To closely examine the intricate interactions between the metal particles and the carbon
supports, XPS analysis was conducted focusing on the Pt 4f;/, region, presented in Figure
4-7. Previous research has established that electron-withdrawing nitrogen species cause

a strong donor-acceptor interaction with Pt nanoparticles. This interaction leads to a
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decrease in the Pt electron density resulting in a positive shift in Pt binding energy

[113,172,173].

In the case of the monometallic catalyst investigated in this study, no apparent shift in the
binding energy of Pt was observed. The nitrogen content on the support (1.9% at) is most
likely too low to give a significant effect on the electron density of platinum. Nonetheless,
when Mn was present in the samples, a significant shift to higher binding energy for the
Pt species was observed for the PtMn/CNF-HT and PtMn/N-CNF catalysts, with a larger

shift in the sample containing N species (+ 1.5 eV).
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Figure 4-7. Pt 4f7 /2 spectra of [a] Pt CNF-HT , PtMn CNF-HT catalysts after reduction ex-situ and
spent PtMn CNF-HT after APR [b] Pt N-CNF, and PtMn N-CNF catalysts after reduction ex situ and
spent PtMn N-CNF-HT after APR.

These findings suggest that the effect on the electronic state of Pt is not solely due to the
presence of Mn [174] as seen in the PtMn/CNF-HT catalyst, but also arises from the
nitrogen groups located on the surface of the carbon support, leading to a further decrease

in the electron density of Pt.

4.2.2 Aqueous phase reforming at batch reaction conditions

An evaluation of the synthetized catalyst in ARP of ethylene glycol was carried out at
225°C in a batch reactor. The catalytic activity and carbon yield to the liquid products are
presented in Figure 4-8 and Figure 4-9. In the gas phase, the primary products were Hy,
CO3, and CH4. Meanwhile, the liquid phase was dominated by methanol, ethanol, acetic

acid, and glycolic acid.

57



Chapter 4: Results and discussion

sy,
s,
=[]=Conversion

[-2]
o

- [al

P ]
o ©

[¥]
o

Site Time Yield (min™)
= 8

Selectivity/Conversion (%)

o

Pt CNF-ox Pt CNF-HT Pt N-CNF

Site Time Yield (min™)

Selectivity/Conversion (%)

PtMn CNF-ox PtMn CNF-HT PtMn N-CNF

Figure 4-8. APR of 6 %wt ethylene glycol aqueous solution at 225°C and 20 bar initial pressure in
batch reactor. Catalytic conversion of EG, Hz site time yield (STYnz2), Hz and alkane selectivities for
the [a] monometallic Pt catalysts. [b] bimetallic PtMn catalysts. The error bars represent the

standard deviation of the experiments.
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Figure 4-9. APR in batch reactor of 6 %wt ethylene glycol aqueous solution at 225°C and 20 bar
initial pressure. Carbon yield to main liquid products and total conversion of carbon to liquids
(CtoL) of the [a] monometallic Pt catalysts [b] bimetallic PtMn catalysts. The error bars represent

the standard deviation of the experiments.

A prevalent patter observed among the studied catalysts is the high H; selectivity (>80 %)

coupled with minimal alkane formation (<5%). Minor deviations in activity and

selectivities was observed for the various surface functionalization of the CNF in the

monometallic samples. A reduction in the formation of acetic acid was noted for the

catalyst containing N species. This implies that the likelihood of dehydrogenation and
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subsequent rearrangement of adsorbed species, leading to the formation of minor organic

acids during APR [53], is less favorable in the presence of N species on the carbon surface

With the introduction of Mn, an increase in H; site time yield can be seen for all the
catalysts, as suggested in previous studies that Mn facilitates the activation of polyols,
such as glycerol, leading to higher H; production rates [65]. However, clear indications of
the positive impact of N-doping can be seen in the bimetallic samples, resulting in a high
H: selectivity of 95.8% and a H: site time yield of 22 min-! for PtMn N-CNF. Based on these
results, it appears that there is a correlation between the increased activity and the strong
interaction between Pt-Mn and the N species on the surface of the CNF. This was observed
through XPS analysis, which showed a shift in the Pt binding energy, signaling a charge
transfer from Pt to Mn and nitrogen species on the CNF. Therefore, the increased catalytic
activity of PtMn/N-CNF can be attributed to the presence of electron-deficient Pt on the
CNF surface.

To assess the stability of the catalyst under the harsh hydrothermal APR conditions and
when exposed to organic acids that decreased the pH of the solution from nearly neutral
to pH 3-4 during APR, the metal leaching from the catalysts was evaluated. A comparison
of the metal loading of the reduced and spent catalysts demonstrated that approximately
95-97% of Mn leached out during 2 hours of APR, demonstrating that the
functionalization of the carbon support was not sufficient to stabilize the Mn species. Pt

demonstrated a stable behavior with no significant leaching observed (<1%).

4.2.3 Aqueous phase reforming at continuous flow conditions

The most active catalysts were evaluated under continuous flow conditions. This
eliminates any issues that might arise from using batch processes, such as the
accumulation of products in a closed system that can detriment the stability of the
catalyst, mainly when organic acids are produced. In addition, the accumulation of gas-
phase products increases the total pressure in the system, which can have a negative

effect on the APR activity [175].

The catalysts were tested at 225°C and 30 bars for 20 hours on stream to reach steady-
state conditions. An overview of the catalytic activity of the catalysts supported on CNF-
HT and N-CNF is presented in Figure 4-10. Consistent with the outcomes of the batch
experiments, the bimetallic catalysts present higher catalytic activity. Among the catalysts
studied, PtMn/N-CNF shows the highest H; site time yield (15.8 min-1) with lowest

production of alkanes. These findings align with comparable studies conducted on Pt-
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based catalysts. Huber et al. [60] reported TOFyu; values in the range of 7-11 min-! in APR
of ethylene glycol for bimetallic catalysts such as PtNi, PtCo and PtFe exhibiting higher

activity than their monometallic counterparts.

The carbon yield towards liquid products is relatively low, within a range of 3% to 6% of
the total carbon converted (Figure 4-10 [d]). The liquid phase mainly consisted of
methanol and ethanol as by-products, without any presence of organic acids. Adding Mn
and nitrogen species to the catalytic system enhanced the catalyst performance with a
minor impact on the distribution of the products, observing similar trends in selectivities
towards gas and liquid by-products. The product distribution correlates with the reaction
pathways initially reported by Dumesic et al. [23], favoring C-C bond cleavage over C-O

bond cleavage, resulting in high H; selectivities [23,53,175,176].
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Figure 4-10. APR of ethylene glycol (6%wt) at 225°C, 30 bar and WHSV=2h-1. Evolution of [a]
Ethylene glycol conversion (%) [b] Hz site time yield (min!) [c] Selectivity to CHa [d] Carbon yield
to liquid phase and gas phase (%) with time on stream (TOS).

4.2.4 Characterization of spent catalysts

Evaluation of the spent catalysts after 20 hours on stream was conducted to identify
potential causes of deactivation of the catalysts. A slight degree of sintering was detected,

observed by the decrease in the platinum dispersion measured by CO chemisorption. The
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decrease was more pronounced in the catalyst supported on CNF-HT, with approximately
5% reduction in the Pt dispersion for both mono and bimetallic catalysts. The decline was
almost negligible (1% -3%) for the catalysts supported on N-CNF, highlighting the ability
of nitrogen-doped supports to stabilize the Pt nanoparticles even at harsh hydrothermal

conditions, as presented in Figure 4-11.

Significant Mn leaching was detected in the case of Mn-containing samples, with a slightly
lower degree of leaching for PtMn/N-CNF estimated at 89+ 0.1% in comparison to PtMn
CNF-HT with 97.1+ 0.1%. No significant leaching was detected for Pt, with typical leaching

values lower than 0.01%.

[a] PtMn/N-CNF red

Mny, Pt,,
50nm 50nm 50nm
[b] PtMn/N-CNF spent
g Mny, Pt,
50nm 50nm 50nm
Figure 4-11. STEM images and EDX elemental maps of [a] PtMn/N-CNF reduced and [b] PtMn/N-
CNF after 20 hours of APR at 225°C. EDX maps of Mn, Pt and the overlay of both element signals.

Even with the substantial loss of Mn during the reaction, the catalytic activity remains
stable, as shown in Figure 4-10. Additionally, from the Pt 4f 7, XPS spectra of the spent
bimetallic catalyst (Figure 4-7 [b]), a shift to higher binding energies of 1eV is still
noticeable in comparison to the monometallic catalyst. Previous studies suggest that a
minor amount of Mn in the catalyst plays a role in its catalytic activity [65]. Hence, after
Mn leaching, the remaining Pt particles expose low coordinated surface atoms that may

act as preferential sites for aqueous phase reforming of ethylene glycol.

4.2.5 In-situ XAS studies of PtMn catalysts

In order to gain a better understanding of the condition of the catalyst throughout the
reaction, the progression of the PtMn/CNF-HT catalyst was followed by conducting in-situ

XAS studies at the Pt Lz edge and Mn K edge during aqueous phase reforming of ethylene
glycol. Detailed comparison of the Pt Lz edge XANES spectra of PtMn CNF-HT before and
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after catalyst reduction at 300°C and after APR is shown in Figure 4-12 [a]. In the initial
stages, the catalyst is partially oxidized, but after reduction, the spectrum closely
resembles that of the Pt foil. This observation serves as a clear indicator that Pt becomes
fully reduced in the presence of H; at high temperatures. Additionally, there are no
noticeable variations observed directly from XANES spectra before and after aqueous

phase reforming.
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Figure 4-12. XAS results at Pt L3 edge of PtMn CNF-HT after reduction, before and after APR at
225°C and 30 bar (WHSV = 2h-1). (a) XANES spectra; (b) Fourier transforms of the EXAFS spectra
(R space).

The Fourier transforms of the XAS spectra (R space) are shown in Figure 4-12 [b], in which
the nearest Pt-Pt peak position of the reduced and spent catalysts shifts to a shorter radial
distance in comparison to the Pt foil (2.77 A), which is consistent with the formation of
bimetallic Pt-Mn bonds. Hence, EXAFS fitting of the Pt L3 edge in k space was employed to

determine whether there is a close proximity of Mn to Pt atoms.

The EXAFS fitting results of the Pt Lz edge data from before and after the reaction are
shown in Table 4-4 and Figure 4-13. Following the APR reaction, a slight increase in the
Pt-Pt coordination number is observed, aligning with a decrease in dispersion as indicated
by CO chemisorption (Table 4-3). This trend indicates a minor level of sintering of the
metal particles. A small coordination number is estimated for Pt-Mn before the reaction,
which after the reaction becomes almost negligible by the large uncertainty of the
obtained value. However, upon analyzing the radial distances between the metals, it was
observed that the Pt-Pt distance was shorter before the reaction compared to after. After
APR, the Pt-Pt bond distance closely approximates that of the Pt foil, suggesting a change
in the local environment of Pt attributed to Mn leaching. Thus, the initially present shorter

radial distances and larger Debye-Waller type factor could be associated with Mn closely
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located to Pt. In contrast, larger Pt-Pt bond distances reflect a decrease in the presence of

Mn after APR.

Table 4-4. EXAFS fitting results for the PtMn CNF-HT catalyst at the Pt L3 Edge®

Catalyst  Shell AEo (eV) CN R(A) 62 (A) R-factor
PtMn Pt-Pt 4.33+1.55 8.42 2.695 0.0106 0.049
fgiF'HT Pt-Mn 0.78 2711 0.0013

PtMn Pt-Pt  7.47 +1.13 9.87 2.755 0.0089 0.056
CNF-HT Pt-Mn 0.92 2.696 0.0082

spent Pt- Pt 4.25 3.892 0.0104

aReaction conditions: APR of ethylene glycol at 225 °C and 30bar, WHSV = 2h-1. The fitting was conducted in

k space ( 3<k<12).
Estimated accuracy in coordination numbers, CN: # 10-20%. Interatomic distance R: + 0.024.
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Figure 4-13. Pt L3-edge EXAFS [a] Fit of the k2 weighted EXAFS spectra and [b] corresponding
Fourier transforms of PtMn/CNF-HT after catalyst reduction. [c] Fit of the k? weighted EXAFS
spectra and [c] corresponding Fourier transforms of PtMn/CNF-HT after APR of ethylene glycol at

225°Cand 30 bars (WHSV = 9h-1)

In order to provide a visual indication of the Mn leaching during APR, the PtMn CNF-HT
catalyst was monitored by collecting Mn K edge XANES data during aqueous phase
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reforming of ethylene glycol. The in-situ XANES spectra at the start and end of the reaction
are shown in Figure 4-14. Given the low Mn concentration, the measurements were
conducted in fluorescence mode. From the spectra, a decrease in the edge step of Mn can
be observed, which is linked to a decrease in the Mn content in the catalyst. This finding
is consistent with metal leaching analysis and the Pt L3 EXAFS data interpretation. Hence,
after aqueous phase reforming, only a minor fraction of the initial content of Mn remains

in the catalyst (~5%).
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Figure 4-14. Mn K edge XANES spectra of PtMn/CNF-HT at start and end of APR of ethylene glycol
at 225°C, 30 bar and 2h-t WHSV.

4.2.6 Key findings

In this section, the interactions between the Pt-based catalysts with the addition of Mn as
the second metal, and with the N and O surface functional groups on the carbon supports
were studied in the context of aqueous phase reforming. PtMn bimetallic catalysts
supported on N-doped carbon nanofibers exhibited good performance in aqueous phase
reforming of ethylene glycol, with H; site time yield of 15.8 min-! at 225°C and 30 bar
pressure. It was concluded that both surface nitrogen species on the CNF support and
manganese loading influenced catalytic activity. This activity enhancement is attributed
to metal-support and metal-metal interactions, decreasing Pt electron density, and

promoting H; formation.
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Significant Mn leaching (up to 97+0.1%) was detected after 20 hours of continuous-flow
APR. However, no significant impact was observed on the catalyst performance,

indicating that a small fraction of Mn effectively enhances the catalytic activity of Pt.

The next section moves on to consider the impact of various dopants of the carbon
nanofibers on Pt-based catalysts. The distinct characteristics of each heteroatom
introduce novel features to the catalytic system, which could either strengthen or hinder

the activity in aqueous phase reforming of ethylene glycol.
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4.3 Aqueous phase reforming over platinum catalysts on doped
carbon supports: Exploring platinum-heteroatom interactions

This research aims to investigate the impact of the local platinum environment in Pt-
based catalysts on the catalytic activity in aqueous phase reforming of ethylene glycol.
Modification of the platinum environment is achieved by introducing heteroatoms such
as oxygen, nitrogen, sulfur, phosphorous, and boron into the carbon support. The
heteroatoms induce changes in the electronic and physical interactions between the
carbon matrix and the supported metal, subsequently leading to observable variations in

catalytic activity and selectivity.

To gain deeper understanding of these interactions, a combination of in-situ X-ray
absorption spectroscopy (XAS) and multivariate curve resolution alternating least
squares analysis (MCR-ALS) was employed. These studies provided insight into the
platinum oxidation states and the specific platinum species that evolve throughout the
course of the aqueous phase reforming of ethylene glycol. This section relates to the

content covered in Paper Il and is subdivided into the following topics:

1. Catalyst synthesis and characterization

2. Aqueous phase reforming of ethylene glycol

3. In-situ characterization during aqueous phase reforming of ethylene glycol
4. Effect of carbon doping

4.3.1 Catalyst synthesis and characterization

The carbon nanofibers were synthesized by chemical vapor deposition as exemplified in
section 3.1. Afterward, a nitric acid treatment was employed to eliminate the synthesis
catalyst from the carbon structure and introduce oxygen functional groups on the surface
(CNF-o0x). This was followed by various additional treatment to incorporate desired

heteroatoms in the carbon surface.

Inert atmosphere was utilized for a high-temperature treatment to lower the oxygen
content of the support and remove unstable oxygen functional groups, resulting in CNF-
HT [177]. To incorporate N, P, and S functional groups, the gasification-assisted

heteroatom doping method (GAHD) [15] was employed. This involved subjecting CNF-ox
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to a gasification agent at elevated temperatures in the presence of a gaseous source of
heteroatoms (refer to section 3.3). The synthesis of B-CNF was achieved through wet-
impregnation [135], involving a two-hour contact between the CNF-ox and a boron
precursor solution at moderate temperatures (80°C). After successfully synthesizing the

doped support, the catalysts were prepared using incipient wetness impregnation.

Characterization of the doped CNF by nitrogen physisorption and Raman spectroscopy
demonstrated limited impact on the carbon texture and structure, with a heteroatom
doping level of approximately 2%at (Figure 4-15 [f]). A decrease in the specific surface
area was noticed in N-CNF, B-CNF, and P-CNF supports. In the case of N-CNF, the decrease
could be attributed to the presence of water during the doping treatment, leading to
decomposition of amorphous carbon within the CNF structure. In the case of P-CNF, the
deposition of P species on the carbon surface could be responsible of blocking micropores,

as previously reported [178].

The supports displayed an Ip/I¢ intensity ratio of approximately 2, indicating the presence
of a high concentration of edge sites, a feature commonly observed in platelet CNF [145].
Structural descriptors such as changes in the G band or Ip/I¢ intensity ratios did not reveal
differences among the doped CNF, suggesting that the structural defects present within
the bulk CNF predominate over the alterations caused by the substitution of carbon sites

with heteroatoms on the surface.

The catalyst characterization revealed significant variations among the catalysts featuring
different surface functionalization, particularly evident in Pt dispersion and average
particle size. Pt/CNF-HT and Pt/N-CNF exhibited high platinum dispersions of 47% and
43%, respectively. In contrast, Pt/S-CNF (26%) and Pt/B-CNF (19%) displayed lower
dispersion levels. Although STEM images revealed the presence of dispersed platinum
particles in the case of Pt/P-CNF, a different behavior was observed, resulting in
suppression of amount of chemisorbed CO. This inhibition was attributed to the presence
of phosphorus atoms on the carbon structure, leading to a change in the adsorption

strength of CO as observed in previous studies [179].

Based on the analysis of heteroatom content and their distribution in various molecular
structures, conducted through XPS and complemented by zeta potential measurements
(Figure 4-15), it was evident that the surface charge density was influenced not only by
the quantity of heteroatoms but also by the pH and nature of functional groups present
on the carbon surface [180,181]. Pt/N-CNF and Pt/S-CNF showed a positive zeta potential

attributed to the presence of weakly acidic or basic groups like pyrrolic, quaternary, and
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pyridinic nitrogen. Conversely, samples with higher levels of acidic groups, such as

hydroxyl (OH-) and carboxyl (COOH-) groups, exhibited a negative zeta potential (HT, P,
B).
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Figure 4-15. High-resolution XPS of [a] N 1s of Pt/ N-CNF, [b] S 2p of Pt/S-CNF [c] P 2p of Pt/P-CNF [d] B 1s
of Pt/B-CNF reduced catalysts. [e] Zeta potential (mV) [f] oxygen and heteroatom content (at%) of the X-
CNF supports and Pt-based reduced and spent catalysts.

A positive shift in Pt° biding energy (0.3 eV) was observed for Pt/CNF-HT, P/N-CNF, and
Pt/S-CNF, relative to the binding energy of bulk Pt (71.7.eV). This shift indicates the
presence of electronic interactions between Pt and the support. On the other hand, larger
particles present in Pt/P-CNF and Pt/B-CNF could potentially mitigate the impact of
dopants on the electronic structure of Pt, leading to no significant alteration in binding
energy. These findings align with previous studies that have shown the dependence of

metal-support interactions on particle size, exhibiting a more pronounced effect for

nanoparticles smaller than 4 nm [96]
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4.3.2 Aqueous phase reforming of ethylene glycol

The results from the batch APR experiments using Pt-based catalysts supported on
heteroatom-doped CNF are shown in Figure 4-16. The catalysts ranked in descending
order of EG conversion were as follows: Pt/N-CNF exhibited the highest conversion,
followed by Pt/CNF-HT, Pt/P-CNF, Pt/B-CNF, and Pt/S-CNF. The predominant
components in the gas phase were H; and CO;, accompanied by minor quantities of

methane (<3.4% mol) and ethane (<2.6% mol).

The liquid phase includes glycolic acid, acetic acid, ethanol, and methanol, with a higher
production of alcohols compared to organic acids. The total carbon yield to the liquid
phase remained below 15% of the initial carbon content for all the studied catalysts, with

Pt/P-CNF displaying the highest liquid product yield among the catalysts

This observation implies that, except for Pt/P-CNF, the evaluated catalyst series did not
substantially contribute to H, consumption via secondary reactions. The Pt/P-CNF
catalyst, however, displayed a potential to facilitate the hydrogenation of unsaturated
intermediates, resulting in the utilization of generated H: for the formation of methane

and liquid by-products.

Following APR of ethylene glycol, the XPS of the catalysts exhibited Pt binding energy
values that were consistent, closely resembling bulk platinum at approximately 71.7 eV.
Additionally, while N-CNF and CNF-HT maintain their heteroatom content during APR, P-
CNF and B-CNF experience a reduction of P, B and O content at the carbon surface, with a
loss of up to 40% (Figure 4-15 [f]). This loss indicates that they are susceptible to leaching
under demanding hydrothermal APR conditions [126]. Comparable findings were
observed regarding Pt dispersion. The catalyst supported on N-CNF, and CNF-HT
exhibited a relatively modest reduction in dispersion (30-40%), whereas B-CNF and S-
CNF experienced a more pronounced decline in dispersion, ranging from a 55% to 60%
decrease. The decrease in Pt dispersion, coupled with a reduction in heteroatom content
on the carbon surface, most likely contribute to the weakened effect of neighboring

species on the electronic properties of platinum.
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Figure 4-16. APR of 6 %wt ethylene glycol (EG) aqueous solution at 250 °C and 26 bar initial pressure
in the batch reactor. [a] Catalytic conversion of EG, yields towards hydrogen and hydrocarbons, Hz site
time yield. [b] Carbon yield to main liquid products and total conversion of carbon to liquids (CtoL).
The error bars represent the standard deviation in the experiments.

4.3.3 In-situ XAS characterization during aqueous phase reforming of ethylene
glycol

To achieve a more comprehensive understanding of the local environment and oxidation
state of platinum during APR, in-situ XAS experiments were conducted. In this section,
cautious interpretation of the data analysis is necessary due to the EXAFS limitations in
differentiating Pt-N, Pt-O, and Pt-C coordination due to the closely matched scattering
amplitudes of C, N, and O.

The MCR-ALS analysis performed on the XANES spectra (Figure 4-17) revealed the
presence of two main platinum species in each catalyst, in agreement with the EXAFS data
fitting. Presence of a large fraction of Pt® was identified, exhibiting a slight increase during

APR that aligns with XPS findings of the used catalysts, with a higher fraction of metallic
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platinum (>65%). Pt species directly coordinated to heteroatoms N, S and P on Pt/N-CNF,
Pt/S-CNF and Pt/P-CNF were detected. Additionally, no contributions of boron species

directly bonded to platinum were observed.
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Figure 4-17. MCR-ALS results - Contribution of the species for [a] Pt/CNF-HT [b] Pt/N-CNF [c] Pt/S-
CNF [d] Pt/P-CNF [e] Pt/B-CNF.

The fitting of the EXAFS data revealed an increase in the Pt-Pt coordination number for
all catalysts, consistent with the lower dispersion estimated by CO chemisorption in the
catalysts after APR. Furthermore, Pt/P-CNF and Pt/B-CNF exhibited high Pt-Pt
coordination numbers, reaching 9 and 10 respectively, which is in agreement with the

large particles detected in the STEM images.

The catalysts that exhibited a positive shift in Pt°binding energy in XPS also demonstrated
areduction in the Pt-Pt bond distance, specifically noticeable in Pt/N-CNF and Pt/S-CNF.
This bond contraction could be linked to metal-support interactions that induce
electronic modifications in Pt atoms closely located to species with high electron density,

such as N or S [183].

At APR conditions, Pt/N-CNF, Pt/CNF-HT and Pt/B-CNF exhibited a stable behavior with
only a slight increase in the Pt0 contribution along with a minor contribution identified as
PtN or PtO, respectively. Pt/P-CNF, presented a decrease in Pt-P coordination number
from 0.7 to 0.4 which may be due to a decrease in P content on the carbon support, as
detected by XPS. In the case of Pt/S-CNF a minor additional presence of Pt+* species (<2%)

was detected.
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4.3.4 Effect of carbon doping

The nature of the support plays a key role in altering the catalytic activity, connecting the
conversion of polyols to bifunctional reactions involving both the support and the metal
phase [184]. In the case of Pt-N/CNF the presence of basic sites alongside high platinum
dispersion enhances the conversion towards H». The significant content of pyridinic N in
the carbon surface, as detected by XPS (Figure 4-15[a]), could enhance water dissociation,

promoting the WGS activity [164].

On the other hand, the presence of acidic functional groups on Pt/P-CNF and Pt/B-CNF
favors dehydration of ethylene glycol, which lead to the production of alcohols and
alkanes, as seen in Figure 4-16. Furthermore, they also encourage the desorption of

intermediate species [185], resulting in rearrangement and formation of organic acids.

The low catalytic activity observed for Pt/P-CNF and Pt/B-CNF could be linked to two
main factors: The presence of acid sites conferred by oxidized species on the carbon
surface and the relatively low level of Pt dispersion. The acidic sites could hinder the
adsorption of ethylene glycol by the increased hydrophilicity of the carbon surface,
leading to competitive adsorption between water and ethylene glycol, as also observed by
others [83,108]. A low dispersion would result in a lower number of active metal sites
available for the reaction, thereby following alternative pathways promoted by the
supports, such as dehydration reactions. In the case of Pt/S-CNF the reduced activity may
be explained by the existence of metal-sulfur species that are catalytically inactive for EG

reforming, identified during in-situ XAS.

4.3.5 Key findings

The various types of heteroatoms introduced on the supports impact the electronic
density and dispersion of platinum on carbon nanofibers. By employing in-situ XAS to
identify Pt-heteroatom species and Pt oxidation state during APR, correlating the
platinum local coordination and electronic structure with the catalytic activity and
selectivity throughout APR is enable. These results strengthen the concept that the
performance of the catalyst is strongly influenced by the nature of the support, the active

phase, and the interactions between them.
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During APR of ethylene glycol, Pt/N-CNF was found to be the most promising catalyst for
H: production associated with the high Pt dispersion and basic sites provided by the
nitrogen species, resulting in enhanced activity for the water-gas shift reaction. On the
other hand, Pt/P-CNF and Pt/B-CNF displayed lower platinum dispersion and less acid
sites on the carbon surface, resulting in lower activity and higher production of liquid by-

products and methane compared to Pt/N-CNF and Pt/CNF-HT.

In the following section, an alternative catalytic system is examined based on the findings
from collaborative studies conducted within the BIKE project. The catalyst was developed
at Johnson Matthey, and it is based on a PtNi system supported on TiO>. To the best of our
knowledge, a similar system has not been studied in the context of APR. Hence, the
interaction between the components in the catalyst and the impact of the reaction

conditions are evaluated.
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4.4 Bimetallic interactions stabilizing Pt-Ni/TiOz catalysts in
aqueous phase reforming of ethylene glycol

This section explores the aqueous phase reforming activity of a low metal loading
(<1%wt) PtNi bimetallic catalyst supported on TiO;. The catalyst was selected within the
BIKE framework to study its stability under the hydrothermal reaction conditions
exposed in APR and to gain a deeper understanding on how the catalyst performance is
affected by changes in the reaction conditions. This investigation is discussed in Paper III,

and it is subdivided in three sections:

1. Catalyst synthesis and characterization
2. Stability test in aqueous phase reforming of ethylene glycol
3. Kinetic studies

4.4.1 Catalyst synthesis and characterization

The catalyst was prepared by co-impregnating Pt(NOz)s and Ni(CH3CO2)2-4H,0 metal
salts aiming for a Pt: Ni 1:1 molar ratio with loading of 1%wt Pt and 0.3wt% Ni. Following
a drying step at 105 °C overnight, a reduction step at 250°C for two hours in 10%H2/N;
flow, and a passivation, exposing the catalyst to a 1% 0:/N; mixture at room temperature

for 20 min.

The crystalline structure of the reduced and passivated catalyst was studied by XRD. The
diffraction pattern presented the characteristic anatase-to-rutile ratio of P25 with no
peaks attributed to Pt and Ni related to the low metal loading of the catalyst and the

expected high dispersion of the nanoparticles.

To identify the initial chemical state of the platinum and nickel on TiO., ex-situ XPS was
performed on the catalyst. The Pt 4f spectrum can be fitted by only one platinum specie
at 71.5 eV, showing the significant contribution of metallic platinum on the surface of the
catalyst [186]. The Ni 2p3,, spectra have a low signal-to-noise ratio due to the low Ni
content. However, two discernable peaks attributed to Ni(0) at 852 eV and Ni II or Ni(III)
at 856 eV are observed [187], where it appears that the majority of the nickel species on

the catalyst surface are in the oxidized state.
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Figure 4-18. XRD patterns of PtNi/TiO: before and after aqueous phase reforming of 6%wt
ethylene glycol solution at 225°C and 30 bars for 120 hours on stream (WHSV = 2h-1)

EXAFS analysis was used to obtain information about the structure of the bimetallic
PtNi/TiO; catalyst. The Fourier transform (FT) of the k2-weighted EXAFS spectrum
collected at the Pt L; edge including the fitting results are presented in Figure 4-19 and
Table 4-5. The fit of the Pt L3 edge shows a Pt-Pt contribution with a coordination number
of 7.51 at a bonding distance of 2.70 A, which is similar to that in PtNi alloy (2.714) [188].

Furthermore, there is a Pt-Ni contribution with a coordination number of 0.82 at an
interatomic distance of 2.65, larger than the Pt-Ni distance for the PtNi alloy (2.62 &) but
still within the expected range of contraction for Pt particles [189]. This result suggests
the presence of bimetallic particles with much of the Ni located at near-surface region, in
accordance with the indications from local density calculations, which reveal surface
segregation of Ni [190]. Furthermore, the local composition of PtNi nanoparticles,
estimated with the ratio CNpc.ni/CNpe.pe of 1:0.11, indicates that only a fraction of the Ni
atoms directly interacts with Pt. As suggested in XPS, the rest of the Ni may be present in
oxide phases. A total coordination number of 6.84 is estimated considering a Pt fraction
of 0.9 and Ni fraction of 0.1, providing an average particle size of 1.5 nm [191,192], in

agreement with the particle size obtained from the analysis of the TEM images.
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Figure 4-19. Pt L3 edge EXAFS fitting curves of the

reduced PtNi/TiO: catalyst in R space

Pt-Ni 0.82 2.65 0.0040
Pt-Pt 7.51 2.70 0.0039

R-factor 0.006

Estimated accuracy CN: + 10-20%,

R: % 0.02A

Expected Pt-Ni distance 2.62 A, Pt-Pt 2.71
for PtNi alloy [188]

Furthermore, TEM micrographs of the PtNi/TiO; catalyst (Figure 4-20) show the uniform

distribution of the nanoparticles over the support and confirm the average nanoparticle

size of 2. 1 + 1.0 nm in the reduced catalyst, in agreement with EXAFS results.

Figure 4-20. TEM micrographs and elemental map profiles of the PtNi/TiOz catalyst [a] reduced
[b] spent after aqueous phase reforming of ethylene glycol (6%wt) at 225°C, 30 bar and WHSV=2h-

1,120 hours on stream.
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4.4.2 Stability test in aqueous phase reforming of ethylene glycol

A continuous flow setup (section 3.5.3) was used to conduct a 120-hour experiment to

evaluate catalytic activity and stability. After the reaction, the catalyst was regenerated by

flushing with DI water and subjected to the same reduction process used for the newly

prepared catalyst. As can be seen from Figure 4-21, the catalyst exhibits stable catalytic

activity after initial deactivation in the first 40 hours. A stable yield of H, and methane

was obtained, including a preferential ethanol production in the liquid phase

accompanied by methanol, acetaldehyde, acetic acid, and glycolic acid.
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Figure 4-21. Aqueous phase reforming of ethylene glycol (6%wt) at 225°C, 30 bar and WHSV=2h-1. Evolution
of [a] Ethylene glycol conversion (%) [b] Hz yield (%) [c] CHa yield [d] Carbon yield to liquid products (%)
with time on stream (TOS). The mass balance closure shows a 10-20% error, with a higher error in the initial
40 hours on stream associated with back mixing and long residence time of the liquid phase.

78



Chapter 4: Results and discussion

These observations are consistent with previous studies including DFT calculations [193],
where the decomposition of ethylene glycol over a monolayer of Ni atoms on top of a
Pt(111) surface occurs initially by O-H cleavage, which can lead to the intermediates on
the surface susceptible to form acetaldehyde and ethanol, as observed in the liquid
product distribution. Furthermore, the hydrogen production rate in terms of grams of Pt
present in the sample (16.0 + 0.6 mmol/gp-min) is slightly higher than values reported
for catalyst with similar molar ratio 1:1 (PtNi/Al;03); 13.3 mmol/g,-min [60].

After the stability test, the catalyst was characterized by XRD and TEM, and the metal
content was determined by MP-AES. A phase transition could be detected from the X-ray
diffraction pattern for the spent catalyst, an intensity decreases in anatase peaks at 25.3°
and a rise in intensity for the rutile peaks (between 27.4 and 54.3°) was observed. From
the Rietveld refinement, it was identified that the relative anatase phase composition

decreases from 86% to 81%, while the rutile phase increases from 14% to 19%.

The TEM micrograph (Figure 4-20 [b]) revealed moderate sintering of the metal
nanoparticles with an average particle size of 4.4 + 1.0 nm after reaction. HR-TEM showed
crystal lattices with d-spacing of 0.244 nm attributed to the (111) NiO plane and 0.23 nm
linked to face-centered cubic Pt(111). Moreover, from the elemental analysis, 9% of Pt
and 80% of Ni were estimated to leach out during APR. This significant degree of metal
leaching, especially for Ni, could be associated with the formation of oxidized nickel

species susceptible to leaching under hydrothermal conditions [73].

The catalyst exhibited stable activity for 120 hours on stream, despite experiencing
irreversible deactivation mechanisms such as sintering and metal leaching, suggesting
that the leached fractions of Ni and Pt in the catalyst were not in an active form for
ethylene glycol conversion. Besides, after the catalyst regeneration, the initial high
activity was regained. Hence, it seems that a reversible deactivation takes place during
the initial stages of APR of ethylene glycol, observed by the decrease in conversion (Figure
4-21 [a]). The deactivation could be associated with competitive adsorption of reaction

intermediates such as CO, as indicated in previous studies [60].

4.4.3 Kinetic studies

The reaction kinetics were studied at different temperatures (215-235°C) and EG feed
concentrations (1-20%wt) in a semi-continuous reactor set-up, described in section 3.5.2.

In the experiments carried out for the kinetic studies, the main products observed were

Hz, CO2 and a mixture of C1-C2 alkanes along with methanol and ethanol in the liquid
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phase. Furthermore, the gas phase analysis revealed a minor concentration of carbon

dioxide, as presented in Figure 4-22.

Due to limited knowledge of the reaction intermediates, and the low concentration of by-
products, such as methane and CO, the pathway included in the considerations for the
kinetic model was simplified to focus on ethylene glycol consumption and H; and CO;
production. Equations 4.1 and 4.2 illustrate the reforming of ethylene glycol followed by
the water-gas-shift reaction.

C,H¢0, — 2C0 + 3H, 41

C0+ H20 « H2 +C02 4_.2

35
- -0- - Conversion

30
< .
S 25 .
g .
Ch o YCH4
5.1~ —n
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()]
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1 25 4 5 6 75 10 12 15 20
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Figure 4-22. Total conversion of ethylene glycol (weight-based) and carbon-based yield of
hydrogen (Yuz), carbon dioxide (Ycoz), carbon monoxide (Yco), methane (Ycn4), and liquid products
(Yu) in aqueous phase reforming over PtNi/TiOz at 215°C and 40 bar.

The model proposed by Shabaker et al. [175] based on dehydrogenation of adsorbed
ethylene glycol as the rate-determining step (rk,.,) is used in this study. It is considered
that the absorption of ethylene glycol, water, H, and CO; are quasi-equilibrated, the
reforming reaction involves irreversible steps on the catalyst surface and that the WGS
reaction was approximated to equilibrium. Hence, the rate expression was based on the
most abundant species on the catalyst surface H*, CO*, C,0¢Hs* and OH*, as presented in

Equation 4.3 (* denotes surface sites)
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krxnKegP,
r = rxn*EG" EG . (4.3)
KrxnKecP, Kyo0P
1+ K., P, (1+ rxn*EG" EG >+K P.- + H20" H20
[ H20H2 kwesKiz0Puzo EGTEG iz Pz [175]

Further simplifications were implemented in the model following similar assumptions

proposed by D’Angelo et al. [194]. The Ky,0Py20 is considered constant due to the low

krxnKEGPEG

is assumed to be significantly
kwesKH20PH20

concentration of ethylene glycol, and the term

smaller than 1, and thus excluded from the model. Hence, a reduced model is presented

in equation 4.4 based on the liquid phase concentrations of ethylene glycol and hydrogen.

’ liq
k rXn CEG

, . " 4.4)[194
1+ /k;,zc,’;g+k,gccgg+ + K2 (44) [194]

liq
CHZ

Tk’ .., kinetic parameter m3/molpc*s

k;,z kinetic parameter m3/mol

k,EG kinetic parameter m3/mol

k;,z kinetic parameter m3/mol

ngg Concentration EG in the liquid phase [mol/m?3]

CZ% Concentration Hz in the liquid phase[mol/m?3]

To estimate the kinetic parameters, the objective function is minimized by the sum of
squared residuals between the model predictions and the corresponding experimental
data. Phyton version 3.1 using Broyden, Fletcher, Goldfarb, and Shanno (BFGS)
optimization algorithm provided within the SciPy library was used for achieving the best

possible fit.

Table 4-6 presents the estimated kinetic parameters. The large covariance obtained for
the kinetic parameter Kz may be linked to the limited amount of experimental data and
the low conversion levels obtained at the applied reaction conditions. Besides, a negative
value for this parameter suggests that H; is consumed by side reactions not accounted for
in the model, such as CO; methanation. To improve the statistical robustness of the model,
a second kinetic model excluding the ky, was evaluated, obtaining lower correlations

between the parameters, and leading to a more reliable statistical model.
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Table 4-6. Estimated model parameters and sum of squared residuals.

Model 4 parameters

Model 3 parameters

Parameter - -
Value Covariance Value Covariance
Tk 1y [M3/molpes] 2.91x10* 5.71 x 10-5 3.74 0.025
k'Hz [m3/mol] 2.61 1.479 1.71 x 10 25.03
k;za [m3/mol] 5.80 x 10 0.0002 7.96 x 102 0.1155
k;z [m?3/mol] -1.35 218.43 - -
Sum of squared residuals 0.0002 0.0005

Discrepancies were observed between the experimental reaction rate and the two

simplified models at low and high values of ethylene glycol concentration within the

evaluated range (Figure 4-23), underestimating the H, formation rate at the boundaries

of the examined interval (0.05 mol/m® and 0.08 mol/m?®). Nonetheless. despite its

simplicity, the model can describe the trend in H; formation rate during aqueous phase

reforming of ethylene glycol over the PtNi/TiO; catalyst and emphasizes the impact of

initial ethylene glycol concentration on the catalytic process.
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Figure 4-23. [a] Comparison of the calculated and experimental rate as function of ethylene glycol
concentration [b] Parity plot of the reaction rate.

4.4.4 Key findings

The PtNi/TiO; catalyst with low noble metal content (<1%wt) exhibited highly dispersed

nanoparticles on the support, and the presence of bimetallic particles confirmed by EXAFS

analysis. The metal-metal interactions, along with a favorable support for the water-gas
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shift reaction, demonstrate an effective combination that ensures stable activity for 120
hours of continuous operation, favoring activity and selectivity towards H; production. A
partial phase transition from anatase to rutile TiO; was detected in the spent catalyst,
suggesting that this transformation was induced by the elevated pressures and
hydrothermal conditions to which the catalyst was exposed. After the stability test, metal
leaching and a slight degree of sintering were detected. However, no direct effect on the

catalytic performance was observed.

Furthermore, a simplified kinetic model was evaluated based on the liquid phase
concentrations of ethylene glycol and H.. The model is able to estimate to a certain extent
the effect of variations in the concentration of ethylene glycol on the Hz production rate
at 215°C, but with limitations at very low concentrations of ethylene glycol (<0.05

mol/m?).
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5.1 Concluding remarks

Aqueous phase reforming has been proposed as a strategic method for hydrogen
production to valorize aqueous solutions containing oxygenates, mainly derived from
biomass. The catalytic system is crucial for meeting the challenges associated with the
demanding hydrothermal conditions and high feed functionalities that contribute to
catalyst deactivation and numerous side reactions, and thus delaying industrial
applications. This study approached different strategies to enhance the catalytic activity
and selectivity towards hydrogen production of Pt-based catalysts in aqueous phase

reforming of polyols.

Initially, the potential of improving the catalytic activity by introducing a second metal to
the catalytic systems was demonstrated. The addition of Sn to Ni systems proved
beneficial in promoting the activity of Ni-based catalysts supported on mixed oxides with
moderate H; selectivity. Besides, adding Mn to a platinum-based catalyst supported on
carbon nanofibers enhanced the catalytic performance by metal-metal interactions that
decrease the electron density of Pt, promoting its activity in aqueous phase reforming of

ethylene glycol.

After observing the relevance of the electronic properties of the metal on catalytic activity,
modifications were made to the support to further evaluate the effect of these properties.
Doped carbon nanofibers were studied to achieve high metal dispersion of the active
phase leading to high activity and favoring H; selectivity due to electronic effects induced
by the heteroatom in the support. It has been demonstrated that N-doped carbon
nanofibers favor the formation of H; by providing a catalyst with high metal dispersion

and basic surface groups, thus promoting the WGS activity.

Furthermore, in-situ XAS-XRD characterization allowed for identification of Pt-
heteroatom species and Pt oxidation state in the context of aqueous phase reforming,
establishing a connection between the local coordination and electronic structure of

platinum and the catalytic performance.

Despite developments in catalyst design, issues associated with catalyst stability are still
present, attributed predominantly to sintering and metal leaching. Therefore, utilizing

component combinations that favor the metal-support interactions can help mitigate the
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negative impact of exposing the catalyst to hydrothermal conditions and acidic streams,

such as in aqueous phase reforming.

In view of this, it is evident that the synergy between metal-metal interactions, metal-
support interactions, and supports promoting the water gas-shift reaction, demonstrates
successful combinations to ensure stable catalytic performance, as observed for the
bimetallic system PtMn supported on nitrogen-doped carbon nanofibers and PtNi
supported on TiO;. Hence, these findings reinforce the significant influence on the
catalytic performance from the nature of the support, the selected monometallic or

bimetallic system, and the mutual interactions.

5.2 Suggestions for future work

This investigation revealed that the stability of the catalyst during aqueous phase
reforming is compromised, leading to sintering and metal leaching, mainly observed for
base metals such as Ni and Mn in the bimetallic systems studied. Metal leaching is
attributed to the oxidation of the metal phase that is more susceptible to dissolution into
the aqueous media, and this oxidation can be promoted by the low pH obtained by the
formation of side products such as organic acids during the reaction. In spite of metal
leaching, for the catalytic system evaluated through the development of this research,
PtMn/N-CNF and PtNi/TiO, seem to maintain their catalytic activity while losing a

significant amount of the base metal during the reaction.

On this basis, future fundamental research should explore further the reasons behind the
sustained catalytic activity despite metal leaching. This could support the observations on
the retained electronic effects on Pt likely associated with structural effects on the
nanoparticles, or that the leached species may originate from metal phases not active in
aqueous phase reforming. Advanced characterization techniques such as high angle
annular dark field scanning transmission electron microscopy, along with X-ray
photoelectron spectroscopy (XPS) and in-situ X-ray absorption spectroscopy (XAS), can
provide valuable insights into the state of the catalyst at the local level, allowing for more
detailed visualization of what might take place at the catalyst atomic scale to relate it to

the catalytic performance.

In relation to the doped-carbon supports, an aspect worth exploring in more detail is the

interaction of the dopant on the carbon surface with the surrounding media. More
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precisely, how the acidity/ basicity provided by the different surface groups on the carbon
support affects the reaction rate in aqueous phase reforming of polyols. Some functional
groups will facilitate the adsorption of reactants and products, acknowledging that the
presence of water in the system can limit the surface reaction by competitive adsorption.
Hence, a comprehensive characterization of the acidic/basic sites on the carbon surface
is crucial for better understanding of the catalytic activity at these liquid-solid

interphases.

A brief discussion into the effect of pH was introduced in the catalyst screening section,
observing how the pH of the solution alter catalyst selectivity to enhance or detriment the
formation of hydrogen. In this context, the exploitation of the reforming reaction towards
valuable products in the liquid phase can be achieved by tuning the reaction conditions,
as we observed that a higher pH favors the stability of a Ni-based catalyst and enhancing
the carbon yield towards liquid phase products. Therefore, fundamental studies into the
reaction pathways that take place at these different conditions would be useful to expand

the applicability of aqueous phase reforming.

The ultimate goal in catalyst design is to tune the selectivity to the desired product while
maintaining high activity and stability during the reaction. In the aqueous phase
reforming context, an environment that favors high-metal dispersion to increase the
number of active sites and to improve the stability of the catalyst is the final aim for
promoting H. production. Thus, bimetallic particle formation, strong metal-support
interactions, or mesoporous supports with high surface areas are promising strategies to
obtain effective catalysts for aqueous phase reforming applications. The challenges
associated with the variability and complexity of the feed still need to be addressed.
Hence, studying the catalyst in potential wastewater streams for industrial integration is
a natural way to continue improving the catalyst design where new challenges will
emerge, such as poisoning, and eventually will be addressed, strengthening the catalyst

applicability.

The study of aqueous phase reforming in realistic scenarios will allow to direct the
research to supplementary issues associated with reactor design or catalyst mechanical
strength. For example, the poor mechanical strength of pelletized carbon-based catalysts
and the relatively low density are a concern in fixed-bed reactors. Overcoming these
limitations will allow for successful implementation of carbon-based catalysts at a larger

scale.
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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 Hy
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 Hy-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 TiOg, ZrOz, 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,

* Corresponding author.
E-mail address: magnus.ronning@ntnu.no (M. Rgnning).

https://doi.org/10.1016/j.cattod.2023.114066

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 Fe304 catalyst. About 100 mg of catalyst was reduced in 25 %
Hy/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 (H20)
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 N, 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
HPtClg 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(NO3)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).

oM

D=
PAN.S,

@

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 Ka 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 HCI/HNO3 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 um) 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 sp? 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 % Ha/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). Hy, CO, CO,, 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;03 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
=15mm; length = 385 mm). About 0.3 g of catalyst was sieved
(125-250 pm) diluted with SiC (125-250 um, 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 % Hy/N; flow (100 mL/min) for 1 h. Then, N, 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. S3, 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-ox) 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 (m%/g) C (at%) O (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 co Pt Metal Pt particle  Crystallite
uptake dispersion loading size (nm)’ size (nm)*
(pmol (+/-1)° (£0.1 %)"
g o v
Pt Mn
Pt CNF- 48.5 39 2.9 3 27
ox
Pt CNF- 72.4 50 2.8 N 2 7
HT
Pt N- 52.1 40 25 - 3
CNF
PtMn 47.3 37 29 08 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.
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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(Cle) 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 %eat 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 f;,5(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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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. 7). 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. Nls 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.

P (4 £7,5) P (4f,) 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 3.3
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 (Fe304) 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, CO2 and CHg,
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 Hj 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 Hjp, 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 H, selectivity (85.8 %) and Hy 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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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(NO3), 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 STYyy, 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
Hp, 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 STYy; 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
Hy selectivity (90 %), with the highest Hj 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 Hy 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 L. 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 Hj selectivities [1,50-52] as presented

A/Hz o
Rearrangement C-C cleavage
(o}
Hy
,/ " "
OH co \. N co2
/\/ Dehydrogenation WGS
HO C-C cleavage Hy
Methanation Methanation
Hy
Hy0
Dehydration C-O cleavage 2
Hy0
Hy0 2 CH;, <=
H0
Hydrogenation C-C cleavage
Hz

HO/\7H /\7>—>

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;/, 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 Hy 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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EXPERIMENTAL
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Figure S 1. Schematic diagram of the setup utilized for gasification-assisted nitrogen doping of
carbon nanofibers (CNF).
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XPS fitting

For the analysis of Pt species, the distance between the spin-orbit splitting is set to 3.3 eV
to represent 4f7,; and 4fs,2, and the intensity ratio was constrained to 0.8 [1]. FWHM of Pt

4f was set to be equal for all the functions during the fitting.

For the analysis of Mn species, Mn 2p3,; (639+ 0.4) contribution was fitted with doublets
of two profiles with a fixed intensity ratio of 0.35, with the distance between the two spin-
orbit splitting set to 11.7 eV to represent 2pz2and 2p1/2 [1]. FWHM of Mn 2p3,, was set to
be equal for all the functions during the fitting.

Table S 1. Band assignments and fitting parameters of XPS analysis

Binding Full width at half-maximum (FWHM)
Species energy Pt Pt PtMn PtMn
(eV) NN CNF-HT  N-CNF  CNF-HT  N-CNF
Oxidized N 403.4+0.2 0.8 0.8 0.8 0.8 0.8
Quaternary N 401.0 £ 0.2 0.8 0.8 0.8 0.8 0.8
Pyrrolic N 399.7+0.2 0.8 0.8 0.8 0.8 0.8
Pyridinic N 398.3+0.2 0.7 0.7 0.7 0.7 0.7
Pt 4f7/2 - Pte 71.2+0.2 - 0.8 0.8 0.7 0.8
Pt 4f7/2 - Pt+2 724 +0.2 - 0.8 0.8 0.7 0.8
MnOx 2p3/2 6414 0.2 - - - 1.0 1.0
MnOx 2ps/2 643.2+0.2 - - - 1.0 1.0
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Table S 2. Parameters and equations applied to evaluate APR batch performance

Equation Parameter Formula
Molgg initiat — MOlgg fi
1 Conversion XEG (%) — EG initial EG final
molgg initial
Hydrogen selectivity - Carbon Sua (%) mol Hy proguced X 1 %100
) =———"7 X33
based e Crotarg * Rb
Ci ¢
3 Carbon based selectivity Sig (%) = Lﬂ x 100
Ctotal,g
. . . . HZ production rated MWPte
4 Hydrogen site time yield STYy,(min™t) = + TR
Dpy’ Weat” Xm
ci
5 Carbon yield to liquid products Cip (%) = % x 100
CEG inital
Carbon yield to gaseous Ciq°
6 & Cig (%) = —2— x100
products CEG inital

aTotal carbon present in the gas phase

bStoichiometric reforming ratio for EG R = H,/C0, = 5/2

¢Total carbon in each gaseous product (i)

dMoles of Hz produced divided by the duration of the experiment (120 min)
e Molecular weight of Pt

fPt dispersion estimated by CO chemisorption (%)

& Amount of catalyst (g)

h Weight fraction of Pt in the catalyst (wt%)

i Total carbon in each liquid product (i)

kTotal carbon contained in the feed stream

109



pay -
H
¢ vent
/D\ Per
GC analysis
Air l -
vent
MFC >
TN
EG B%wt HPLC
Pump
Reactor s=parator

Liquid Sample

Bypass Reactor HPLE anslysis

A
N

Figure S 2. Schematic diagram of the continuous setup utilized for aqueous phase reforming of
ethylene glycol.

Table S 3. Parameters and formulas applied to evaluate APR continuous setup performance

Equation Parameter Formula

Fggin(mol/min) — Fggoye (mol/min)

1 C i Xee (%) =
onversion £ (%) Fron (mol/min)
Hyd lectivity (%) - F, mol/min 1
5 ydrogen selectivity (%) Sya(%) = H2 produced ( 2 / ) xﬁxwo
Carbon based FCtotalg
FCy,°
3 Carbon based selectivity (%) Sig (%) = ———7 x 100
total,g
F, mol/min) Mwp,*
4 Hydrogen site time yield (min-1) STYy,(min™) = Haproduced (MOl/min) i
DPteWcatf me
) - FCy"
5 Carbon yield to liquid products FCip, (%) = ———5 x 100
EGin
Carbon yield to gaseous FC; ¢
6 Y & Cig (%) = —— x 100
products EGin

aTotal flow of carbon present in the gas phase (mol/min)

bStoichiometric reforming ratio for EG R = H,/C0, = 5/2

cTotal flow of carbon in each gaseous product (i) (mol/min) - Estimated by the N2 flow used as internal standard.
d Molecular weight of Pt (g/mol)

ePt dispersion estimated by CO chemisorption

f Amount of catalyst (g)

g Weight fraction of Pt in the catalyst (%wt)

h Total flow of carbon present in each liquid product (i)

iTotal inlet flow of carbon contained in the feed stream
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A nitrogen flow of 25 mL/min is used as an internal standard to calculate the outlet flow
rate of gaseous products based on the measured composition of each component by gas
chromatography. Thus, the gas phase flow rate is estimated using the ideal gas law,

assuming room temperature of 25°C (298.15 K).

Since the APR in continuous flow were performed in up-flow configuration, with diluted
ethylene glycol feed and at moderate conversion levels, the outlet liquid flow rate was

assumed to be equal to the inlet flow.

RESULTS AND DISCUSSION

Figure S 3. TEM images of PtMn CNF-HT revealing the platelet morphology of the CNF used as
catalyst support. [a] Low magnification image indicating the typical size of the platelet fibers. [b]
High-resolution image showing the platelet structure.
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Figure S 4. N2 physisorption isotherms and specific surface area (BET) of CNF, CNF-ox, CNF-HT,
and N-CNF.
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Figure S 5. XRD patterns of functionalized carbon nanofibers

Table S 4. Relative atomic percentage (at%) of carbon, oxygen, and nitrogen. Including the fraction
of oxidized nitrogen species, quaternary nitrogen species, pyrrolic nitrogen, and pyridinic nitrogen
as quantified by XPS analysis.

Relative atomic percentage N species fraction (%)
at%
Catalyst (at%) — — —
C 0 N Oxidized quaternar  pyrrolic pyridinic
nitrogen y nitrogen  nitrogen nitrogen
N-CNF 96.4 1.7 1.9 10.6 221 17.9 49.3
Pt N-CNF 96.7 1.8 1.5 6.7 32.7 48.1 12.6
PtMn N-CNF 97.4 1.2 1.4 6.6 16.5 32.8 44.0
PtMn N-CNF 97.7 1,1 1.2 41 19.1 30.6 462
spent
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Figure S 6. XPS high resolution Pt 4f spectra of [a] Pt CNF-HT [b] Pt N-CNF [c] PtMn CNF-HT [d]
PtMn N-CNF catalysts after reduction ex situ.[e] Spent PtMn CNF-HT and [f] Spent PtMn N-CNF
catalysts after APR.
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Figure S 7. XPS high resolution Mn 2ps,2spectra of [a] PtMn CNF-HT [b] PtMn N-CNF
Table S 5. APR of ethylene glycol (6%wt) at 225°C and 20bar initial pressure for 2h at batch
conditions. The carbon balance was confirmed to a degree of 88-100% for all measurements.
Carbon Gas phase selectivity
H: Site time
Conversion Yield to (Carbon-based, %)
Catalyst yield
(21.5%) liquid Hz co CO2 Alkanes
(£ 1.7 min-1)
(+0.8%) (£2.5%) (%0.01%) (20.5%) (%0.2%)

Pt CNF-ox 119 12.5 4.3 89.2 0.3 93.8 5.9

Pt CNF-HT 15.5 10.3 5.8 76.9 3.2 94.7 21

Pt N-CNF 9.7 11.2 5.7 96.7 1.0 96.3 2.7

PtMn CNF-ox 13.3 13.5 6.2 83.4 0.3 94.9 4.8

PtMn CNF-HT 14.0 13.7 5.0 72.2 2.7 96.0 1.3

PtMn N-CNF 19.0 22.0 6.7 85.8 1.4 95.2 3.4

[a]

PtMn N-CNF

*

[b]

tMn CNF-HT

Figure S 8. STEM images and EDX elemental maps of the reduced samples; (A) PtMn N-CNF and
(B) PtMn CNF-HT. EDX-maps of Mn (edge Ka), Pt (edge La) and the overlay of both element signals.
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Weisz-Prater criterion (®yp)

The Weisz-Prater criterion (@) was calculated to confirm the absence of internal mass-
transfer limitations [2].
2
robspcatrp

Gyp = D, (1)

The criterion is dependent on the reaction order. For zero order reaction the modulus
should be below six (®,p < 6) and for first order reaction ®;,p < 1. For APR of ethylene
glycol, the reaction order has been estimated below 1 [3]. The worst-case scenario was
selected in terms of particle size, reactant concentration and reaction rate. The radius of
the catalyst particle was selected from the largest sieve fraction ( 1, = 0.0125¢cm). The
catalyst density was estimated according to the platinum loading and density of
commercial CNF ( pzq; = 3.94 g/cm?). The surface feed concentration is considered to be

equal to the bulk concentration (Cs = 9.7x10™* mol/cm?).

For the effective diffusion coefficient D,[cm?/s] estimation (Equation 2), the ratio
between porosity (§) and tortuosity (y) was assumed to be 0.1) and the Wilke-Chang
expression [4] (Equation 3) was used for the calculation of the diffusion coefficient

D [cm?/s]

D,=D )% )
D = 2.98x 1077y, *%*"3y,, 10267 3)

The molar volume of ethylene glycol at normal boiling temperature was estimated by the
Tyn-Calus relation V,; = 70.04 cm3/mol [5,6] and the water dynamic viscosity at APR
conditions is estimated to be 0.1188 cP [7]. In the limiting case for the highest reaction
rate (rops [MOL/S. gcar]) Pwp was estimated to 0.29, confirming the absence of

intraparticle mass-transfer limitations.



Table S 6. Continuous flow APR of ethylene glycol (6%wt) at 225°C, 30 bar and WHSV=2h-1.
Carbon-based gas phase selectivity evaluated at 20h of time on stream (TOS)

Gas phase selectivity

Carbon Yield (%)
Conversion (Carbon-based, %)
Catalyst
(%) Gas Liquid
H: co CO2 Alkanes
products products
Pt CNF-HT 27.0 18.5 3.5 87.2 0.3 97.1 2.6
Pt N-CNF 28.5 20.2 4.4 86.3 0.3 98.4 1.3
PtMn CNF-HT 31.3 215 4.1 85.8 0.4 96.6 3.0
PtMn N-CNF 39.6 27.5 53 96.5 0.4 98.3 13

Table S 7. Metal leaching of the spent catalyst after continuous flow APR of ethylene glycol (6%wt)
at 225°C, 30 bar and WHSV=2 h-1 obtained by MP-AES.

Metal leaching (%)
Catalyst
Pt(£0.1%) Mn (*0.1%)
Pt CNF-HT 0.0 -
Pt N-CNF 0.0 -
PtMn CNF-HT 0.0 97.1
PtMn N-CNF 0.0 89.0
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Figure S 9. STEM-EDX analysis of the Pt and Mn weight fractions of individual metal nanoparticles
[a] PtMn CNF-HT reduced [b] PtMn CNF-HT spent [c] PtMn N-CNF reduced [d] PtMn N-CNF spent.
[e] Average distribution of the weight fraction of Pt and Mn in the metal particles on the catalysts
before and after APR, as determined by STEM-EDX analysis of 30 metal particles. The horizontal
dashed line represents the theoretical weight fraction of Pt (0.78) assuming a 1:1 Pt:Mn molar ratio
which was targeted during catalyst synthesis.
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