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RESUMO

No contexto da transicdo energética e dos esforcos para a descarbonizagdo da econo-
mia, o hidrogénio (H») destaca-se como um vetor energético altamente versatil. Dentre

os materiais de armazenamento de hidrogénio, os hidretos metalicos surgem como

uma opcao viavel devido a sua alta capacidade de armazenamento de hidrogénio.
Notavelmente, o borohidreto de sédio (NaBH4) se destaca como um hidreto metalico

proeminente. Tradicionalmente, metais nobres tém sido empregados como catalisadores
para liberacao de hidrogénio de NaBH, devido a sua alta eficiéncia. No entanto, estes

metais sdo raros e caros, o que levou a uma maior atengdo nos ultimos anos para

0s metais de transicdo. Entre os catalisadores a base de metais de transicao, os a

base de cobalto sdo altamente atrativos devido a sua alta atividade e baixo custo. A

hidrélise do NaBH,4 € considerada severa em termos de condi¢cdes quimicas, levando a

deterioracao estrutural de muitos suportes cataliticos. Assim, o desenvolvimento de su-
portes cataliticos que possam suportar tais condicées sem perder a atividade catalitica,

preferencialmente com possibilidade de recuperacao para reutilizacao, tem sido um

desafio recente. Ceramicas avangadas, particularmente aquelas produzidas através

da rota Polymer-Derived Ceramic (PDC), sdo candidatas proeminentes no campo

de suportes cataliticos. Utilizando esta rota € possivel obter materiais onde a estru-
tura do silicio pode ser dopada com nanocristais metalicos para atuarem como catal-
isadores, apresentando uma abordagem promissora na area de suportes cataliticos.
Neste estudo, foram desenvolvidos trés materiais ceramicos derivados de polimeros

dopados com cobalto. Utilizou-se cloreto de cobalto (II) como precursor metalico e

trés polimeros pré-ceramicos: alilhidridopolicarbosilano (AHPCS), peridropolissilazano

(PHPS) e poli(metilvinil)silazano (HTT). A caracterizacdo dos materiais foi feita por

analises de TGA, FTIR, XRD e XPS. Os resultados mostraram que ceramicas a base

de silicio dopadas com cobalto foram obtidas com sucesso pela rota PDC. Os materiais

produzidos foram testados na reacao de hidrélise de borohidreto de sédio para avaliar

sua atividade catalitica, resultando em taxas variadas de geracao de hidrogénio nas

quatro temperaturas testadas. Os valores variaram de 34 a 7.641 mL min~1 g1 cat»
com o melhor resultado sendo de 7.641 mL min—1 g1 cat para o catalisador PHC02.5

testado a 353 K. Além disso, este catalisador passou por testes continuos de reutiliza-
cao, com resultados interessantes. Apds quatro ciclos de uso continuo, foi observada

apenas uma diminuicao de 26% na conversao de NaBH,. O catalisador foi entao

lavado com agua deionizada e submetido novamente a reacao de hidrélise, resul-
tando em uma diminuicdo de 29% na conversao apds quatro ciclos. Estes resultados

demonstram que os materiais produzidos tém potencial para serem explorados como

suportes cataliticos para a reacao de hidrélise do borohidreto de sédio. Espera-se que

este trabalho contribua para o desenvolvimento de novas tecnologias no contexto de

um futuro baseado em fontes de energia limpas e em vetores energéticos renovaveis

como o hidrogénio.

Palavras-chave: Ceramicas derivadas de polimeros; Hidrogénio; Hidrdlise.



ABSTRACT

In the context of energy transition and efforts towards decarbonizing the economy, hy-
drogen (H») stands out as a highly versatile energy carrier. Among hydrogen storage
materials, metal hydrides emerge as a viable option due to their high hydrogen sto-
rage capacity. Notably, sodium borohydride (NaBH,4) stands out as a prominent metal
hydride. Traditionally, noble metals have been employed as catalysts for releasing hy-
drogen from NaBH, due to their high efficiency. However, these metals are rare and
expensive, prompting increased attention in recent years towards transition metals.
Among transition metal-based catalysts, cobalt-based ones are highly attractive due to
their high activity and low cost. The hydrolysis of NaBH, is considered harsh in terms
of chemical conditions, leading to the structural deterioration of many catalytic sup-
ports. Hence, developing catalytic supports that can withstand such conditions without
losing catalytic activity, preferably with the possibility of recovery for reuse, has been a
recent challenge. Advanced ceramics, particularly those produced through the Polymer-
Derived Ceramic (PDC) route, are prominent candidates in the field of catalytic supports.
Utilizing this route, it is possible to obtain materials where the silicon structure can be
doped with metal nanocrystals to act as catalysts, presenting a promising approach in
the field of catalytic supports. In this study, three cobalt-doped polymer-derived cera-
mic materials were developed. cobalt (Il) chloride was employed as metallic precursor
and three preceramic polymers: Allylhydridopolycarbosilane (AHPCS), Perhydropolysi-
lazane (PHPS), and Poly(methylvinyl)silazane (HTT). Characterization of the materials
was done by TGA, FTIR, XRD and XPS analysis. Results showed that cobalt-doped
silicon-based ceramics were successfully obtained via the PDC route. The produced
materials were tested in the sodium borohydride hydrolysis reaction to assess their
catalytic activity, resulting in different hydrogen generation rates at the four tested tem-
peratures. The values ranged from 34 to 7641 mL min~—1 g~1.4;, with the best result
of 7641 mL min—1 g~1.4; for the PHC02.5 catalyst tested at 353 K. Moreover, this ca-
talyst underwent continuous reuse testing, with interesting results. After four cycles of
continuous use, only a 26% decrease in NaBH,4 conversion was observed. The catalyst
was then washed with deionized water and subjected to the hydrolysis reaction again,
resulting in a 29% decrease in conversion after four cycles. These results demonstrate
that the materials produced have the potential to be explored as catalytic supports for
the sodium borohydride hydrolysis reaction. It is expected that this work will contribute
to the development of new technologies in the context of a future based on clean energy
sources and renewable energy vectors such as hydrogen.

Keywords: Polymer-derived ceramics; Hydrogen; Hydrolysis.



RESUMO EXPANDIDO

Introducao

No contexto da transicao energética e do esforco para a descarbonizacao da
economia, o hidrogénio (H,) se destaca como um vetor energético altamente versatil.
Para um futuro sustentavel, a abordagem mais promissora envolve o aproveitamento
de fontes de energia renovaveis, juntamente com tecnologias de ponta em desenvol-
vimento para a produg¢do de hidrogénio. Dentre os materiais armazenadores de Ho,
os hidretos metalicos surgem como uma opc¢ao viavel devido a sua alta capacidade
de armazenamento de hidrogénio. Notavelmente, o borohidreto de sédio (NaBH,) se
destaca como um hidreto metalico proeminente, capaz de fornecer até 4 mols de hidro-
génio por mol de hidreto. Tradicionalmente, metais nobres tém sido empregados como
catalisadores na liberag@o de hidrogénio a partir de NaBH, devido a sua alta eficiéncia.
Porém, esses metais sao raros e caros e por isso, 0os metais de transicao tém ganhado
atenc&o nos ultimos anos por suas propriedades cataliticas na hidrélise de NaBHy,.
Dentre os catalisadores a base de metais de transicao, aqueles a base de cobalto
sdo muito atrativos devido a sua alta atividade e ao também ao baixo custo. A reagao
de hidrélise do NaBH,4 é considerada severa em termos de condi¢des quimicas e por
isso muitos suportes cataliticos tendem a sofrer deterioragao estrutural. Portanto, nos
ultimos anos tem sido um desafio desenvolver suportes cataliticos que possam resistir
a tais condigdes sem perder atividade catalitica e preferencialmente com possibilidade
de recuperacao, para reaproveitamento. No campo dos suportes cataliticos, as cera-
micas avangadas surgiram como candidatas proeminentes, particularmente aquelas
produzidas através da rota PDC, do inglés Polymer-Derived Ceramic. Utilizando esta
rota, é possivel obter materiais onde a estrutura do silicio pode ser dopada com metais
na forma de nanocristais, para atuarem como catalisadores, trazendo uma abordagem
promissora no cenario dos suportes cataliticos.

Objetivos

O presente trabalho tem como objetivo principal o desenvolvimento de cerami-
cas derivadas de polimeros dopadas com cobalto para utilizacdo na reacao de hidrélise
do borohidreto de sédio. Os objetivos especifico sao (i) a produgcao das PDC dopa-
das com cobalto a partir de trés diferentes polimeros pré-ceramicos (AHPCS, HTT e
PHPS), utilizando cloreto de cobalto (ll) como precursor metélico; (ii) avaliar as pro-
priedades quimicas, térmicas e estruturais dos materiais produzidos e (iii) testar a
atividade catalitica dos materiais na reacao de hidrélise do borohidreto de sddio.

Metodologia

A sintese das ceramicas derivadas de polimeros e sua dopagem com cobalto
foi realizada em solugcao com tolueno, polimero pré-ceramico e o cloreto de cobalto
(), adotando a rota PDC como metodologia de sintese. Trés diferentes polimeros pré-
ceramicos foram utilizados: alilhidridopolicarbosilano (AHPCS), Perhidropolisilazano
(PHPS) e Poli(metilvinil)silazano (HTT). O manuseio dos reagentes e a sintese foi
realizada sob atmosfera inerte de argénio utilizando técnicas Schlenk padrao devido a
sensibilidade dos reagentes ao contato com oxigénio. Apés a sintese, foi realizada a
extracdo do solvente sob diferenca de pressao e de temperatura, e o polimero em pé



resultante foi submetido a tratamento térmico sob atmosfera de argdnio, com taxa de
aquecimento de 5 °C min~1, até 1000 °C com tempo de residéncia de uma hora nesta
temperatura. Apos ceramizacao, a atividade catalitica dos materiais produzidos foi
averiguada através de seu uso na reacao de hidrélise do NaBH,. Utilizou-se o método
de deslocamento de agua para a medi¢cdo dos volumes gerados de H»,. O teste foi
feito adicionando-se uma quantidade conhecida de catalisador ao sistema, seguido da
adicao de NaBH,, de NaOH e de agua. O sistema era entdo imediatamente fechado
e 0 gas H, gerado, deslocava a agua para o recipiente que estava sendo pesado.
Com isso, o volume de agua deslocado é igual ao volume de H, gerado. O teste
de reuso dos catalisadores foi realizado de maneira continua, adicionando-se novas
cargas de quantidade conhecida de NaBH,4, NaOH e 4gua no sistema, mantendo-se
a temperatura e 0 mesmo catalisador ja utilizado anteriomente. Apés, o catalisador foi
lavado com agua deionizada e centrifugado por cinco vezes com o intuito de lavar os
boratos formados como co-produtos na reagéo. Apos cinco lavagens, o catalisador foi
seco e submetido novamente ao teste na reagdo de hidrdlise.

Resultados e Discussao

As ceramicas produzidas foram submetidas a analise termogravimétrica (TGA)
onde foi possivel observar perdas de massa condizentes com aquelas relatadas na
literatura, que indicam a ocorréncia das reacdes de cross-linking, e também um maior
rendimento ceramico quando comparado aos polimeros precursores puros. A analise
de espectroscopia na regido do infravermelho (FTIR) foi realizada com o polimero re-
cém sintetizado e com tratamento térmico em diferentes temperaturas (200, 400 e 600
°C). Com os resultados obtidos, observou-se diminuicdo nas bandas referentes as liga-
¢6es CH3-CH3, SiH4 e CH3-SiH3 no AHCo02.5, referentes as ligagdes N-H e Si-H no
HTCo2.5 e por fim as ligagdes N-H, Si-N e Si-H de PHCo02.5. Estes resultados concor-
dam com os obtidos por TGA E Confirmam a ocorréncia de reagdes de cross-linking
com liberacao dos compostos correspondentes, e indicam o inicio da ceramizagéao
dos materiais. As ceramicas foram analisadas por difracdo de raios-X (XRD) para a
identificagdo das fases cristalinas presentes. Foram observados picos referentes ao
cobalto na fase cubica para os trés materiais, indicando a presenca do metal na mma-
triz ceramica produzida. Além disso, picos referentes ao monosiliceto de cobalto (CoSi)
foram observados no AHCo02.5 e picos de CoSi e siliceto de dicobalto (Co»Si) para o
material PHC02.5. Analises de espectroscopia de fotoelétrons excitados por raios-X
(XPS) foram realizadas nas ceramicas produzidas. A atividade catalitica das ceramicas
foi testada na reacao de hidrélise do borohidreto de sddio. Foram obtidos valores de
taxa de geracgéo de hidrogénio (HGR, do inglés Hydrogen Generation Rate) entre 34
e 7641 mL min~! gca;~ 1 dentre as quatro diferentes temperaturas testadas (25, 40,
60 e 80 °C), e também valores proximos a 100% de conversédo de NaBH4 em Hs na
temperatura de 80 °C. O material PHC02.5 obteve o maior valor de HGR de 7641 mL
min~—1 gca;~1a 80 °C, e por isso foi utilizado para os testes de reuso. Apos o primeiro
uso, foi feita a adicdo de novas cargas de NaBH,, NaOH e 4gua no sistema e apoés 4
ciclos de uso consecutivos, houve uma queda de 26% na conversdo de NaBH4 em H,.
Este comportamento também foi relatado na literatura e deve estar relacionado a depo-
sicao dos boratos formados na reacao sobre o catalisador, levando a uma diminuigao
Nno acesso aos sitios ativos. Portanto, foi utilizado procedimento de sucessivos ciclos
de lavagem do catalisador com agua deionizada, seguido de centrifugacéo na tentativa
de reativar o catalisador. Apés lavagem, o PHCo02.5 foi submetido novamente a rea-



cao de hidrolise do NaBH,4. Desta vez, observou-se uma perda de 29% na conversao,
sugerindo que a lavagem com agua nao é suficiente para a reativagdo do catalisador.

Consideracoes Finais

Neste trabalho foram desenvolvidos trés materiais ceramicos derivados de po-
limeros dopados com cobalto. Eles foram dopados com cobalto a partir de cloreto
de cobalto (ll) e produzidos a partir de trés polimeros pré-ceramicos: Alilhidridopoli-
carbosilano (AHPCS), Peridropolissilazano (PHPS) e Poli(metilvinil)silazano (HTT). As
caracterizagdes realizadas no material mostraram que ceramicas a base de silicio do-
padas com cobalto foram obtidas com sucesso pela rota PDC. Os materiais produzidos
foram testados na reag&o de hidrdlise do NaBHy,, a fim de testar sua atividade catalitica,
onde apresentaram diferentes geracdes de hidrogénio nas quatro temperaturas testa-
das. Os valores da taxa de geracao de hidrogénio foram obtidos na faixa de 34 a 7641
mL min~1 gca;~1, sendo o melhor resultado 7641 mL min —1 gc4;~! para o catalisador
PHCo02.5 testado a 80 °C (353 K). Além disso, este catalisador foi submetido a testes
continuos de reutilizagdo. Resultados interessantes foram obtidos, onde apés quatro ci-
clos de uso continuo, o catalisador apresentou queda de 26% na converséo de NaBH,4
em H»,. O catalisador foi entdo lavado com agua sucessivas vezes para remogao de
boratos (coprodutos da reacao de hidrélise) e apds secagem foi testado novamente
na reacao. Desta vez, ap6s quatro ciclos de uso, o material apresentou queda de 29%
na conversao, o que mostra que apenas a lavagem com agua nao foi suficiente para
reativar o catalisador. Os resultados obtidos mostram que os materiais produzidos
possuem bom potencial para serem explorados para serem utilizados como suportes
cataliticos para a reacéo de hidrélise do NaBH,4. Os suportes cataliticos produzidos
através da rota PDC sao materiais muito promissores e espera-se que este trabalho
contribua para o desenvolvimento de novas tecnologias no contexto de um futuro ba-
seado em fontes de energia limpas e vetores de energia renovaveis como o hidrogénio.

Palavras-chave: Ceramicas derivadas de polimeros; Hidrogénio; Hidrdlise.
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1 INTRODUCTION

In the context of the ongoing energy transition and the drive towards decar-
bonizing economy, hydrogen (H») stands out as a highly versatile energy carrier and
a promising alternative fuel for powering various sectors, including transportation. Its
remarkable attribute of possessing the highest energy density among all known fuels
has attracted significant international attention in recent years. To pave the way for a
sustainable future, the most promising approach involves harnessing established re-
newable energy sources alongside cutting-edge technologies currently being developed
for hydrogen production.

The distribution and storage of hydrogen pose significant challenges for its
widespread utilization. H, storage can be accomplished using various methods, which
can be broadly classified into two main categories: physical-based and material-based
(solid-state) approaches. Among these, solid-state storage holds particular promise as
it enables the storage of large quantities of hydrogen in a compact space. Within the
solid-state storage materials, metal hydrides have emerged as a viable option due to
their high hydrogen storage capacity. Notably, sodium borohydride (NaBH,4) stands out
as a prominent metal hydride, capable of providing up to 4 moles of hydrogen per mole
of hydride. Furthermore, it is relatively accessible and easy to handle, further enhancing
its appeal as a potential storage solution.

The release of hydrogen from sodium borohydride (NaBH,4) requires the use of
catalysts to enhance the hydrogen generation rate. Traditionally, noble metals like plat-
inum, gold, and ruthenium have been employed as catalysts due to their effectiveness.
However, these metals are rare and consequently expensive. As a result, transition met-
als (either alone or in combination with noble metals), have gained attention in recent
years for their catalytic properties in NaBH,4 hydrolysis as they stand out for being more
accessible, inexpensive and still efficient when comparing to noble metals. Among the
catalysts based on transition metals, those based on cobalt are very attractive due to
their high activity for hydrolysis reaction as well as low cost.

The NaBH,4 hydrolysis reaction is considered severe in terms of chemical condi-
tions. This is because its co-products are strong bases, making the pH of the reaction
medium excessively alkaline. Under these conditions, many catalytic supports end up
suffering structural deterioration. Therefore, in recent years it has been a challenge
to develop catalytic supports which can resist the severe conditions of the hydrolysis
reaction without losing catalytic activity and preferably with the possibility of recovery,
for reuse.

In the field of catalytic supports, advanced ceramics have emerged as prominent
candidates, particularly those produced via the Polymer-Derived Ceramic (PDC) route,
mainly due to their chemical stability. This route also allows molecular control of the
final ceramic, enabling chemical and structural modifications. By utilizing PDC route, it
is possible to obtain materials such as silicon carbide, silicon nitride or silicon carboni-
tride, for example, depending on the molecular structure of chosen preceramic polymer.
During synthesis steps, the silicon backbone can be doped with metals in the form of
nanocrystals, and thus the final ceramics can be used as catalysts.

Taking into account the preceding, this master’s research proposes the creation
of cost-effective cobalt-doped Polymer-Derived Ceramics as candidates for catalysts
to use in NaBH,4 hydrolysis reaction, by modifying the types of preceramic polymers,
based on the hypothesis:

If Polymer-Derived Ceramics exhibit robust characteristics as catalyst supports
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and cobalt presents high catalytic activity, the synthesis of cobalt-doped Polymer-
Derived Ceramics could yield catalysts with significant potential for releasing Ho from
the NaBH, through hydrolysis reaction.

1.1 OBJECTIVES

1.1.1 General Objective

Develop and characterize cobalt-doped polymer-derived ceramics, varying the
type of preceramic polymer, and test their performance as catalysts supports in the
sodium borohydride hydrolysis reaction.

1.1.2 Specific Objectives

* To synthesize cobalt-doped polymer-derived ceramics, using three different pre-
ceramic polymers namely Allylhydridopolycarbosilane (AHPCS), Perhydropolysilazane
(PHPS), and Poly(methylvinyl)silazane (HTT).

 To evaluate the chemical, thermal and structural properties of the produced
materials.

* To test the catalytic activity of produced materials using the sodium borohydride
hydrolysis reaction.

* To test the reusability of the produced materials as catalysts.
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2 LITERATURE REVIEW

2.1 CLEAN ENERGY

According to the gth report of the Intergovernmental Panel on Climate Change -
IPCC (2023), the impacts of human-caused climate change are already being felt across
various regions, resulting in extensive damage to both the environment and human
populations. It is necessary an immediate focus on the development of technologies
pertaining to fuels and energy sources that generate minimal, or ideally, zero carbon
emissions (IEA, 2023; IPCC, 2023).

The utilization of alternative fuels and renewable energy sources has become
an imperative rather than a choice. To replace the reliance on fossil fuels across trans-
portation, households and industries, the most viable approach appear to be the use
of electric power and hydrogen. The synergistic integration of these two technologies
has led to significant progress in terms of both efficiency and cost-effectiveness. This
is evidenced by the substantial increase in investments and research activities within
this sector across various countries, including Canada, the United States, China, Aus-
tralia, and others. Moreover, there has been a notable surge in research dedicated to
exploring and advancing these interrelated fields (PANCHENKO et al., 2023; ISHAQ
et al., 2022; ARSAD et al., 2022; MAROCCO et al., 2022).

2.1.1 Hydrogen

In the context of the energy transition and the economy decarbonization, hydro-
gen (H) is a versatile energy carrier and a promising fuel to power and transportation.
It is gaining international attention in the past years, due to its main feature of having
the highest energy density compared to any other fuel. The most promising path seems
to be the combination between the already known renewable energy sources and the
technologies under development for hydrogen generation. By 2050, H is expected to
account 10% of global energy consumption, and in transport, it is expected to account
60% of ship fuel and for 33% of truck fuel (DOE, 2023; IEA, 2023; NNABUIFE et al.,
2022).

Unlike oil, natural gas, or coal, H, serves as an environmentally friendly and ben-
eficial energy carrier, as its only byproduct during energy conversion is water. Moreover,
hydrogen exhibits natural compatibility with fuel cells, showing superior efficiency (60%)
compared to gasoline (22%) or diesel (45%) (DAWOOQOD et al., 2020; ACAR; DINCER,
2020).

At present, approximately 80% of the global demand in hydrogen production is
carried out by Steam Methane Reforming (SMR), and it is widely recognized as the
most common and cost-effective method for hydrogen production. The majority of the
produced H, is utilized in ammonia and petrochemical industries. In order to enhance
the comprehension of the environmental impact of hydrogen as a clean energy source,
it is classified into different colors based on its origin, production process and carbon
dioxide (CO»,) emissions. The literature reports several classification schemes, one of
which can be observed in Figure 1, presenting eight different colors (STANWELL, 2023;
ARCOS; SANTOS, 2023; BARTLETT; KRUPNICK, 2020; DAWOOQOD et al., 2020).
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Figure 1 — Hydrogen colors classification.
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Another example of hydrogen classification can be found in Table 1, where four
colors are presented, differing slightly from the previous example. Additional classifica-
tions mention hydrogen colors such as purple or pink (produced with nuclear energy),
white (naturally occurring hydrogen), or even black instead of gray hydrogen (from
the gasification process). Numerous other works also propose different classifications.
However, when it comes to classifying "green hydrogen," there is consensus regard-
ing the production process and its environmentally friendly nature. Green hydrogen is
primarily produced from water, utilizing renewable energy sources like solar and wind
power, by Water Electrolysis (WE). This process ensures a carbon footprint equal to
zero (INCER-VALVERDE et al., 2023; HERMESMANN; MULLER, 2022; OSMAN et al.,
2022; AJANOVIC et al., 2022).

Table 1 — Hydrogen colors based on production process.

Color Gray Turquoise Blue Green
Primary feedstock Natural gas Natural gas Natural gas Water
Production Technology SMR SMR + CCS Methane pyrolysis WE
CO, emissions High CO, Low CO» CO, free Carbon-free

Source: Adapted from Hermesmann and Muller (2022).

Another widely recognized consensus is that the current reliance on natural
gas, methane, and coal for hydrogen production leads to significant CO, emissions.
Presently, the majority of hydrogen production falls under the category of gray Ho,
since 95% of production uses non-renewable fossil fuels, resulting in a total CO, forma-
tion of approximately 830 MtCO» per year, according to Kumar and Lim (2022). This
information highlights the significance of green hydrogen (also referred to as "clean
hydrogen", "renewable hydrogen", or "low-carbon hydrogen") in the transition towards
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a more sustainable energy and transport system (IEA, 2023; INCER-VALVERDE et al.,
2023; KUMAR; LIM, 2022).

Beyond promoting environmentally friendly hydrogen production, research on the
hydrogen production chain should also consider other crucial aspects, with particular
attention to storage. Hydrogen Storage (HS) plays a crucial role in the advancement of
hydrogen and fuel cell technologies across various applications and is one of the obsta-
cles to overcome. While H, presents the highest energy per mass among all fuels, its
low density at room temperature limits its energy density per unit volume. Consequently,
achieving optimized storage and efficient transport of hydrogen becomes imperative for
its widespread utilization. Furthermore, ensuring safety in both transportation and stor-
age is paramount to garner public acceptance of this innovative technology (KOJIMA,
2019; MORADI; GROTH, 2019).

H, storage can be accomplished using various methods, which can be broadly
classified into two main categories: physical-based and material-based approaches.
Figure 2 provides a schematic representation of this classification. Recent research
has shown significant interest in solid-state materials, including complex hydrides, liquid
organics, adsorbents, and nanostructured materials, which fall into the material-based
category. Among these options, complex hydrides exhibit great potential due to their
high hydrogen storage capacity. Notably, sodium borohydride (NaBH4) stands out as a
particularly remarkable hydride (DOE, 2023; MORADI; GROTH, 2019).

Figure 2 — Hydrogen storage main classification.
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Source: Adapted from DOE (2023).

2.1.2 Sodium borohydride and its Hydrolysis Reaction

Many solid-state hydrogen storage materials release hydrogen by using hydrol-
ysis reactions. Sodium borohydride (NaBH,4) offers numerous benefits such as cost-
effectiveness, ease of handling, non-toxicity, non-flammability and environmental friend-
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liness. In addition, sodium borohydride also offers the benefit of high volumetric and
gravimetric hydrogen densities with values of 7 kg/100 L and 10.8% wt, respectively, as
shown in Figure 3. These values surpass those of other metal hydrides (SONG et al.,
2023; TARHAN; CIL, 2021; MAKIABADI et al., 2020; KOJIMA, 2019).

Despite its advantages, the solution-based storage system using NaBH, faces
inherent limitations in terms of gravimetric capacity, typically restricted to less than
10.8% (wt%) due to the requirement for excess water to dissolve the produced sodium
borates. Additionally, it exhibits slow kinetics, resulting in a low hydrogen yield. The
self-hydrolysis reaction of NaBHj is both exothermic (-250 kJ mol~1) and spontaneous.
Nevertheless, under normal pressure and temperature conditions, the overall conver-
sion rate is only 7-8%. However, with the inclusion of a suitable catalyst at moderate
temperatures, 1 mole of NaBH,4 has the potential to yield up to 4 moles of H,. Conse-
quently, short-term applications of sodium borohydride for hydrogen storage are likely
to concentrate on compact, portable devices and backup power systems, utilizing a
fitting catalyst and dry NaBH,, with water introduced only when necessary (LI, Y. et al.,
2023; ECER et al., 2023; ABDELHAMID, 2021; LALE et al., 2020).

Figure 3 — Theoretical gravimetric and volumetric Ho densities of hydrides.
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The pioneering work of Schlesinger et al. (1953) marked the initial demonstration
of hydrogen evolution through the hydrolysis of sodium borohydride. Since then, numer-
ous studies have been conducted to enhance the reaction’s efficiency by employing
catalysts. Ideally, the stoichiometry of the reaction yields the generation of 4 moles of
H» for every mole of NaBH, utilized, as illustrated in Equation 1.

NaBH4(s) + 4H20(1) —> 4Hz(g) + Nazraq) + B(OH)Z(aq) + heat (1)

The hydrolysis of NaBH,4 is a spontaneous reaction, although with a low Ho
generation rate that decreases as the reaction progresses, primarily due to an increase
in the pH of the solution caused by the formation of borates. To prevent spontaneous
reaction, the solution can be stabilized by adding NaOH. However, once the NaBH,4 so-
lution is stabilized, catalysis is necessary to promote hydrogen generation. Considering
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an aqueous alkaline system and the requirement for a durable catalyst to facilitate the
hydrolysis of NaBH,4 at appreciable rates, extensive research has been conducted to
develop such catalysts. Among them, those based on cobalt have garnered significant
attention due to their high abundance and relatively low cost. However, their catalytic
activity is lower compared to catalysts containing noble metals, posing a significant
challenge to be overcome in this research field (ECER et al., 2023; ARZAC, G. M.;
FERNANDEZ, 2020; MAKIABADI et al., 2020; CHEN, B. et al., 2018; DEMIRCI, U. B.;
MIELE, P., 2010).

Many published works employ oxide or carbon-based materials as supports.
While these materials offer commendable properties, they encounter limitations under
harsh conditions, like high temperatures and strongly alkaline environments. In order to
surpass this challenge, it becomes imperative to explore catalytic supports for NaBH4
hydrolysis capable of enduring such rigorous reaction conditions while maintaining high
Hydrogen Generation Rate (HGR). This investigation is crucial for accelerating the
advancement of hydrogen technology (MALLMANN, M. D., 2020).

Among the promising material that can be employed as catalyst supports, ad-
vanced ceramics, specially PDC, stand out as materials with a versatile composition
and attractive physico-chemical characteristics for this purpose. Thus, the following
section offers an overview of PDC for context.

2.2 POLYMER DERIVED CERAMICS (PDC)

PDC are a class of advanced ceramics characterized by a silicon-based back-
bone, exhibiting a remarkable combination of properties and the ability to be molded
into diverse shapes, which production follows a specific methodology known as the
PDC route, primarily reported by Ainger and Herbert (1959). The fundamental principle
of the PDC route is around the creation of ceramics, typically non-oxide ceramics, via
the thermo-chemical conversion of inorganic or organometallic precursors, referred to
as preceramic polymers (CHAUDHARY et al., 2022; WEN et al., 2020; LALE et al.,
2018).

In the field of materials science, the potential of preceramic polymers remained
largely unrecognized until the 1970s when the first practical application was reported
by Verbeek and Winter (1974), Gerhard Winter et al. (1975) and YAJIMA et al. (1978).
They successfully manufactured small-diameter SizN4/SiC-based and SiC-based ce-
ramic fibers through the thermolysis of polyorganosilicon precursors. Since then, the
development of numerous preceramic polymers and the increasing attention given to
PDC have become prominent in recent decades, particularly in recent years, with a
growing number of publications on the subject (WEN et al., 2020).

A generic representation of the molecular structure of preceramic organosilicon
compounds can be observed in Figure 4. The choice of group (X) in Si-based polymers
leads to the formation of distinct classes, including poly(silazanes) (when X = NH),
poly(silanes) (when X = Si), poly(carbosilanes) (when X = CH>), poly(siloxanes) (when
X = 0), and so on. Through the manipulation of functional groups Ry and R, attached
to the silicon atom, it is possible to modify and adjust the chemical and thermal stabil-
ity, solubility, as well as electronic, optical, and rheological properties of the polymer
(MALLMANN, M. D., 2020; ACOSTA, 2019; COLOMBO et al., 2010).
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Figure 4 — Generic representation of organosilicon molecular structure.
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Source: Adapted from COLOMBO et al. (2010).

One of the key characteristics of PDC is the polymeric nature of their preceramic
precursors. This property is crucial as it enables the polymers to exhibit adjustable sol-
ubility, meltability, and viscosity, making them amenable to various shaping techniques
for the preparation of diverse ceramic shapes. These shapes include ceramic fibers,
coatings, porous ceramics, ceramic microparts, dense monoliths, and, more recently,
additive manufacturing parts (WEN et al., 2020; FU et al., 2019).

The diverse classes of silicon-based preceramic polymers are illustrated in Fig-
ure 5, showcasing the remarkable versatility of PDC in terms of their structures and
corresponding physical-chemical characteristics (WEN et al., 2022; COLOMBO et al.,
2010).

Figure 5 — Classes of silicon-based preceramic polymers.
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Because of this inherent versatility, PDC offer numerous advantages, including
a favorable combination of high strength, exceptional hardness, excellent oxidation
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resistance, as well as thermal stability and chemical durability. What sets PDC apart is
their capacity to tailor and optimize properties through modifications in the chemical and
phase composition, as well as the microstructure during synthesis and polymerization.
The thermal treatment of PDC offers another advantage compared to conventional
ceramic processing, primarily due to its requirement for significantly lower temperatures
(CHAUDHARY et al., 2022; BARROSO, G. S. et al., 2015; COLOMBO et al., 2010).

The ultimate structures achieved from silicon-based polymers are notably shaped
by several key factors. These factors encompass the chemistry and architecture of the
precursors, the selected processing route, and the specific parameters applied during
pyrolysis, including variables like heating rate, dwell time and atmosphere (that plays
significant influence over the ceramic yield, alongside the chemical and phase com-
position of the resultant materials). A visual representation of the polymer-to-ceramic
transformation concerning temperature can be observed in Figure 6. The PDC route in-
cludes both polymerization and shaping, which may involve complex forms, conducted
at moderate temperatures of up to 400 °C. Subsequent to this, pyrolysis ensues at
temperatures approaching 1400 °C, resulting in the creation of an amorphous ceramic.
Notably, polycarbosilanes and polysilazanes undergo transformation into amorphous
SiC and SiN or SigN4 ceramics, respectively, during this process. Finally, an annealing
phase follows at elevated temperatures, reaching up to 2000 °C, inducing the crystal-
lization of the ceramic (ACKLEY et al., 2023; WEN et al., 2022; CHAUDHARY et al.,
2022; MERA et al., 2015).

Figure 6 — Polymer-to-ceramic transformation with temperature increase.
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A range of diverse silicon-based ceramics can be meticulously manufactured,
with their compositions finely tuned by utilizing varied organosilicon preceramic poly-
mers. This strategic approach yields non-oxide ceramics, exemplified by materials like
silicon carbide, silicon nitride, as well as carbides, borides, and nitrides, often referred
to as ultra-high-temperature ceramics. These ceramics serve a multitude of purposes in
environments characterized by high temperatures and/or harsh conditions, making them
immensely attractive. Notably, ceramics like SiC and SigN4 demonstrate exceptional
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efficacy within a subset of these demanding conditions, operational at temperatures
reaching up to 1650°C (ACKLEY et al., 2023; FU et al., 2019).

From the abundance of ceramic precursors available, three were specifically
chosen for utilization in this research: Allylhydridopolycarbosilane (AHPCS), Perhy-
dropolysilazane (PHPS), and Poly(methylvinyl)silazane (HTT). Subsequent sections
will provide comprehensive details on each precursor, outlining their key characteristics
and functionalities.

Silicon carbide was initially synthesized by Acheson (1893) through the fusion of
silica sand and petroleum coke in a furnace operating at approximately 2300 °C. Since
this breakthrough, the Acheson process has stood as the cornerstone of industrial
silicon carbide (SiC) production. Polycarbosilanes play a crucial role as extensively
researched precursors for SiC, finding utility in applications such as electric and/or
photo conductors, aerospace components, photoresist parts, and more (FU et al., 2019;
ACHESON, 1893).

Renowned for their versatility, these compounds exhibit a striking diversity of
compositional and property variations, both in their silicon backbone and side-chain
groups. Multiple polycarbosilanes synthesis methods are available, including the Ku-
mada rearrangement of polysilanes, also known as the Yajima process. Additional
synthetic pathways include ring-opening polymerization, dehydrocoupling reaction of
trimethylsilane and hydrosilylation of vinylhydridosilanes, among several others routes.
Pyrolysis of polycarbosilanes within the temperature range of 800 °C and 1000 °C
results in the formation of amorphous silicon carbide materials. This transformation
involves the release of gases containing Si-H, Si-CH3 and Si-CH»-Si groups (ACKLEY
et al., 2023; PRINT et al., 2023; ACOSTA, 2019; MERA et al., 2015; YAJIMA et al.,
1978).

AHPCS is a good example of a widely used polycarbosilane and its molecular
structure can be observed in Figure 7a. AHPCS is a clear, amber-colored, viscous
liquid, and has been used as the matrix for ceramic compounds due to, among other
characteristics, its relative stability in air, being liquid at room temperature and its low
viscosity. The selection of AHPCS precursor is interesting the functional allyl group, that
favors reaction mechanisms and improve its solubility and processability (PRINT et al.,
2023; ACKLEY et al., 2023; ACOSTA, 2019).

The molecular structure of AHPCS indicates that two main mechanisms can
contribute to its thermal cross-linking process, which are hydrosilylation and dehydro-
coupling reactions as showed in Equations 2 and 3, respectively (ACKLEY et al., 2023;
KAUR, A. et al., 2019).

=Si—CHp—CH=CHy + =Si-H - =Si—-CH—CHp—CHo-Si= 2)

=Si-H + H-Si=—» =Si-Si=+ Ho (3)

Cross-linking in AHPCS is believed to commence at approximately 160 °C, ini-
tiated by the allyl groups through radical reactions, in addition to that mentioned in
equations 2 and 3. These reactions lead to the formation of a moderately cross-linked
polymer. Further cross-linking is speculated to take place through the homolytic scis-
sion of Si—H bonds, followed by the combination of the generated Si radicals (PRINT
et al., 2023; ACKLEY et al., 2023).
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Figure 7 — Molecular structures of the selected preceramic polymers.
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Silicon nitride holds significant industrial importance alongside silicon carbide
as a promising material. Polysilazanes constitute another vital category of preceramic
polymers utilized as precursors for silicon nitride production. A crucial nomenclature
differentiation must be mentioned: when addressing amorphous ceramic silicon nitride,
it is referred to as SiN, while SigN4 is the preferred term for discussing its crystalline
ceramic form, encompassing both « and  phases (ACKLEY et al., 2023).

Among the examples of widely used polysilazanes, there are two that can be
highlighted: HTT and PHPS. In Figure 7b, it is possible to observe the molecular struc-
ture of HTT, which is characterized by the presence of the one methyl and one vinyl
group. In Figure 7c, it is possible to observe the molecular structure of PHPS, and its
characteristic as a carbon-free precursor for silicon nitride.

Hydrosilylation reactions take place in polysilazanes featuring Si—-H and vinyl
substituents. This rapid process occurs at relatively low temperatures, typically be-
tween 100 and 120 °C, resulting in the formation of Si-C-Si and Si-C-C-Si units. These
reactions contribute to enhance the polymeric network’s strength since the Si—C and
C-C bonds remain unaffected by thermal treatment. Consequently, these reactions
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enable the attainment of higher ceramic yields and increased carbon contents in the
final ceramic materials. Dehydrogenation of Si-H/N—H or Si—H/Si—H groups initiates at
temperatures around 300 °C leading to the creation of Si-N and Si-Si bonds, along with
the release of hydrogen gas (MERA et al., 2015; COLOMBO et al., 2010).

Transamination processes are observed within the temperature range of 200
to 400 °C. These processes are accompanied by the release of amines, ammonia, or
oligomeric silazanes, contributing to a reduction in nitrogen content during ceramic ma-
terial pyrolysis. At moderate temperatures of 250 to 350 °C, vinyl polymerization occurs,
leading to the creation of carbon chains. These chains may subsequently undergo a
transformation into sp? carbon (also known as free carbon), without resulting in any
mass loss. Additionally, the count of Si-N bonds in the ceramic materials increases with
rising temperatures. This phenomenon is attributed to the interactions between Si—H
and Si—-CHs groups with N-H moieties (MERA et al., 2015; IONESCU et al., 2012).

The thermal processing of PHPS at 1000 °C under a nitrogen atmosphere results
in a combination of both « and (3-SigN4 phases, along with silicon. However, when the
PHPS is subjected to thermal treatment in an ammonia atmosphere, the creation of
elemental silicon is inhibited. In the case of HTT, it is important to note that the presence
of reactive organic segments, like vinyl group, although essential can influence the Si/C
stoichiometry within the polymer, potentially leading to an excess of carbon content in
the final PDC (ACKLEY et al., 2023; MALLMANN, M. et al., 2023; MALLMANN, M. D.,
2020).

In the presence of catalysts, hydrosilylation can be significantly accelerated.
Polysilazanes undergo an increased densification and cross-linking by the use of cat-
alysts, such as Transition Metals (TM), since they are recognized for their catalytic
capacity in activating these reactions at low temperatures (20 to 90 °C). Some studies
have reported that in addition to catalyzing hydrosilylation reactions, transition metal
chlorides also form metal nanoparticles. Therefore, the use of cobalt or nickel chloride
can improve the crosslinking of the ceramic produced, as well as incorporate metal-
lic particles within its structure (MALLMANN, M. et al., 2023; ACKLEY et al., 2023;
ASAKUMA et al., 2022; TADA et al., 2021).

The strategic selection of three ceramic precursors from distinct classes aimed
to assess the variations in the cobalt-doped ceramics produced. Additionally, it enabled
the evaluation of their respective catalytic activities in the sodium borohydride hydrolysis
reaction.

2.2.1 PDCs as catalyst supports

Since the catalytic activity is directly proportional to the number of active sites
as well as their distribution in the structure, to improve the catalytic efficiency a widely
used strategy is the use of metals in the form of nanoparticles as active sites. However,
due to an increase in surface energy caused by the high number of surface atoms,
nanoparticles tend to aggregate, inducing a loss in catalytic activity. In this sense,
supports such as polymer-derived ceramics are a very interesting alternative because
they can be modified in terms of composition, architecture and morphology in order
to avoid such phenomena (LI, R. et al., 2022; LALE et al., 2020; BERNARD; MIELE,
Philippe, 2014).

As active sites, the possibility of using TM (such as nickel, cobalt, copper and
iron) instead of noble metals has been extensively explored, because they are more
accessible, inexpensive and still efficient when comparing to noble metals. Among



Chapter 2. Literature Review 27

the catalysts based on transition metals, those based on cobalt are very attractive
due to their high activity for the hydrolysis as well as low cost (ERAT et al., 2022;
ABDELHAMID, 2021; TADA et al., 2021; XIE, J.; XIE, Y., 2016).

Some strategies for incorporating TM in the ceramic matrix are reported in the
literature. Generally, it can be broadly divided into two categories. One method is the
addition of the TM after the shaping and crosslinking steps. This is not often reported,
especially for mesoporous ceramics, most likely because there is a high possibility
of low dispersion of metallic particles and pore blockage. Another method is to add
the TM to the preceramic polymer with the aid of a solvent, and only then proceed
with the shaping and crosslinking steps. Thus, the TM is more uniformly incorporated
into the structure of the ceramic matrix, improving metal distribution and preventing
agglomeration. Another advantage of the second method is to promote the in-situ
growth of metal nanoparticles, making it a single-step process (ASAKUMA et al., 2022;
TADA et al., 2021; LALE et al., 2018; ZAHEER et al., 2011).

The cobalt nucleation was already investigated by Tada et al. (2021), where a low-
temperature in-situ formation of cobalt particles was firstly demonstrated, within a matrix
of PHPS and cobalt (Il) chloride. In this study, a proposed mechanism for the formation
of cobalt crystals suggests a sequence of events. Within the temperature range of 220
to 350 °C, cobalt atoms coordinate with nitrogen atoms, resulting in the formation of
CosN. Concurrently, chlorine atoms react both with hydrogen atoms (yielding HCI) and
with silicon atoms from the ceramic precursor (resulting in SiHxCl, species). As the
temperature rises within the range of 350 to 450 °C, the thermal decomposition of the
pre-formed CooN takes place, ultimately leading to the nucleation of cobalt crystals
(metallic). This suggested mechanism is highly plausible and accepted, providing a
rationale for the formation of cobalt crystals within the amorphous ceramic matrix of
PHPS. Furthermore, it may offer insights into the formation of such crystals within the
matrices of other silazanes (such HTT) using CoCl, as a source of cobalt (TADA et al.,
2021).

2.3 FINAL REMARKS ON THE LITERATURE REVIEW

The hydrolysis reaction of sodium borohydride not only holds significant impor-
tance in hydrogen (H,) evolution, but it also provides an intriguing method to assess
metal-doped ceramics synthesized through the PDC route. This is attributed to the
harsh conditions involved, as depicted in Equation 1, leading to the formation of a
strong base and exhibiting exothermic characteristics. Consequently, this reaction en-
ables the evaluation of the material’s chemical resistance, durability and robustness
(LALE et al., 2020, 2018; AINGER; HERBERT, 1959).

In consideration of the preceding points, it becomes evident that H» is a pivotal
topic facing the global energy landscape. A promising path for such generation lies in the
utilization of the NaBH,4 hydrolysis reaction. Within this context, significant attention has
been directed toward advanced catalyst supports for this reaction. However, they have
not yet reached the required levels of efficiency necessary for large-scale application.
In order to overcome this problem, many compounds have been investigated, with
polymer-derived ceramics standing out in recent years due to their chemical stability
and unique attributes.

Moreover, metal-doped polymer-derived ceramics have shown promising effi-
ciency as catalysts for this application, specially those produced with cobalt. Therefore,
this study is carried out with the objective of investigating hydrogen evolution through
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the sodium borohydride hydrolysis reaction, employing cobalt-doped polymer-derived
ceramics as catalyst. The primary aim is to mitigate the existing limitations, thus con-
tributing to the development of catalysts that exhibit higher efficiency in releasing green

hydrogen.
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3 EXPERIMENTAL

This chapter is structured into four sections: Chemicals, Polymer-Derived Ce-
ramics Synthesis, Characterization of Materials and Hydrolysis Reaction Tests. The
first section provides a list of the reagents employed in the experimental procedures.
The second section details the experimental procedures involved in the synthesis of
cobalt-doped PDC. In the third section, the characterization techniques used in the
produced materials are presented. Lastly, the fourth section is a description of the hy-
drolysis reaction tests and also the reusability tests of the catalysts produced. All the
experimental procedures were carried out at the Laboratorio de Controle e Proces-
sos de Polimerizacdo (LCP), except for those explicitly mentioned. An overview of the
experimental approach is presented in Figure 8.

Figure 8 — Experimental approach.
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3.1 CHEMICALS

The reagents used in all preparations were purchased from commercial sources,
without purification before using and are listed in Table 2.

Table 2 — Chemicals used in syntheses.

Chemical Source
PHPS, 20 % vol in di-n-buthylether durXtreme, Germany
HTT 1800 Merck Company, Germany
AHPCS Starfire Systems, USA
Cobalt (ll) chloride, anhydrous Sigma-Aldrich, Germany
Toluene, 99.85% Sigma-Aldrich, USA
Sodium Hydroxide, 98% Qhemis, Brazil
Sodium Borohydride, 98% Sigma-Aldrich, USA

Source: Author (2023).
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3.2 POLYMER DERIVED CERAMICS SYNTHESIS

Prior to use, all glassware was kept in an oven at 60 °C overnight and removed
only immediately before use. Also, glassware underwent a vacuum treatment for a min-
imum of 60 minutes to ensure the complete elimination of atmospheric air and humidity
before adding the reagents, through a vacuum/argon line employing standard Schlenk
techniques. The methodology for precursor synthesis was based on a recent publication
of this group (MALLMANN, M. et al., 2023). The procedure started with the introduction
of 50 mL of anhydrous toluene into a three-neck flask under an argon atmosphere.
Next, 3 mL of the preceramic polymer (AHPCS, HTT or PHPS), were introduced into
the system using a syringe. At this moment, magnetic stirring was activated in order
to avoid decantation of the preceramic polymer. Following this, a calculated mass of
cobalt(ll) chloride (CoCl,) as metallic precursor was added. CoCl, amount was pre-
cisely adjusted to attain a silicon:cobalt molar ratio of 2.5, considering the monomer as
source of silicon to each calculation. The reaction was carried out under a controlled
temperature and stirring conditions, maintaining an argon atmosphere and employing
condensation by reflux, as illustrated in Figure 9.

Figure 9 — Schematic representation of reaction system.
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After adding the reagents, the system was stirred for 3 hours at room tempera-
ture, then heated up to 115 °C at a rate of 2 °C min~', remaining at this temperature for
15 hours. The selection of the reaction duration was based on prior investigations con-
ducted by the research team. Various reaction times were experimentally tested, and
the optimal outcome, with the most favorable final attributes, was observed at the 15-
hour reaction (MALLMANN, M. D., 2020). During synthesis, the condenser temperature
was maintained at 10°C using a thermostatic bath. Then, the system was cooled down
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to room temperature and opened under argon atmosphere to switch the condenser by
the extraction system.

Solvent extraction was done by temperature and pressure difference. As showed
in Figure 10, three-neck flask was heated up 115 °C after being coupled to a Schlenk
flask which was submerged in liquid nitrogen. When subjected to temperature and
pressure difference, the solvent was evaporated and conducted trough a distillation
bridge to the Schlenk flask, where was frozen to further recovery. After about 3 hours
of extraction, the metal-modified polymer was already in powder form.

Figure 10 — Schematic representation of solvent extraction system.
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It is important to point out that the exact same synthesis procedure was used for
the production of the three proposed materials. Another important point is the fact that
in the synthesis using PHPS, a previous step was carried out, which is the extraction of
di-n-buthylether solvent in which PHPS is stabilized. The preceramic polymer features
20% PHPS (v/v) in the commercial solution. This extraction was made using the same
system represented earlier (Figure 10). For preceramic polymers HTT and AHPCS,
this first extraction step was not necessary, as they are purchased without solvent and
ready-to-use.

Finally, the powdered metal-modified polymers was submitted to the heat treat-
ment. For that, the materials was transferred into an alumina vessel and placed within a
tubular furnace for pyrolysis under an argon atmosphere to undergo polymer-to-ceramic
transformation. The pyrolysis process was conducted at a controlled heating rate of 5
°C min~1, progressing from room temperature to 1000°C and a dwelling time of one
hour at this temperature. After cooling, the cobalt-doped PDC catalysts were properly
stored for further use.

Intermediate heat treatments were conducted to observe alterations in functional
groups and the polymer-to-ceramics conversion (through Fourier-Transformed Infrared
Spectroscopy (FTIR)) at three distinct temperatures: 200, 400, and 600 °C. In this
process, small portions of each sample were placed in alumina crucible under argon
atmosphere and immediately positioned within the tubular furnace. Following the heat
treatment and subsequent cooling, the sample was extracted, sealed in an argon-filled
container, and immediately subjected to analysis. The entire analysis procedure was
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meticulously planned to minimize the exposure time of the samples to air and humidity.
This precaution was particularly emphasized given that, at lower heat treatment tem-
peratures, the materials remained in the form of polymers, making it more susceptible
to the influence of these environmental conditions.

It is crucial to emphasize that, as of now, there is no documentation in the
literature detailing the development of ceramics from AHPCS doped with cobalt, making
this material unprecedented.

3.3 CHARACTERIZATION OF MATERIALS

FTIR was employed to observe the changes in the functional groups of the
compounds and the polymer-to-ceramic transformation, at three different pyrolysis tem-
peratures: 200, 400, 600 °C, as well as in newly synthesized polymers. The analyzes
were performed on an Agilent Technologies — Cary 660 Infrared Spectrophotometer,
located at the Analysis Center of the Departament of Chemical Engineering (EQA),
Universidade Federal de Santa Catarina (UFSC). Analyzes were performed by KBr
pellets in a range of 4000-400 cm~1.

Thermogravimetric Analysis (TGA) were used to determine the weight loss of the
materials as the temperature increased. The analyzes were performed with 5 °C min~
heating rate, up to 800 °C, under nitrogen atmosphere, at Laboratorio de Controle e
Processos de Polimerizacdo (LCP) (EQA, UFSC) on a Netzsch STA 449 F3 Jupiter -
Simultaneous Thermogravimetric Analyzer.

X-ray Diffraction Analysis (XRD) was utilized to determine the crystalline phase
of the materials. The analyzes were performed on the Laboratorio Interdisciplinar para o
Desenvolvimento de Nanoestruturas (LINDEN) (EQA, UFSC), on a Rigaku MiniFlex 600
X-Ray Diffractometer, measuring in 26 = 10 to 90°. The diffraction files were studied with
the database from International Center for Diffraction Data (ICDD) Powder Diffraction
File (PDF4).

XPS, was employed to investigate the surface and chemical state of the species.
Data were acquired at LNNano- Centro Nacional de Pesquisa em Energia e Materiais
(CNPEM), employing a Thermo Scientific Ko X-ray photoelectron spectrometer, using
an Al Kx (1486.6 eV) radiation and a voltage in the X-ray tube of 12 kV. The measure-
ments were performed in the: Survey, Co 2p, Si 2p, C 1s regions. The XPS data were
analyzed using the Thermo Avantage software and Origin. For spectra calibration to
mitigate surface-charging effects, the binding energy (BE) of the core level C 1s was
set at 284.8 eV.

3.4 HYDROGEN EVOLUTION FROM HYDROLYSIS REACTION

To assess the produced ceramic materials, the sodium borohydride hydrolysis
reaction was employed by using the water displacement method as the means to
measure the volume of hydrogen generated. In this method, 10.0 mL of deionized
water, 0.500 g of NaOH, 0.150 g of NaBH,4 and 0.100 g of the produced catalyst were
introduced into the round-bottom flask, which was immediately closed, as hydrogen
generation starts instantly. Figure 11 illustrates a generic setup for the system.
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Figure 11 — Water displacement method system.
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In this setup, (a) represents a round-bottom flask containing all reagents. Flask
(b) represents the water displacement device itself, where the hydrogen gas generated
in (a) displaces the water from flask (b) into the empty flask (c). The digital balance
(d) was used to measure the overall mass and automatically records it in a computer
software linked to the balance.

The mass of displaced water is equivalent to the volume of hydrogen generated
in the hydrolysis of sodium borohydride. With the volume data as a function of time
and concentrations used, it was possible to calculate both the hydrogen generation
rate (HGR), the remaining concentration of NaBH,4 and consequently, the percentage
conversion of NaBH,4 into Ho. Hydrolysis tests were carried out at four different tem-
peratures (25, 40, 60 and 80 °C), always using the same amounts of reagents and the
same measurement system.

Finally, the catalyst that presented the highest HGR was submitted to reusability
tests, which were divided in two different methods: by continuous use and washing pro-
cedure. For the first method, since the system did not detect any further variation in the
amount of H, during the first use, flask (a) was opened and new loads of same amount
of NaOH and NaBH, were added, along with 5 mL of deionized water. This process
was done successive times until a decrease in the conversion values was detected. For
the second method, after conversion decrease, the catalyst was washed by use of the
following steps: addition of deionized water, manual agitation, centrifugation at 3000
rpm for 1 minute and removal of supernatant with a pipette. Five cycles of washing and
centrifuging were performed to then dry the catalyst in an oven at 80 °C for one hour.
After that, dried catalyst was subjected again to the hydrolysis reaction, following the
same procedure used before washing.
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4 RESULTS AND DISCUSSION

In this chapter, the experimental results of characterization and evaluation of the
materials catalytic activity in the hydrolysis of sodium borohydride are presented and
discussed. It is divided into three main sections: Thermal Analysis, Chemical and Struc-
tural Characterization and lastly, Test on Hydrolysis Reaction. The obtained materials
were assigned distinct nomenclatures based on their respective preceramic polymer
and Silicon:Cobalt molar ratio (based on precursor's monomer), as outlined in Table 3.
Therefore, from this point on, this nomenclature will be used to describe the results.

Table 3 — Nomenclature of obtained PDC.

Nomenclature Preceramic polymer Si:Co molar ratio CoCl, mass (g)

HTCo2.5 HTT1800 2.5 2.51
AHCo2.5 AHPCS 2.5 3.24
PHCo2.5 PHPS 2.5 3.60

Source: Author (2023).

Following the synthesis process outlined in the preceding chapter and subse-
guent solvent extraction up to 115°C, the newly synthesized polymers (materials before
heat treatment) exhibited a distinct blue color attributed to the presence of cobalt, irre-
spective of the chosen ceramic precursor. The visual appearance of the synthesized
polymers can be observed in Figure 12.

Figure 12 — Visual aspect of synthesized polymers.
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Source: Author (2023).

4.1 THERMAL ANALYSIS

To explore polymer-to-ceramic conversions, newly produced polymers were ana-
lyzed using TGA. The analysis results are shown in Figure 13, in which some significant
mass losses can be observed. Graphs with DTG curves are presented in Appendix B
for a clearer view.
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Figure 13 — Thermogravimetric Analysis curves.
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Initially for AHC02.5, three losses were identified. The first one, at around 106
°C, occur in the range where volatilization of the oligomers are described upon the
initiation of cross-linking, although with a lower loss when compared to pure AHPCS
reported in the literature (ACOSTA, 2019). This suggests that the cobalt doping did
not prevent the oligomers volatilization, as happens with boron modified AHPCS, for
example (SCHMIDT et al., 2017; ACOSTA, 2019). The second and third losses are
found at around 305 °C and at around 456 °C, and it can indicate the break of side
groups bonds, with loss of volatile gases such as CH3CHs, SiH, and CH3SiH3 (from
300 to 500 °C), as well as the start of dehydrocoupling reaction, releasing hydrogen.
These losses are also smaller than those identified in pure AHPCS (ACOSTA, 2019).
Another important information to be observed in the TGA curve is the obtained ceramic
yield, of 88.51% for the cobalt-doped AHPCS, increased in relation to the pure AHPCS
(around 70%) (SCHMIDT et al., 2017; ACOSTA, 2019; WANG, Q. et al., 2020; AL-
AJRASH et al., 2021; YANG et al., 2022; PRINT et al., 2023).

HTCo02.5 curve shows mass losses in approximately 210 and 340 °C, indicating
the release of hydrocarbon oligomers. Also, a mass loss at around 500 °C, are probably
related to the release of hydrogen and methane gases, due to dehydrocoupling reac-
tions. There was also a increase in HTC02.5 ceramic yield (85.35%) in comparison to
pure HTT (about 68%) reported in the literature (LALE et al., 2016; MALLMANN, M. D.,
2020; WANG, J. et al., 2020a, 2022a).

Finally, for PHC02.5, it is possible to notice the highest ceramic yield of all three
materials, that is, equal to 90.61%, greater than the reported for pure PHPS in the
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literature, around 77% (MALLMANN, M. D., 2020). The mass losses observed for the
material are found at approximately 250 and 350 °C. As reported in the literature,
mass losses in this range may correspond to release of gaseous species, such as
hydrochloric acid, monochlorosilane and dichlorosilane. Also, according to Tada et al.
(2021), such losses may be related to the formation of metallic cobalt within the ceramic
matrix (LALE et al., 2016; SMOKOVYCH et al., 2019; TADA et al., 2021; ZHAN et al.,
2022).

In short, the results obtained with the thermogravimetric analyzes show once
again the important role of cobalt in promoting higher crosslinking due to dehydrocou-
pling reaction and/or transamination reactions, consequently increasing ceramic yield,
as observed for the three different precursors used (TADA et al., 2021; MALLMANN, M.
et al., 2023; ACKLEY et al., 2023).

4.2 CHEMICAL AND STRUCTURAL CHARACTERIZATION

4.2.1 Fourier-Transformed Infrared Spectroscopy (FTIR)

The produced cobalt-doped polymers were subjected to FTIR analysis to com-
prehend the presence and variation of functional groups with increasing temperature.

For the cobalt-doped AHPCS, AHCo02.5, the changes in the spectrum according
to temperature can be seen in Figure 14. The results obtained for AHC02.5 polymer
show that before heat treatment, the spectrum presents the same main features ob-
served for the spectrum of pure AHPCS found in literature, indicating the AHPCS silicon
backbone in the produced material (AL-AJRASH et al., 2021; WANG, Q. et al., 2020;
ACOSTA, 2019; RAHMAN et al., 2014). The presence of a band in the region of 750
cm~1 is attributed to the bending vibration (5) of the Si-CH3 bond, while at 2100 cm=T1,
to the stretching vibration (v) of the Si-H bond (YANG et al., 2022; ACOSTA, 2019).
Bands at 1351 and 2900 cm~! correspond to stretching C—H in Si—-CH- bonds, and
stretching of C=C bond in molecules may be indicated by the band at 1630 cm~" (dou-
ble bond of the allyl group) (PRINT et al., 2023). Furthermore, bands at 1250, 1037
and 940 cm~! were attributed to Si—~CHj5 stretching, CH, bending in Si-CH»-Si bond
and Si—H bending vibration, respectively (YANG et al., 2022). The band at around 3400
cm~1 is probably due to water adsorbed by the potassium bromide during FTIR testing
(WANG, Q. et al., 2020; RAHMAN et al., 2014).

It is possible to note that with the temperature increase, all described bands
decrease in intensity, with exception of the band at 1037 cm~1, which still presents
a strong signal even at 600 °C, confirming that the final structure remains with the
AHPCS silicon backbone. Additionally, the decrease in intensity of the bands as the
temperature increases occur probably due to crosslinking reactions occurring with
increasing temperature, via dehydrocoupling reactions and to decomposition of the
organic groups (RAHMAN et al., 2014; ACOSTA, 2019; WANG, Q. et al., 2020; AL-
AJRASH et al., 2021).
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Figure 14 — FTIR spectrum of AHC02.5 at different temperatures.
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For the cobalt-doped HTT, HTCo02.5, the changes in the spectrum according
to temperature can be seen in Figure 15. The main bands observed in the spectrum
of the HTCo02.5 polymer are characteristic for the functional groups present in pure
HTT (MALLMANN, M. D., 2020). Bands at 3380 and 1160 cm~! correspond to the N-H
bond stretching vibration (v) and to N-H bond bending (&) on Si-NH-Si unit, respectively
(FLORES et al., 2013; AWIN et al., 2023). In 2960 and 1590 cm™1, bands are attributed
to carbon functional group present in the preceramic polymer structure, as stretching of
C-H bond and bending of C=C bond, respectively (WANG, J. et al., 2022a; MALLMANN,
M. D., 2020). The Si-H stretching is attributed to the band at 2120 cm~", while the Si-C
bonds of the HTT backbone may be observed at 1250 cm~' indicating bending in Si-
CHg bond and at 1400 cm=" for bending in Si-CH=CH, bond (WANG, J. et al., 2022b;
FERREIRA et al., 2023).

The spectra obtained for HTC02.5 samples after heat treatment (200, 400 and
600 °C) indicate structural changes in the material with increasing temperature. It is
noted that with the increase in temperature to which the HTC02.5 sample was sub-
jected, almost all bands decrease in intensity, with the 3380 band almost disappearing
completely, and 2960, 2120 and 1400 bands completely disappearing at 600 °C. Fur-
thermore, it is also possible to observe the appearance and increasing of the band
related to Si-NH-Si bonds, at to around 1160 cm~1, with increasing temperature. This
behavior indicates that the crosslinking reactions are in fact occurring with the temper-
ature increase, maintaining the HTT backbone (MALLMANN, M. D., 2020; WANG, J.
et al., 2022b, 2022a; AWIN et al., 2023).
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Figure 15 — FTIR spectrum of HTC02.5 at different temperatures.
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For the cobalt-doped PHPS, PHCo02.5, the changes in the spectrum according
to temperature increase can be seen in Figure 16. Some characteristic bands of pure
PHPS are also observed in the spectrum obtained for the polymer (ASAKUMA et al.,
2022; CHEN, Q. et al., 2021; DUO et al., 2020). The spectrum of cobalt-doped PHPS
polymer presents a wide band at around 3400 cm~! corresponding to stretching (v)
mode of N-H bond, a band at 2150 cm~! representing stretching Si-H bond, also at
1180 cm~! corresponding to bending (5) mode of N-H bond of Si-NH-Si unit, and
lastly, a band at 820 cm~1 that corresponds to bending Si-N bond also of Si-NH-Si
unit (WANG, W.-Y. et al., 2023; DUO et al., 2020). Besides that, a band in 1400 cm™!
correspond to bending C-H, probably due to some residue from the solvent, since the
precursor polymer does not have carbon in its structure (MALLMANN, M. D., 2020).
For the spectra of PHC02.5 in the different temperatures, the same bands are present
but they decrease in intensity as the temperature increases. This must be related to
the occurence of crosslinking reactions. Also, the increase at the band in 1167 cm1,
may indicate forming of Si-NH-Si bonds, in accordance with the crosslinking indications
mentioned above (MALLMANN, M. et al., 2023; MALLMANN, M. D., 2020).
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Figure 16 — FTIR spectrum of PHCo02.5 at different temperatures.
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Observing the results obtained in the FTIR analysis, it can be stated that they
are in agreement with those discussed in the TGA analysis (presented in section 4.1).
With the mass losses observed between 200 and 600 °C, there was also a decrease
in the intensity of the bands corresponding to the bonds in CH3-CH3, SiH4 and CHs-
SiH3 species in AHCo02.5. Also, mass losses in in the same temperature range, are
correlated to the already detected decrease in signal intensity related to the N-H and
Si-H bonds of HTCo02.5. Furthermore, the mass losses in the range of 200 to 600 °C are
in agreement with the decrease in intensity previously observed for the signal referring
to the N-H, Si-N and Si-H bond s of PHC02.5. These results confirm the occurrence
of crosslinking reactions with release of correspondent compounds, and indicate the
beginning of materials ceramization.

4.2.2 X-ray Diffraction (XRD)

To investigate the formation of crystalline phases in the ceramics produced, XRD
was carried out.

For AHCo02.5 the obtained diffractogram can be observed in the gray line in
Figure 17. Signals at 20= 44.2158 °, 51.5225° and 76.1378°, correspond to cobalt in
cubic crystal phase (3-Co)(ICDD file n®: 01-089-4307). Also, signals at 20= 28.4040°,
34.9703° 40.5335°, 45.7136°, 50.2553°, 70.3374 °and 80.9347 °, correspond to cobalt
monosilicide (CoSi) in cubic phase (ICDD file n%: 01-072-1328) (PRINT et al., 2023;
ACOSTA, 2019; KAUR, S. et al., 2014). No peaks related to silicon carbide were identi-
fied. This was already expected and is explained by data reported in the literature, that
the presence of amorphous SiC begins to be noticed in the system with heat treatments
between 850 and 1200 °C, and crystalline SiC at temperatures between 1250 and 1700
°C (PRINT et al., 2023; ACKLEY et al., 2023; BARROSO, G. et al., 2019). Since the
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heat treatment of AHPCS was carried out up to 1000 °C, for the presence of SiC to be
present, the material must have been treated at temperatures greater than 1000 °C.

Figure 17 — Diffractogram obtained for the three produced ceramic materials.
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For HTCo02.5 the obtained diffractogram can be observed in the red line in
Figure 17. Signals at 20= 44.2158°, 51.5225° and 76.1378°, correspond to cobalt in
cubic crystal (p-Co) (ICDD file n?: 01-089-4307). Also, there is a peak at 20= 47.594°
that corresponds to cobalt in hexagonal crystal (x-Co) (ICDD file n%: 01-089-4308). This
result agrees with what is expected for cobalt-doped derived from HTT, and heat treated
at low temperatures. As recently reported in the literature, only the peaks referring to
the growth of o and p-cobalt crystals are observed by XRD with the heat treatment
up to 1000 °C (MALLMANN, M. et al., 2023; TADA et al., 2021; MANJUNATHA et al.,
2019).

For PHCo02.5 the obtained diffractogram can be observed in the blue line in
Figure 17. Signals at 20= 44.2158°, 51.5225° and 76.1378°, correspond to cobalt in
cubic crystal (3-Co) (ICDD file n®: 01-089-4307). Besides that, peaks appear at 26 =
45.934° 48.807°, 53.787° and are related to dicobalt silicide (Co»Si) phase (ICDD file
n%: 04-003-2126). Lastly, peaks at 20 = 32.688° and 45.328 ° are associated to cobalt
monosilicide (CoSi) in cubic phase (ICDD file n?: 01-072-1328) (MALLMANN, M. et al.,
2023; TADA et al., 2021; MALLMANN, M. D., 2020).

The formation of cobalt silicide species (CoSi, Co,Si) is probably due to a direct
reaction between the silicon centers of the precursors and the cobalt atoms of CoCls in
the range between 700 and 800 °C, and this formation has been previously reported in
materials produced with polysilazanes and cobalt precursors. (WANG, J. et al., 2020b;
MALLMANN, M. et al., 2023). This formation follows the reaction presented in Equation
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4, as already reported for the synthesis of metal silicides, including cobalt ones by using
microwave irradiation (CHEN, X.; LIANG, 2019; ZHANG et al., 2014).

2CoCla(s) + (2x + 1) Sis) = 2C0Six(s) + SiCla(g) (4)

Also, as CoSi is a metastable phase, it combines to silicon to further generate
CoSio, and still, cobalt (1) chloride can combine with silicon to form Co,Si, as showed
in Equation 5 (MALLMANN, M. et al., 2023; ZHANG et al., 2014).

4 CoCla(s) +3Si(s) » 2C02Si(s) + SiClg(g) (5)

Metal silicides are a family of intermetallic compounds, composed of silicon and
metal atoms, which can be in different proportions (ZHANG et al., 2019). Silicides
formed with TM have interesting characteristics, such as high chemical resistance.
Furthermore, TM-silicides have been reported to have a good activity to use in tradi-
tional heterogeneous catalytic reactions, such as hydrogenation, dehydrogenation and
methanation, for example (ZHANG et al., 2018; CHEN, X.; LIANG, 2019).

According to the results obtained with XRD analysis, it is possible to confirm
the in-situ growth of cobalt crystals within the amorphous ceramic matrix, as already
reported in the literature recently. To find out if the formation of cobalt crystals took
place on a nanometric scale, further studies and crystallite size analysis are necessary,
which were not carried out in this work (TADA et al., 2021; MALLMANN, M. et al., 2023).

4.2.3 X-ray Photoelectron Spectroscopy

The materials prepared by heat treatment of HTCo02.5, PHC02.5, and AHCo02.5
at 1000 °C were subjected to XPS analysis. The Co2p, C1s, and Si2p spectra are
presented in Figures 18, 19, and 20, respectively. The deconvoluted Co 2p envelope
exhibited distinct behaviors for the analyzed materials, with the presence of Co0 (778
and 793 eV) in AHCo02.5 and in small quantities in PHC02.5. According to Kim et al.
(2008), these values represent the Co-Si bonding energies. The formation of Co-Si
in both samples can also be observed in their respective diffractograms. CoSi, as
previously reported in Anhua et al. (2014) and Kim et al. (2008), can be attributed
to the reaction of cobalt metal with a SICN/SiC matrix from ceramic precursors as the
pyrolysis temperature increases. However, in contrast to the XRD analysis, HTC02.5 did
not exhibit metallic cobalt in the XPS analysis, which may be due to material oxidation,
as indicated by the formation of cobalt oxide in all the samples. The spectra exhibited a
good fit, displaying two doublets: a Co2p3,» peak at 782 eV, a Co2p4,» peak at 798 eV,
along with their corresponding satellite structures in approximately 788.3 and 804 eV,
respectively, across all samples (LUO et al., 2021; SMYRNIOTI; IOANNIDES, 2017).
These characteristics suggest of Co bonding in cobalt oxide, which was not present in
the XRD results but is expected to develop over time as oxides form on the exposed
sample surfaces.
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Figure 18 — XPS Co2p spectra for a) HTCo02.5, b) PHC02.5 and c) AHCo02.5.
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XPS survey spectra are presented in Appendix A and from its data, the surface
atomic percentages of the three materials were obtained, as shown in Table 4.

Analyzing the composition of the samples based on their atomic percentages
(Table 4), it was observed that the HTC02.5 had the highest cobalt content (%at).
However, it exhibited the lowest catalytic activity at 353 K (922.14 mL min~1 gcg;71). In
contrast, samples with lower %at. of Co showed higher catalytic activity at the same
temperature. Notably, the PHC02.5 (HGR of 7,641.42 mL min—1 gc4;~1) with only 0.48
%at. of Co and the AHC02.5 (HGR of 3,969.13 mL min—! gca;~1) with 1.1 %at. of
Co demonstrated enhanced catalytic activity. The Hydrogen Generation Rate may be
influenced by various conditions and warrants further investigation, including factors
related to matrix crystallization, the presence of silicides, carbon content, and other

parameters.
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Table 4 — Atomic concentration of synthetized materials by XPS.

Surface Atomic concentration (%)
Material C1s O1s Si2p Si2s CI2p Co2p Nis
AHCo2.5 5328 19.61 12.01 11.87 2.13 1.11 -
HTCo2.5 16.36 31.94 1750 16.46 5.67 2.68 9.40
PHCo2.5 10.46 4430 21.15 2282 0.32 0.48 0.46
Source: Author (2023).

Moreover, the carbon contribution within the specimens was investigated, as
depicted in Figure 19 the outcomes derived from the deconvolution analysis of the C1s
peak in the materials. The high-intensity peak in green in all materials corresponds to
the C-C bond ( 284.7) and can be associated to the presence of segregated carbon
in the materials, probably due to the presence of free carbon nanodomains within the
SiCN amorphous phase. The peak at approximately 285.5 eV in the samples suggests
the presence of C-O bonding and is attributed to the presence of oxygen contamination
at the surface. The AHC02.5 sample exhibits a peak at about 283.1 eV, which can be
attributed to Si-C bonding (HANNIET, 2021; FENG, 2020; KAUR, S., 2016).

When examining the atomic percentage of carbon in PHC02.5, it becomes in-
triguing to note an approximate 11% presence of carbon. This is noteworthy, given the
inherent characteristic of PHPS not typically containing carbon atoms in its structure.
The observed carbon percentage may be linked to the intentional addition of low-carbon
molecules to the commercial PHPS to prevent reactions. Alternatively, it could be at-
tributed to potential external contamination residues, especially given that XPS analysis
focuses on surface-level examination.
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Figure 19 — XPS C 1s spectra for a) HTCo02.5, b) PHC02.5 and c) AHCo02.5.
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The deconvoluted Si2p spectrum in Figure 20 reveals a peak at 103.5 eV across
all samples assigned to silica, thus demonstrating sample contamination. However,
unique peaks were observed solely in the AHC02.5 sample at 101 eV, possibly corre-
sponding to crystalline silicon carbide, while the signal at 101.6 eV was attributed to
Si-C bonds in SiC(O) (HANNIET, 2021; FENG, 2020; KAUR, S., 2016).
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Figure 20 — XPS Si2p spectra for a) HTCo2.5, b) PHC02.5 and c) AHCo02.5.
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4.3 TESTS ON HYDROLYSIS REACTION

The difficulties of storing and transporting hydrogen are obstacles that can be
overcome when using metal hydrides as storage materials. This makes NaBH4 an
excellent material in the energy transition scenario and makes its hydrolysis reaction
extremely important. Furthermore, the catalytic hydrolysis of NaBH, produces pure
hydrogen in a controlled manner (MAKIABADI et al., 2020; SONG et al., 2023). Apart
from its significant role in the production of H,, the sodium borohydride hydrolysis
reaction serves as an intriguing method to evaluate metal-doped ceramics fabricated
through the PDC route. This is attributed to the reaction’s harsh conditions, as indicated
by Equation 1, with the formation of a potent base (NaB(OH),) and its exothermic
nature. Consequently, this reaction enables the assessment of the material’s chemical
resistance (LALE et al., 2018; ABDELHAMID, 2021).

For the tests of the produced materials, four different temperatures (298, 313,
333 and 353 K) was tested with the same amount of reagents, using the water dis-
placement system previously presented (Figure 11, Chapter 3). Then, the total volume
of hydrogen generated was recorded as a function of time and the total conversion of
NaBH,4 into H, was calculated for each temperature. These results can be observed
in terms of total hydrogen evolution (a) and conversion of NaBH,4 (b), in Figure 21 for
AHCo02.5, in Figure 22 for HTC02.5 and in Figure 23 for PHCo02.5.
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It can be noticed that for all three materials, both HGR and conversion in-
creased as temperature also increased, although with a slightly different curve profile
for each material. In addition, the highest sodium borohydride conversion values were
obtained at the highest temperature tested (353 K), with the highest value being 99%
for AHCo02.5, followed by PHC02.5 and HTCo02.5 with 96% and 87%, respectively.

Figure 21 — H, volume generated (a) and conversion of NaBH, (b) for AHC02.5.
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Figure 22 — H, volume generated (a) and conversion of NaBH, (b) for HTCo2.5.
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Figure 23 — H, volume generated (a) and conversion of NaBH, (b) for PHC02.5.
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These results are in agreement with data from the literature, in which the volume
of hydrogen produced tends to be greater as the temperature increases, in addition to
a consequent increase in the Hydrogen Generation Rate (HGR), regardless the type of
catalytic support used (UGALE et al., 2022; KYTSYA et al., 2022; ECER et al., 2023;
SONG et al., 2023; HANSU, 2023).

An interesting fact is that for all three materials, in the lowest temperature (298 K),
the conversion of NaBH, into H, was calculated as 40% or lower. This must be related
to the solubility problem of both the reagents and products. Considering the lower
solubility of the borates by-products when at lower temperatures, once precipitation
occurs, catalysts sites are blocked, thus preventing hydrolysis with higher conversions.
To avoid precipitation, higher temperatures can be adopted to increase solubility, or
even use a diluted NaBH,4 solution (HUA et al., 2003; PINTO et al., 2006; SONG et al.,
2023).

Typically, sodium hydroxide is introduced into the aqueous NaBH, solution to
prevent self-hydrolysis, but this addition must be carefully calculated. As the NaOH
concentration exceeds a certain value, hydrogen generation decreases due to the high
alkalinity character of the solution. This increase in alkalinity results in a strong increase
in the viscosity of the solution, strongly interfering with the reaction kinetics. In addition,
the increase in the pH of the reaction medium leads to the precipitation of borates, due
to their reduced solubility in basic media (KAUR, A. et al., 2019; RETNAMMA et al.,
2011).

The hydrogen generation rate (HGR) was calculated in terms of mL min=1 g¢a;1.
For better visualization Table 5 shows HGR for all three materials as a function of
temperature.
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Table 5 — Hydrogen Generation Rate for the produced materials.

HGR (mL min~1 g¢a7)

T(K) AHCo02.5 HTCo02.5 PHCo02.5
298 41.51 60.63 34.05
313 230.45 158.10 187.18
333 901.28 240.86 374.13
353 3,969.13 922.14 7,641.42

Source: Author (2023).

Some observations arise regarding the calculated HGR values. Firstly, there is a
striking temperature-dependent relationship evident in the NaBH4 hydrolysis reaction.
This is particularly noticeable when comparing two different temperatures. The HGR
values obtained at the temperature of 313 K are between 3 to 5 times greater than
those obtained at 298 K. When further increasing the reaction temperature, the values
obtained at 333 K are between 2 to 4 times greater than at 313 K, suggesting a con-
siderable increase, but not as pronounced. However, when the comparison is made
between 333 and 353 K, a much more significant increase is noted, with HGR values
up to 20 times higher for PHC02.5.

Additionally, at the highest temperature tested (353 K), this significant increase
in HGR values mirrors the trends previously discussed regarding NaBH,4 conversion
rates. This behavior is observed in all three materials among which PHCo02.5 stands
out with the highest HGR value, reaching an impressive 7,641.42 mL min~! gcai~ 1, as
can be clearly seen in Figure 24.

Figure 24 — HGR for the produced materials, in graphic representation.
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Analyzing the composition of the samples based on their atomic percentages
(Table 4), it was observed that the HTC02.5 had the highest cobalt content (%at.) at the
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surface. However, it exhibited the lowest catalytic activity at 353 K (922.14 mL min~1
gcar V). In contrast, samples with lower %at. of Co showed higher catalytic activity at
the same temperature. Notably, the PHC02.5 (HGR of 7,641.42 mL min~! g¢a;~1) with
only 0.48 %at. of Co at the surface and the AHC02.5 (HGR of 3,969.13 mL min~1
gcar~1) with 1.1 %at. of Co at the surface, demonstrated enhanced catalytic activity.
The Hydrogen Generation Rate may be influenced by various conditions and warrants
further investigation, including factors related to matrix crystallization, the presence of
silicides, carbon content, and other parameters.

Cobalt silicide species probably have the role of improving the catalyst activ-
ity, increasing HGR values. This is because pure cobalt silicide species are reported
as catalysts in hydrogenation and dehydrogenation reactions, with a growing number
of publications in the past few years (ZHANG et al., 2019; CHEN, X.; LIANG, 2019;
ZHANG et al., 2018).

This ability of silicides can be used to explain the catalytic activity of the materials
produced in terms of HGR. For HTCo02.5, no cobalt silicides peaks were observed in
the XRD analysis, this would indicate a reason why this material presented the most
modest HGR values among the three.

In contrast, AHC02.5 and PHC02.5 presented peaks related to cobalt silicide
species, with the latter presenting both cobalt monosilicide and dicobalt silicide. How-
ever, the catalytic activity of AHC02.5 was not as pronounced in terms of HGR as that
of PHCo02.5, especially at the highest hydrolysis temperature tested.

Lale et al. (2017) previously demonstrated that composites containing carbon
exhibit lower activity in the hydrolysis of NaBHy,, aligning with a preference for nitrides.
Hence, one of the potential explanations for the performance of PHC02.5 is the pres-
ence of cobalt silicide species combined with the lower concentration of carbon atoms
in this sample, which enhance the hydrolysis of NaBH,4 at high temperatures.

Table 6 shows a compilation with some selected data from the recent literature
with cobalt-based catalysts, to comparison with the obtained results in the present work.

Table 6 — Test temperatures and HGR for different Co-based catalysts.
HGR

Material T (K) .1 —1 Reference
(mL min™' gcar™')
Co/TigN3Tx 303 - 333 526 Tianshuo Li et al. (2021)
Co/CuO-NiO-Al, O3 298 - 328 6460 Erat et al. (2022)
Co/Fe;0,@C 288 - 328 1403 Bo Chen et al. (2018)
Fe;0,@C-Co 298 1746 Baye et al. (2019)
Co@PTA@Fe;0,@KLN 303 1540 Ecer et al. (2023)

Source: Author (2023).

In terms of HGR values, when comparing the ones obtained between 298 and
333 K, it is possible to observe that the materials produced here present lower values
than those shown in Table 6. However, with the increase in temperature the cobalt-
based PDC presented impressive HGR values, with 3,969.13 mL min—1 gca;~1 for
AHCo02.5. Furthermore, as the effect of temperature is distinctly very important in the
reaction, the test at four different temperatures proved essential to investigate this
influence.

It is worth mentioning that the majority of cobalt-based materials are typically
assessed in hydrolysis reactions within the temperature range up to 318 or 328 K, which
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can pose challenges when trying to carry out a more comprehensive comparison at
elevated temperatures. Also, as (UGALE et al., 2022; SUN et al., 2022).

There are many other factors that influence HGR besides temperature in the
NaBH,4 hydrolysis reaction, that are NaBH, concentration, NaOH concentration, cata-
lyst amount and metal ratio and distribution (SHU et al., 2019; LI, T. et al., 2021; ERAT
et al., 2022). No statements can be made about the effect of each of these variables
in this work because a kinetic study of the reaction was not carried out. Therefore,
aiming to understand the kinetics parameters associated with the NaBH, hydrolysis
reaction using the cobalt-doped PDC produced in the present work, more experiments
are needed to evaluate the parameters mentioned above.

4.3.1 Reuse of catalysts

An extremely important characteristic that a catalyst must present is the pos-
sibility of reuse. This enables to reduce the overall cost of the process. In order to
test reusability, the catalyst that presented the highest HGR value at a temperature of
353 K was chosen, that is, PHC02.5. It was tested in hydrolysis following the same
procedure previously described in the first use, and in subsequent uses, opening the
reaction flask and only adding new loads of water, NaOH and NaBH,, and maintaining
the temperature at 353 K.

As expected, the materials proved to be very resistant to the conditions to which
they were subjected, a result that was already expected for ceramics produced through
the PDC route. The catalyst showed a reduction of only 26% in the conversion of
NaBH, into Ho, after four consecutive cycles, demonstrating a great performance. This
behaviour can be observed in 25(b). Also, a decrease in the HGR was also observed,
as showed in Figure 25(a).

This is because it is carried out in a highly alkaline environment (pH > 12) and
many catalytic supports do not withstand such conditions.

Figure 25 — Reuse of PHC02.5 in terms of (a) Ho volume and (b) NaBH,4 conversion.
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A very similar behaviour as observed here was already been reported in the
literature for cobalt-based catalysts, with decrease in conversion of NaBH, into H» after
only a few cycles, without washing (AKDIM et al., 2011; DEMIRCI, Umit B.; MIELE,
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Philippe, 2014b; ECER et al., 2023). Many results found in the literature do not provide
data in terms of NaBH, conversion, therefore this comparison cannot be made.

The deactivation of catalysts and consequent decrease in the NaBH,4 conversion,
is attributed to the adsorption and/or deposition of borate species over the catalyst
surface, and this phenomena is typical of cobalt-based catalysts. There is also the
so-called "memory effect" when the catalyst is used during consecutive cycles, that is,
without being removed from the solution medium, which is the case in the present work
(AKDIM et al., 2011; DEMIRCI, Umit B.; MIELE, Philippe, 2014a; GAO et al., 2019;
SIMAGINA et al., 2021; HANSU, 2023).

After being used consecutively for 4 cycles, the catalyst was subjected to the
washing procedure, in order to test whether its conversion capacity would be regener-
ated. A comparison between the conversion before and after washing is showed in the
Figure 26. It is possible to observe that the loss in conversion of around 29% for the
washed catalyst, and also that conversion capacity was not recovered with this washing
procedure.

Figure 26 — Comparison terms of NaBH, conversion in reuse of PHC02.5, before and
after washing with water.
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Clearly, the conversion capacity drastically decreased from the first use (96%)
to the last (59%), even after washing. This indicates that catalyst deactivation was not
reversed by using water washing. This was already reported in the literature for cobalt-
containing catalysts. It is believed that borates interact strongly with cobalt particles
through Co-O-B interactions and also in interactions with each other through B-O-B
bridges. This makes it difficult to reactivate the catalyst, and it has been reported that
washing with water alone is not sufficient to remove borates from the surface. (AKDIM
et al., 2011; DEMIRCI, Umit B.; MIELE, Philippe, 2014a; GAO et al., 2019; SIMAGINA
et al., 2021; HANSU, 2023).

The so-called "memory effect" is the in-situ formation of borates and/or poly-
borates (BxOp(OH)™y) thick layer over the catalyst surface, proved by Umit B. Demirci
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and Philippe Miele (2014a) and by Akdim et al. (2011) trough XPS and SEM analysis.
This layer is not removed from the surface by using washing method with water, but
with a dilute acid solution, and so partial reactivation of catalyst is achieved. Results
indicate that the acid-washing can be done in-situ, by only adding the acid solution to
the system, but studies using this approach are still in progress (DEMIRCI, Umit B.;
MIELE, Philippe, 2014a; AKDIM et al., 2011; ARZAC, G. et al., 2012; GAO et al., 2019).

The results presented here showed that the PHC02.5 catalyst is very promising
for use in hydrolysis reactions, therefore reinforcing the importance of further studies
based on this material and its characteristics.
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5 CONCLUSION

In this research work, three polymer-derived ceramic materials doped with cobalt
were developed. Cobalt (II) chloride was used as metallic precursor and three differ-
ent preceramic polymers: Allylhydridopolycarbosilane (AHPCS), Perhydropolysilazane
(PHPS) and Poly(methylvinyl)silazane (HTT). The characterizations carried out on the
material showed that silicon-based ceramics doped with cobalt were successfully ob-
tained through the PDC route.

The methodology for synthesizing ceramics using the PDC route was proved,
once again, to be extremely interesting as it is a single-step route, achieving the desired
changes in the final ceramic produced. The heat treatment was carried out at low
temperature of 1000 °C, making the processing less energy-intensive compared to
traditional ceramic processing, which uses higher temperatures.

The materials produced were tested as catalysts in the sodium borohydride
hydrolysis reaction, aiming to generate hydrogen from this solid hydride that could
enable the future use of the gas. Furthermore, such a reaction is extremely important in
order to test the chemical resistance of the materials produced. The materials proved
to be very resistant to the conditions to which they were subjected, a result that was
already expected as ceramics produced through the PDC route are known to have high
chemical resistance.

Furthermore, the materials showed different hydrogen generation at the four
temperatures tested. Hydrogen generation rate values were obtained in the range of 34
to 7641 mlmin—1 g4, with the best result being 7142 mi min—1 g¢c 4,1 for the catalyst
PHCo2.5 tested at 80 °C (353 K). Also, this catalyst was subjected to continuous reuse
tests. Interesting results were obtained, where after four cycles of continuous reuse,
the catalyst showed a 26% drop in the conversion of Na to H2. The catalyst was then
washed with water successive times to remove borates (co-products of the hydrolysis
reaction) and after drying it was tested again in the reaction. This time, after four cycles
of use, the material showed a 29% drop in conversion, which shows that washing with
water alone was not enough to reactivate the catalyst.

The obtained result shows that the materials produced have good potential to be
explored to be used as catalytic supports for the NaBH,4 hydrolysis reaction. Catalytic
supports produced via the PDC route are very promising materials and hopefully this
work will contribute to the development of new technologies in the context of a future
based on clean energy sources and renewable energy vectors such as hydrogen.
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6 SUGGESTIONS FOR FUTURE RESEARCH

* For a better understanding of the role of cobalt-based PDC catalysts, it is suggested
to carry out detailed kinetic studies, such as variation in reagent concentrations, pH of
the reaction medium and variation in the amount of catalyst.

» The utilization of other characterization techniques is suggested to obtain more de-
tailed information about the morphology and composition of cobalt-based PDC catalysts.
Namely, FRX (to obtain composition information), SEM-EDX (to obtain morphological
information and surface element distribution), TG-MS (to ensure the composition of
mass losses during heat treatment), and crystallite size analysis to ascertain the forma-
tion of cobalt nanocrystals.

* Finally, the production and testing of bimetallic PDC catalysts (such as Cobalt-Nickel
for example) can be very promising, since bimetallic catalysts are reported to have
excellent catalytic response in the NaBH4 hydrolysis reaction.
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APPENDIX A - XPS SURVEY SPECTRA

Figure 27 — Survey spectrum for AHCo02.5.
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Figure 28 — Survey spectrum for HTCo02.5.
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Figure 29 — Survey spectrum for PHCo02.5.
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APPENDIX B — TGA AND DTG RESULTS FOR EACH PRODUCED MATERIAL

Figure 30 — TGA and DTG for AHCo02.5
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Figure 31 — TGA and DTG for HTCo2.5
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Figure 32 — TGA and DTG for PHC02.5
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