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Résumé-Abstract 

1. Introduction 

Les matériaux carbonés (MC) désignent la vaste gamme de composés carbonés ayant des 

propriétés physico-chimiques spécifiques, tels que le charbon actif (CA), les nanotubes/fibres 

de carbone (NTC/NFC) et le graphène [1, 2]. De nos jours, les MC sont utilisés dans un grand 

nombre de procédés catalytiques, soit comme support, soit directement comme catalyseurs 

sans-métaux [3, 4]. Les propriétés physico-chimiques de ces MC, en particulier la porosité et 

la réactivité de surface, qui est essentiellement liée à la présence de groupements fonctionnels 

ou le dopage par des hétéroatomes tels que l’azote, le soufre ou le phosphore, peuvent être 

modifiées à volonté pour répondre aux exigences des procédés catalytiques en aval. Elles ont 

conduit au développement de nouveaux catalyseurs offrant des performances catalytiques 

améliorées [5-12]. Les défauts structuraux décorés par des groupements fonctionnels, mais 

aussi le dopage de la structure carbonée avec des hétéroatomes sont capables de jouer le rôle 

de sites d’ancrage pour des phases actives dans la préparation des catalyseurs [13-15]; ils 

pourraient également opérer en tant que sites actifs pour des réactions catalytiques spécifiques 

en lieu et place des catalyseurs contenant un métal comme phase active [16-20].  

Ces CM sont généralement utilisés sous deux formes, en poudre ou avec une mise en 

forme, en fonction des applications en aval. Pour les réactions en phase liquide, la forme 

poudre est préférable car elle offre une grande surface de contact, alors que pour la réaction en 

phase gazeuse, la forme structurée sera la plus utilisée afin de réduire les problèmes de perte 

de charge. Cependant, durant la dernière décennie les catalyseurs structurés ont suscité un 

intérêt croissant, même pour les réactions en phase liquide, car ils permettent de récupérer 

facilement le catalyseur et d'éviter une étape de filtration post-réaction qui est une étape 

consommatrice en temps et en énergie. Il existe des stratégies communes pour la fabrication 

des supports carbonés sous forme structurée : (i) la méthode de réticulation des 

nanomatériaux carbonés préexistants (en poudre), tels que les NTC et/ou le graphène 

multi-feuillet, en différentes formes macroscopiques polymérisées [21, 22], (ii) la croissance 

in situ par voie catalytique des structures de nano-carbone sur le substrat hôte macroscopique 
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[23-25], et (iii) la fabrication d’aérogels de carbone autoportants sans utiliser de matrice hôte 

[26]. Cependant, la synthèse de ces composites hiérarchiques n’est pas simple car elle 

nécessite des étapes de réaction opérant à haute température ou complexes à mettre en œuvre; 

elle génère également des déchets ou des sous-produits qui nécessitent un traitement 

post-synthèse. Il est alors intéressant de trouver une nouvelle méthode plus simple et ayant un 

impact environnemental moindre.  

Dans le cadre du développement de nouveaux matériaux carbonés structurés pour la 

catalyse hétérogène, nous avons exploré le potentiel du feutre de carbone/graphite commercial 

(CF/GF). CF et GF sont utilisés sous formes de structures macroscopiques et sont constitués 

par des fibres micrométriques formant un réseau hiérarchisé avec une forte accessibilité [27]. 

Les différentes températures du traitement thermique des précurseurs de carbone entraînent 

une graphitisation différente du matériau final, résultant ainsi à une surface et une porosité 

variable pour le CF et le GF. La nature du carbone permet de modifier ses propriétés 

physico-chimiques, notamment la structure des pores, mais également la chimie de surface, 

alors que le caractère macroscopique du feutre facilite leur mise en forme, tout cela en 

fonction des applications en catalyse en aval.  

Le but du travail décrit dans cette thèse consiste à explorer le potentiel des monolithes 

à base de feutre GF et CF soit en tant que catalyseur sans-métaux pour les réactions 

d'oxydation en phase gazeuse, soit en tant que support de catalyseur, notamment pour le 

palladium, pour les réactions d'hydrogénation en phase liquide. En raison de leur surface 

présentant une inertie chimique avec une faible mouillabilité, les traitements chimiques ont 

été développés pour activer la surface de ces matériaux carbonés. Les matériaux sont ainsi 

activés par divers procédés chimiques tels que l'oxydation, l'amination, la thiolation, et/ou le 

dopage direct à haute température à l'azote et au soufre. L'oxydation partielle du sulfure 

d'hydrogène en soufre élémentaire ainsi que l'hydrogénation sélective du cinnamaldéhyde, en 

tant que réactions sensibles à l'influence des propriétés du catalyseur sur l'activité et la 

sélectivité, sont utilisées en tant que réactions modèles. Les supports, avant et après activation, 

ainsi que les catalyseurs sont caractérisés par diverses techniques de caractérisation, 

notamment la spectroscopie photoélectronique à rayons X, la spectroscopie Raman, la 
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désorption programmée en température couplée avec la spectrométrie de masse, les 

microscopies électroniques à transmission et à balayage, l’adsorption et la désorption d'azote,  

la spectroscopie d'émission atomique à plasma à couplage inductif, les analyses 

thermogravimétriques, la réduction programmée en température, et l’infrarouge à transformée 

de Fourier.  

2. Résultats et discussions 

2.1 Feutre de graphite oxydés (OGF) en tant que catalyseur sans-métaux 

pour l'oxydation partielle du sulfure d'hydrogène 

L'activation du GF est réalisée en utilisant le traitement à l'acide nitrique gazeux à 

haute température (Figure 1) et son influence sur la formation de défauts (décorés avec des 

groupes fonctionnels oxygénés) sur la surface du matériau carboné a été confirmée par les 

techniques de caractérisation. Après le traitement acide, une structure carbonée hautement 

poreuse a été observée sur la surface du graphite dense du feutre de départ, induisant ainsi une 

augmentation remarquable des surfaces spécifiques et effective du matériau final. 

L'abondance des groupes oxygénés et des défauts de structure ainsi que la grande surface 

spécifique ont induit une perte de la stabilité thermique par rapport à celle observée sur le 

matériau de départ.  
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Figure 1. Illustration schématique des OGF préparés par le traitement HNO3 gazeux et des 

différents groupes fonctionnels oxygénés générés à la surface du graphite après le traitement.  

 

 

Le GF activé peut être utilisé directement comme catalyseur sans-métaux pour 

remplacer les catalyseurs traditionnels à base d’oxyde de fer dans l’oxydation sélective de 

H2S dans les effluents de déchets industriels. Les résultats ont révélé que les GF contenant les 

défauts décorés avec des groupements oxygénés présentent une activité de désulfuration 

relativement élevée et extrêmement stable en fonction du temps par rapport à son homologue 

non activé. Les performances catalytiques observées peuvent être attribuées à la présence de 

défauts de structure sur la surface du carbone filamenteux et aux groupements fonctionnels 

oxygénés qui pourraient jouer le rôle de sites actifs pour l’oxydation sélective de H2S en 

soufre élémentaire.  
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Figure 2. Performances catalytiques en désulfuration sur des catalyseurs sans-métaux OGF 

après traitement sous HNO3 gazeux à 250 
o
C pendant 16 h. (A) Conditions de réaction: [H2S] 

= 1vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %, WHSV= 0.05 h
-1

. (B) Conditions de réaction: 

[H2S] = 1vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %, température de réaction = 250 
o
C.  

 

 

2.2 Feutre de graphite oxydé utilisé comme support de catalyseur au 

palladium pour l'hydrogénation en phase liquide du cinnamaldéhyde  

Dans cette partie, le support carboné activé par les vapeurs d’acide est utilisé en tant 

que support de catalyseur pour le palladium qui assurera le rôle de phase active pour la 
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réaction d’hydrogénation. Avant le dépôt du métal actif sur le support GF, celui-ci devrait être 

modifié par l'introduction de groupements fonctionnels oxygénés qui permettent d’améliorer 

la mouillabilité du support et la capacité d'ancrage des nanoparticules (NPs) métalliques. 

L'étude concerne l’influence de l'effet du traitement d'oxydation, par les vapeurs d’acide, du 

GF sur les performances catalytiques des catalyseurs au Pd supporté sur ce dernier. Tout 

d’abord, comme le montre la Figure 3, nous avons optimisé le processus de traitement du 

HNO3 gazeux, en introduisant un flux d’argon pour aider l’oxydant gazeux à traverser le GF 

de manière efficace et contrôlable.  

 

 

 

Figure 3. Illustration schématique du traitement thermique optimisé HNO3 gazeux.  

 

 

Les GF fonctionnalisés par l'oxygène (OGF), par l’intermédiaire du traitement à 

l’acide, ont été préparés en utilisant le traitement avancé au HNO3 gazeux, puis utilisés pour 

supporter les nanoparticules (NPs) de Pd déposées par imprégnation. Le catalyseur 

monolithique à base de palladium (Pd/OGF) a ensuite été utilisé comme catalyseur mais aussi 

comme agitateur catalytique dans l'hydrogénation en phase liquide du cinnamaldéhyde. Le 

système catalytique ainsi développé présente des performances catalytiques élevées ainsi 
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qu'une recyclabilité complète (Figure 4). Le catalyseur Pd/CA commercial présente dans les 

mêmes conditions réactionnelles une perte significative des performances catalytiques en 

fonction des cycles de test qui peut être attribuée à une perte de catalyseur lors de la filtration 

et aussi par frittage lent des particules métallique lors de la réaction.  

Les interactions entre les groupements oxygénés introduits par le traitement acide et 

les nanoparticules de Pd déposées génèrent ainsi des transferts électroniques avec la formation 

d’une espèce Pd
δ+

 à l’interface métal-support. Tous ces facteurs ont contribué à l’amélioration 

de la dispersion des particules de Pd et la aussi à l’augmentation de la résistance au frittage 

lors de la préparation du catalyseur et lors des tests catalytiques.  

 

 

 

Figure 4. (A) Conversion de cinnamaldéhyde (CAD) et (B) sélectivité de l'hydrogénation de 

la liaison C=C (HCAD) en fonction des tests sur les catalyseurs Pd/OGF, Pd/GF et Pd/AC. 

Conditions réactionnelles: 80 
o
C, 50 mL/min H2, 1 atm, 375 rpm et 0.08 mol/L de CAD.  

 

 

2.3 Feutre de carbone modifiés à l'azote en tant que support de catalyseur au 

Pd pour l'hydrogénation sélective du cinnamaldéhyde  

Cette partie de l’étude concerne la synthèse des supports à base de feutre de carbone 

(CF) décorés par des groupements aminos de surface ou dopés avec de l’azote pour la 

dispersion des particules de Pd. Les catalyseurs synthétisés seront évalués dans la réaction 
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d'hydrogénation sélective du cinnamaldéhyde.  

L'introduction des groupements fonctionnels contenant de l'azote sur le support de 

carbone lors de l’étape d’amination réalisée sous condition hydrothermale en présence de 

l'urée, s'est révélée être liée à la présence de groupements oxygénés en surface à travers les 

échanges N et O. Les groupements aminos sont ensuite convertis en azote directement dopé 

dans la charpente graphitique après une graphitisation à haute température. Les groupements 

oxygénés, les groupements aminos ainsi que les sites dopés à l’azote ont non seulement 

influencé la polarité de la surface du support, mais ont également altéré l'ancrage des NPs de 

Pd via l'interaction métal-support, ce qui a entraîné une fluctuation des performances 

d'hydrogénation (Figure 5). L’effet de la structure électronique des NPs de Pd sur la sélectivité 

catalytique vis-à-vis de la liaison C=C a été étudié dans ce travail.  

 

 

 

Figure 5. (A) Conversion de cinnamaldéhyde et (B) sélectivité d'hydrogénation de la liaison 

C=C exprimées en termes de concentration de CAD et de HCAD en fonction du temps écoulé 

sur les Pd/CF, les Pd/ACF (CF aminés sans préoxydation), Les catalyseurs OCF (CF oxydés), 

Pd/AOCF (CF aminés avec pré-oxydation) et Pd/NAOCF (AOCF dopés à l'azote), 

respectivement. Conditions: 80 
o
C, 25 mL/min H2, 1 atm, 300 rpm et 0.08 mol/L de CAD.  

 

 

2.4 Feutres de carbone modifiés par du soufre en tant que support de 

catalyseur au Pd pour l'hydrogénation sélective du cinnamaldéhyde  
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Enfin, nous avons étendu ce travail aux CF décorés avec des groupements thiols 

(TOCF), qui ont été préparés par réaction thermique entre l’H2S et les CF après un traitement 

à l’acide (OCF). L'effet de la présence de groupements oxygénés sur la formation des 

groupements de thiol sur la surface du support a été discuté. Les groupements de thiols 

favorisent l’ancrage des nanoparticules de Pd qui seront utilisées ensuite comme catalyseur 

modèle dans l'hydrogénation sélective du cinnamaldéhyde. Des études détaillées ont révélé 

que les groupements de thiol peuvent non seulement servir de sites d’ancrage pour le métal 

actif à la surface du support, mais également en tant que ligands soufrés de recouvrement à la 

surface des particules de Pd. Il a été confirmé que les groupements de thiol qui décorent la 

surface des particules de Pd entravaient l'activité catalytique, générant ainsi l'effet 

d'empoisonnement illustré sur la Figure 6.  

 

 

 

Figure 6. (A) Conversion de cinnamaldéhyde et (B) sélectivité d'hydrogénation de la liaison 

C=C exprimées en termes de concentration de CAD et de HCAD en fonction du temps de 

traitement sur les Pdus/TOCFs (1.5 wt% Pd), Pds/TOCFs (6.6 wt% Pd) et Pds/OCFs (5.3 wt% 

Pd) catalyseurs, respectivement. Conditions: 80 
o
C, 25 mL/min H2, 1 atm, 300 rpm et 0.08 

mol/L de CAD.  

 

 

Il est à noter que cet empoisonnement superficiel du catalyseur pourrait être évité en 

ajustant le rapport atomique soufre/palladium. Le thiol-S pourrait influencer la configuration 

électronique des NPs de Pd par la formation de la liaison Pd-S. Conformément à la discussion 
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ci-dessus sur la sélectivité de l'hydrogénation, la présence des espèces Pd
δ+

 appauvri en 

électrons sur une phase métallique active a contribué à améliorer la chemiosélectivité 

vis-à-vis de l'hydrogénation de la liaison C=C.  

3. Conclusions et perspectives  

En résumé, les résultats décrits dans cette thèse ont montré le potentiel des supports à 

base de feutre de carbone ou de graphite (CF/GF) avec une forme macroscopique pour une 

utilisation soit en tant que catalyseur sans-métaux soit en tant que support carboné pour des 

nanoparticules métalliques pour les réactions en phase gazeuse et liquide. Nous avons réussi à 

synthétiser des GF et des CF modifiés avec des formes macroscopiques contrôlées, dotés de 

propriétés physico-chimiques adaptées, grâce à des traitements chimiques appropriés. Les GF 

oxydés, en tant que catalyseur sans-métaux, présentent une activité élevée dans l’oxydation 

partielle de H2S en soufre élémentaire. Les supports GF et CF activés, développés par les 

méthodes d'oxydation, d'amination, de dopages à l'azote et au soufre, ont été utilisés pour 

ancrer les particules de Pd, qui présentaient une performance catalytique élevée en ce qui 

concerne l'hydrogénation sélective de cinnamaldéhyde. De plus, la forme macroscopique des 

catalyseurs ainsi synthétisés permettait une réduction sensible des problèmes de perte de 

charge pour des procédés en phase gaz et une récupération facile du catalyseur pour des 

procédés en phase liquide, respectivement. Par conséquent, cette thèse peut fournir certaines 

stratégies pour concevoir de manière rationnelle un catalyseur ou un support de catalyseur 

avec des propriétés intéressantes pouvant opérer dans de nombreux procédés catalytiques. 

L’étude approfondie, qui restera à réaliser, portera sur l’analyse qualitative et quantitative des 

sites actifs pour établir la relation structure-fonction pour des catalyseurs sans-métaux, ainsi 

que sur l’effet du support fonctionnalisé sur la dispersion d’autres particules métalliques. Elle 

portera également sur la compréhension du mécanisme d’interaction entre le métal actif et les 

sites d’ancrage et enfin sur l’utilisation du chauffage sans contact (par exemple un chauffage 

par induction électromagnétique) du catalyseur ou support de catalyseur sans-métaux à base 

de GF/CF pour l’étude de l'influence d'un tel mode de chauffage ciblé sur les performances 

catalytiques des catalyseurs.  
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Introduction 

1. Carbon materials for catalytic applications  

Carbon material (CM) is a general term used to indicate the broad range of 

carbonaceous components having tailored physico-chemical properties, such as active carbon 

(AC), carbon nanotubes/fibers (CNTs/CNFs) and graphene [1, 2]. Nowadays, CMs are facing 

an increasing number of applications in catalysis, either as supports or directly as metal-free 

catalysts on their own [3, 4]. These CMs are generally operated in two forms, i.e. powder and 

structured, depending to the downstream applications. For liquid-phase reaction the powdered 

form is preferred as it provides high contact surface area while for gas-phase reaction, the 

structured form is the most used for reducing pressure drop across the catalyst bed. However, 

structured catalysts have received an increasing interest even for liquid-phase reactions as it 

allows the easy recovery of the catalyst and to avoid filtration step which is time and energy 

consuming step. The physico-chemical properties of these CMs, especially the tailored pore 

structure and surface chemistry, i.e. surface functionalization or doping, can be tailored at will 

to fulfill the requirements of the downstream catalytic processes and led to the development 

of new catalysts with improved catalytic performance [5-12].   

1.1 Carbon material as support  

As support, CMs offer large surface area and tunable porosity for the dispersion of 

active metal phases while their high thermal conductivity allows the avoidance of gradient 

temperature or hot spot formation within the catalyst bed reducing in such a way by-products. 

Their high electrical conductivity also allows them to be extensively employed as either 

support or metal-free catalyst in the field of electrocatalysis. The electrical conductivity of 

these CMs could also be used for heating up the carbon-based catalysts by a noncontact 

heating mode, i.e. electromagnetic induction heating [13, 14], which could provide targeted 

heat into the catalyst as well as extremely fast reaction temperature regulation thanks to the 

high heating rate, i.e. several hundred degrees per minutes. Compared with the traditional 

metal oxide carrier, they are more stable in both acidic and basic media, thereby expanding 
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the range of the reaction medium when using carbon supported catalysts. At present CMs are 

more widely used to support noble metals, because in addition to the different advantages 

cites above they also provide an easy method to recover the expensive metals by burning 

away the carbon support, once the catalyst becomes deactivated [15-20].  

Moreover, CMs surface reactivity can be extensively modified by introducing rich 

functional groups (including oxygen-, nitrogen- and sulfur-containing groups, etc.) or 

structural defects sites [21, 22], which can play the role of anchoring sites, for the active 

components or their precursors in the catalyst preparation, and thus enhance the dispersion 

and stability of active sites during the reaction or directly as metal-free catalyst through the 

intermediate of oxygenated functional groups decorated defect sites [23, 24]. Luo et al. [25] 

developed green ozone/H2O treatment to prepare surface functionalized and defect enriched 

carbon nanotubes (oCNT). The abundant oxygen functional groups and surface structural 

defects can efficiently capture Au nanoparticles (NPs) in a colloidal solution. The Au/oCNT, 

after thermal treatment at 300 
o
C, still remains well dispersed thanks to the existence of strong 

interaction with the defect sites on the oCNT. The as-prepared catalyst displays a remarkable 

catalytic performance for the oxidative self-coupling of benzylamine to imine in solvent free 

conditions.  

Besides the functional groups, generally oxygenated functional groups, grafted on the 

surface of CMs, the heteroatoms (such N and S) dopant can also improve the dispersion and 

stability of supported metal NPs through the strong metal-support interaction (SMSI). The 

dopant also introduces change on the basicity or acidity of the CMs surface which could in 

turn modify the active phase dispersion and/or catalytic reactivity [26-28]. Jiang et al. [29] 

reported a synthesis of mesoporous carbon nitride (MCN) with high N content (up to 18.5 

wt%) which can be efficiently used as support for highly dispersed Pd NPs with 

well-controlled particle size distribution through the strong interaction between N and Pd. The 

as-synthesized MCN supported Pd catalyst shows an enhanced activity in selective 

hydrogenation of aromatic carboxylic acids.  

Meanwhile, the carbon support decorated with the functional groups or heteroatom 

dopants have different interaction strength with the active metal NPs. Shi et al. [30] prepared 
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the surface-modified carbon nanotubes by oxygenated groups and N heteroatoms for using as 

support for dispersing Pt nanoparticles. Both oxygenated groups and nitrogen-doped species 

are at the origin of the high dispersion of Pt NPs on the surface-modified CNTs. On the other 

hand, the Pt NPs on the N-doped carbon support can be effectively stabilized under thermal 

and electrochemical conditions through the strong metal-support interaction via N 

heteroatoms and thus, preventing deactivation through active phase sintering.  

The functionalized CMs as catalyst support not only enhance the dispersion and 

stability of metal NPs by SMSI, but also affect the catalytic activity and selectivity through 

the electronic metal-support interactions (EMSI). Higgins et al. [31] used a thermal 

shock/quench anneal process to synthesize sulfur-doped graphene (SG) for being used as 

support for Pt nanoparticles. The Pt/SG catalyst displays better oxygen reduction reaction 

(ORR) activity than commercial Pt/C and Pt-graphene, as well as outstanding electrochemical 

stability. The computational simulations highlight that the interactions between Pt and 

graphene are enhanced significantly by sulfur doping, which lead to the outstanding 

electrochemical stability. Importantly, the sulfur dopants modulate the electronic properties of 

Pt, bringing about a downshift of the platinum d-band center which results in the excellent 

ORR activity.  

In addition, the EMSI effects such as charge transfer between the metal and carbon 

scaffold can be modified by the controllable functionalization process. Rao et al. [32] 

demonstrated that the use of simple thermal treatment of CNTs support decorated with 

oxygenated groups can tune the charge distribution at palladium-carbon interface. This fine 

turning of electronic structure of the catalytic centers in carbon supported Pd, which generates 

the electron depletion of the metal active phase and the up-shift of d band center of Pd, can 

improve the selectivity of C=C bond hydrogenation of cinnamaldehyde.  

1.2 Carbon-based metal-free catalysts  

Carbon materials can be also directly used as catalysts, i.e. metal-free catalysts, in 

numerous catalytic processes [1, 7, 33-36]. When acting as catalysts on their own, their 

metal-free nature essentially prevents the catalyst deactivation from the sintering and 
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aggregation of active metal species as encountered on supported metal catalysts. The acid and 

alkali resistance of CMs also allows them to be operated in a non-neutral reaction medium 

where supported metal catalysts cannot be used due to the corrosion of the metal active phase.  

 

 

Table 1. Representative reactions catalyzed by metal-free carbonaceous materials.  

Catalyzed reactions Probable active sites References. 

Oxidative dehydrogenation of ethylbenzene Quinones [37-40] 

Oxidative dehydrogenation of propane Quinones [41-43] 

Oxidative dehydrogenation of butane Quinones [12, 44] 

Direct dehydrogenation of ethylbenzene Quinones [45-48] 

Direct dehydrogenation of propane Quinones [49] 

Oxidation of alcohols to aldehydes/ketones Quinones [50] 

NO oxidation Basic sites [51, 52] 

SO2 oxidation Basic sites [53] 

H2S oxidation Basic sites [54-57] 

NOx reduction Basic sites [58, 59] 

Alcoholysis of epoxides Sulfonic acid groups [60] 

Esterification Sulfonic acid groups [61] 

Acylation Sulfonic acid groups [62] 

Alkylation Sulfonic acid groups [63] 

Acetalization Sulfonic acid groups [64] 

Oxygen reduction reaction Electronic structure [6, 26, 65] 

Hydrogen evolution reaction Electronic structure [66] 

Oxygen evolution reaction Electronic structure [67] 

 

 

The structural defects decorated with abundant functional groups as well as 

heteroatom dopant formed on the surface of functionalized CMs can be the active sites for 
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specific catalytic reactions [55, 67-70]. The different catalytic processes which involved 

carbon-based metal-free catalysts are summarized in Table 1. Liu et al. [56] synthesize a 

macroscopic composite consisting of nitrogen-doped carbon fibers (N@CFs) by 

electrospinning. The as-prepared N@CF material, after a carbonization step, can be used as 

metal-free catalyst in the selective catalytic oxidation of H2S to elemental sulfur, and the 

desulfurization performance of such metal-free catalyst is two times higher than that of the 

most active metal-based catalyst (Fe2O3/SiC). 

However, the qualitative and quantitative analysis of the nature of the active sites 

involved in carbon-based metal-free catalyst still remain an issue to be solved due to the 

existence of various kinds of functionalized groups and heteroatom dopants compared to 

supported metal catalyst with well defined structure. In addition, the synthesis of specific 

functional/doping groups remains difficult due to the complex synthesis process. Due to such 

reasons a rational design of specific metal-free catalyst for optimization of the catalytic 

performance remains an issue. Qi et al. [37, 38] identified and quantified the different active 

sites of metal-free nanocarbon for oxidative dehydrogenation (ODH) of ethylbenzene by 

chemical titration (Figure 1). It is reported that the active sites for carbon catalysis in ODH 

reactions are carbonyl groups as the ODH catalytic activity of oxidized CNTs is directly 

correlated with the surface concentration of ketonic carbonyl groups on CNTs. The correlation 

of the ODH activity and the ketonic concentration allows one to get access to the intrinsic 

catalytic performance of such carbon-based metal-free catalyst.  
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Figrue 1. The selective titration methods for (a) ketonic carbonyl, (b) phenol and (c) 

carboxylic acid groups on CNTs [37].  

 

 

1.3 Comparison of powdery and structured carbon materials  

Most of the carbon materials reported in the literature today, such as active carbon, 

ordered mesoporous carbon, carbon nanotubes/nanofibers and graphene, are mostly in the 

form of powder. These powdered carbon-based metal supported catalysts are mostly being 

used in liquid-phase reactions which displaying a maximum contact surface with the reaction 

medium. However, these powdered CMs are very difficult to handle for the practical catalytic 

application and also for the catalyst recovery as high performance filtration step is required to 

deal with such powdered matter recovery [71]. In addition, powdered catalysts cannot be 

efficiently used in the gas-phase reaction due to the generation of large pressure drop across 

the catalyst bed leading to erratic fluid distribution and uncontrolled side-reactions along with 

large energy consumption (Figure 2). In the liquid-phase reaction, it is troublesome for the 

separation process of the samples with powder form and the liquid product after the 

completion of reaction. The filtration step encountered is energy and time consuming and 

catalyst recovery is not complete even with high performant filter devices. Meanwhile the 
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vigorous mixing with impellers during the process will result in the inevitable mechanical 

collision of powder in the liquid medium, leading to the abrasion of catalysts with fine 

formation along with active phase loss inside the reaction medium, which further exacerbates 

the difficulty of separation as described above. Moreover, the powdery CMs, especially the 

one with nano- and sub-micron size, could also induce chronic respiratory damage to the 

operators in the absence of any protection means and will also pose problems for the handling 

and transportation.  

 

 

 

Figure 2. Pressure drop measurements as a function of linear gaseous velocities on the 

various macroscopic catalyst supports with different shapes [46].  

 

 

The employment of structured carbon materials can address these above mentioned 

issues linked with the use of nanocarbons-based materials in catalysis. Such structured 

carbon-based composites display low pressure drop across the catalyst bed for gas-phase 

operation, easy transport and handling along with facilities for recovery, especially in the case 

of liquid-phase reactions, and also high accessibility of the metal or metal-free active phase, 

when used as catalyst support or as direct carbon metal-free catalyst. In addition, these 
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structured carbon-based catalyst support or metal-free catalyst can be finely tuned, i.e. pore 

volume and pore size, dimension, exclusive metal-free active phase coating, depending to the 

downstream applications. Structured catalysts also reduce the sojourn time of the intermediate 

product and thus significantly improve the selectivity of the process.  

There are some common strategies for the fabrication of structured carbon. One 

method is to cross-link the powdered pre-existing carbon nanomaterials, such as carbon 

nanotubes (CNTs) and/or few-layer graphene (FLG), into different macroscopic shapes after 

the carbonization of polymerized binder. Liu et al. [72] developed a low temperature chemical 

fusion (LTCF) method to synthesize the self-macronized carbon nanotubes foam (CNT-foam) 

with controlled size and shape. In this process CNT is used as a carbon skeleton to a 

macroscopic final support. The CNTs was physically mixed with dextrose (carbon source), 

citric acid (carboxyl group donor reacting with the hydroxyl groups present in dextrose for the 

pre-polymerization process) and ammonium carbonate (as pore former). The mixture was 

submitted to different thermal treatment processes to generate a so-called CNTs foam 

carbon-based structured metal-free catalyst (Figure 3A). The 3D pore structure and the pore 

size distribution of the final structured material can be finely tuned by modifying the 

concentration of the ammonium carbonate used as pore former. As shown in Figure 3B and C, 

these CNT-foams are further successfully used for selective removal of organic compounds in 

the field of wastewater treatment. The organic compounds were recycled by distillation 

process and the adsorbent displays a high stability as a function of adsorption/recovery cycles. 
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Figure 3. (A-D) Illustration of a low temperature chemical fusion (LTCF) method for the 

synthesis of porous CNT-foam composites [47], and (E and F) photographs showing 

adsorption of toluene by the CNT-foam. The toluene was colored with ferrocene for sake of 

clarity [72].  

 

 

The same synthesis method has been reported by Ba et al. [47] for the synthesis of 

nitrogen-doped carbon foam which will be used as metal-free catalyst in several catalytic 

processes. The N-doped carbon phase grown around intertwined carbon nanotubes network 

and displays a relatively high porosity for the access of the reactant. The easy control of the 

3D shape of the final material, by adjusting the amount of ammonium carbonate as pore 

former, makes it more efficient for being used as metal-free catalyst in gas-phase processes 

with respect to the classical N-doped CNT powder where high pressure drop and difficulties 

of transport and handling are the main issues. This 3D metal-free carbon composite displays 

excellent catalytic performance in both liquid-phase electrochemical oxygen reduction 

reaction (ORR) and gas-phase direct, steam-free dehydrogenation (DDH) of ethylbenzene to 
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styrene.  

Another way to construct three-dimensional hierarchical architecture composites is 

based on the in situ growth of nanocarbon, either pure or doped with heteroelements, on the 

macroscopic substrate material with a regular structure [39].  

Shen et al. [73] reported a facile strategy (Figure 4) to fabricate 3D hierarchical 

architectures consisting of vertically aligned carbon nanofibers (CNFs) arrays anchored to 

macroscopic graphite felt (GF) supports. The physicochemical properties of CNF@GF 

monoliths including pore structures, surface areas, porosities and densities could be 

conveniently tuned by varying the synthesis parameters of the chemical vapor deposition 

(CVD) method. The resulting CNF@GF monoliths was successfully used as advanced 

sorbents in the removal of various pollutants including oils, Pb
2+

, organic solvents and Congo 

red from aqueous solutions. 

 

 

 

Figure 4. Procedures of preparation of 3D hierarchical CNF@GF composite and the 

corresponding FESEM micrographs of the samples at different stages [73].  
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Duong-Viet et al. [74] reported the synthesis of hierarchical metal-free catalyst 

composed of the nitrogen-doped carbon nanotubes decorated silicon carbide (N-CNTs/SiC) 

macroscopic host structure by the CVD method. The N-CNTs were synthesized using Fe as 

growth catalyst and C2H6/NH3/H2 as gaseous reactants. The N-CNTs/SiC can be synthesized 

on different kind of macroscopic host structure, i.e. pellets, foam, which allows it to be 

efficiently used as metal-free catalyst in fixed-bed configuration in industrial reactors (Figure 

5) and to reduce the problems linked with catalyst transportation, handling and pressure drop 

across the catalyst bed as encountered with nanoscopic carbon-based catalyst. The 

as-synthesized hierarchical composite displays a high effective surface area along with a short 

diffusion length associated with the nanoscopic dimension of CNTs in N-CNTs/SiC. The 

N-CNTs/SiC metal-free catalyst displays a high catalytic performance in the selective 

oxidation of H2S into elemental sulfur in a fixed-bed reactor compared to that obtained on a 

Fe2O3/SiC catalyst. .  

 

 

 

Figure 5. Digital photos of the SiC before (A) and after (B) N-CNT loading carried out at 

750
o
C showing the significant increase of the apparent volume of the catalyst due to the 

formation of a high surface-to-volume N-CNTs [74]. 

 

 

Viera et al. [75] used the macroscopic graphite felt with different sizes and shapes as 

carbon material host structure for the synthesis of hierarchical carbon-based composites. After 

the deposition of nickel on the macroscopic support, the carbon nanofibers (CNFs) are 

successfully synthesized by CVD method using a mixture of C2H6 and H2. The metal loading 

(≤ 1wt.%) is chosen to be high enough for the production of a relatively large amount of 
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CNFs and low enough to avoid the need for further purification.  

 

 

 

Figure 6. (A) Photos showing that a carbon nanofibers composite formed form an ex-graphite 

felt can withstand a load of about 2,300 times its own weight without breaking [76], and (B) 

CNFs/GF composite with different macroscopic shapes, sizes and microstructures synthesized 

by CVD on Ni/GF and C2H6/H2 mixture [75].  

 

 

In addition, it is worthy to note that at the end of the synthesis process, the Ni particles 

are completely encapsulated by the CNFs or some amorphous carbon layers and thus, are not 

accessible in the further catalytic uses of the macroscopic composites. The formation of CNFs 

not only increases the surface area of the composite but also enhances it mechanical resistance 
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(Figure 6A) when compared to the pristine macroscopic graphite felt [76]. As displayed in 

Figure 6B, CNFs/GF composite with different macroscopic shapes, sizes and microstructures 

are obtained, rendering the more reliable applications of these materials in the conventional 

catalytic processes. 

By using the same synthesis method, macroscopic carbon host structure decorated 

with active species could also be prepared for the potential use as a catalytic stirrer in 

liquid-phase reactions. Mu et al. [77] prepared a structured CNT-based catalyst composed of 

the in situ grown CNTs on Ni foam using CVD method. In the synthesis process, firstly, the 

Ni foam coated with desired amount of porous Al2O3 barrier layers was prepared by 

successive immersion-drying-calcination procedure. The porous Al2O3 layers could facilitate 

the formation of Ni nanoparticles, which acting as catalyst for the CNT growth in the next 

CVD process. Furthermore, the oxide layer could also shield the Ni foam from the access to 

the reactants during the liquid phase reaction. As shown in Figure 7, the resulting structured 

CNT/Al2O3/Ni foams can be used as metal-free catalyst and as mechanical stirrer in a rotating 

foam stirrer reactor (RFSR) for the aerobic oxidation reaction of cumene to cumene 

hydroperoxide. The catalytic stirrer performs higher conversion of cumene compared with the 

commercial CNT in a slurry reactor which could be due to the high mixing of the reactant on 

the catalyst surface through stirring. The cycling tests, carried out for 5 times, indicated that 

the catalyst retains its catalytic performance which confirms it relatively high stability. 

 

 

 

Figure 7. Sketch of CNT/Al2O3/Ni foams as a catalytic stirrer in rotating foam stirrer reactor 

for the oxidation reaction of cumene [77].  
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However, it is worthy to note that during the CVD synthesis, the grown nanocarbon 

will gradually fill-up the interior space of the monolith support which ultimately led to the 

breakage of the host matrix structure or to the reduction of the reactant accessibility. 

Therefore, there is an upper limit on the amount of nanocarbon which can be deposited onto 

the macroscopic host structure. Meanwhile, the interaction between nanocarbon and support 

and the interface between them are still not well investigated which could represent a critical 

factor in the control of the electrical and thermal conductivity of the final composites.  

Another strategy is to fabricate free-standing carbon aerogels without using any host 

matrix. Zhao et al. [78] synthesized a three-dimensional (3D) N-doped graphene aerogel with 

porous structures for supporting PtRu nanoparticles (N-GA/PtRu). This N-GA/PtRu hybrid 

displays high catalytic performance when it is used as the anode for direct methanol fuel cells. 

In the synthesis of N-doped graphene aerogel (N-GA) with 3D architectures, the graphene 

oxides aqueous solution was mixed with NH3H2O firstly, after the formation of N-doped 

graphene by heating the mixture solution at 180 
o
C for 12 h, the dialyzed products with 

ultrapure water were subjected to freeze-drying at -53 
o
C and -30 Pa for 12 h to generate 3D 

N-GA.  

Yang et al. [79] prepared melamine formaldehyde polymer (PMF) aerogels based on 

lignin particle-stabilized Pickering oil-in-water high internal phase emulsions. After the 

pyrolysis at high temperature under nitrogen, the PMF aerogels were converted into the 

nitrogen-rich carbon (NRC) aerogels with highly porous structure and excellent fire-resistant 

property (Figure 8). The NRC aerogels exhibit high efficient separation of oils and organic 

pollutants from wastewater. 
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Figure 8. Nitrogen-rich and fire-resistant carbon aerogels for the removal of oil contaminants 

from water [79].  

 

 

In conclusion, hierarchical nanocarbon decorated macroscopic host structure 

composites can be produced through different synthesis methods to provide catalyst support 

or catalyst with controlled macroscopic shapes for industrial applications. These hierarchical 

composites display relatively high mechanical resistance, high electrical and thermal 

conductivity and tunable porosity for numerous downstream applications. However, the 

synthesis of these hierarchical composites is not straightforward, requiring high temperature 

or complicated chemical steps, and also generates waste or by-products which call for tedious 

post-synthesis treatment. It is of interest to find new method to produce hierarchical 

carbon-based catalyst support or catalyst using a much simple synthesis process. Among the 

different candidates commercial carbon/graphite felt could be regarded as alternative pristine 

materials which could fulfill the requirements described above and to be used in place of 

nanocarbon/host matrix composites in several catalytic processes. 

1.4 Carbon/graphite felt  

Commercial carbon/graphite felt (CF/GF) is a hierarchical structure made of carbon 

microfilamentous fiber (Figure 9). Generally, there are two types of precursors which are most 

commonly used for CF/GF manufacture, i.e. polyacrylonitrile (PAN) and rayon [80]. Felt 

materials are prepared by the thermal treatment of carbon precursors to remove organic and 

volatile compounds leaving behind solid carbon with different porosity and specific surface 

area. Graphite felt is derived from carbon felt after an additional graphitization at a high 
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temperature under vacuum or an inert atmosphere. The processing temperature is around 

1200-1600 
o
C for CF and 2000-2600 

o
C for GF.  The CF and GF display a similar 

morphology and microstructure as depicted in Figure 9 and 10 and the only difference resides 

in the lower specific surface area and porosity along with a higher oxidative resistance for the 

GF compared to the CF which is consecutive to a high temperature annealing.  

 

 

 

Figure 9. SEM images of (a, b) CF (Johnson Matthey Co., Germany, thickness 1.27 cm) and 

(c, d) GF (GFD 2.5, SGL Group, thickness 2.8 mm) at various magnifications [81-83].  

 

 

 

Figure 10. Typical shape of commercial (a) CF and (b) GF (Product information from 

CeraMaterials) [82, 84].  
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The GF is frequently used as insulator wall for industrial high-temperature furnaces 

thanks to its high thermal resistance and easy shaping to cope with the application. The high 

voidage of the material with low thermal propagation also acting as temperature shield, 

between the inner part of the furnace and it walls, for such application.  

Carbon and graphite felts are also commonly used as electrode backings in a variety of 

redox flow batteries (RFBs) designs including vanadium redox flow batteries (VRFBs) and 

wastewater treatment by electro-chemical advanced oxidation processes (EAOPs) [82]. The 

high conductivity, high purity, high effective surface area and porosity able to provide 

abundant redox reaction sites, relatively low cost, and chemical resistance of felts make them 

ideal for the demanding design criteria of flow battery developers [85]. However, carbon and 

graphite felt have some disadvantages which are linked to their inadequate wettability and 

electrochemical activity in aqueous solutions due to their hydrophobic surface nature (as 

shown in Figure 11) and poor kinetics for reduction and oxidation reactions. These partly 

decline the performance of pristine CF/GF when they are applied as electrodes.  

 

 

 

Figure 11. Shape of water droplet on (a) GF (SGL GFD2.5, thickness 2.8 mm) and (b) CF 

(Johnson Matthey Co., Germany, thickness 1.27 cm) confirming the high hydrophobicity 

character of the materials [81, 82, 86].  

 

 

Several modification processes operated under various conditions have been employed 

to make the CF/GF electrodes more active. Zhang et al. [87] reported a simple and effective 
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method to activate graphite felt by using KOH as chemical etching agent. The KOH etched 

GF was studied as electrode for vanadium flow battery (VFB). After the etching treatment, the 

micropores and oxygen-containing functional groups generated on the GF improve the 

wettability and the electrolyte accessibility, resulting in the better electrochemical activity and 

VFB performance. 

He et al. [88] developed a novel method to modify the graphite felt by combination of 

etching by HF and oxidation by H2O2 (Figure 12). After the surface etching from HF and the 

introduction of oxygen-containing functional groups from oxidation process in the presence 

of H2O2, the mass transfer and electrode process can be improved significantly on the surface 

of GF. The treated GF sample demonstrated enhanced electrochemical performance and 

improved energy storage for the vanadium flow redox battery.  

 

 

 

Figure 12. Schematic representation of the modification procedure of HF/H2O2 treatment for 

graphite felt [88].  

 

 

Wu et al. [89] used hydrothermal ammoniated treatment to modify the 

polyacrlonitrile-base graphite felt for vanadium redox flow battery. The GF was treated for 

different time at 180 
o
C, while the content of nitrogen from nitrogenous groups in the GF 

reached 5.3% by adjusting treatment time to 15 h in ammonia solution. The increase in the 

concentration of polar nitrogenous groups on the surface of GF, which facilitated charge 

transfer between electrode and vanadium ions, might account for the improvement of the 

electrochemical properties for the treated graphite felt.  

Interestingly, although carbon and graphite felt have drown much more attention as 

electrode used in the electrochemical applications, there are very few reports on their catalytic 
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applications. It is expected that the advantages of these chemical treated carbon felt materials 

relevant to high porosity, conductivity, low price and high surface area as well as variety of 

active sites including functional groups and heteroatoms dopants, not only contribute to the 

improvement of their electrochemical performance, but could also make them good 

candidates in the field of catalysis.  

2. Physico-chemical surface properties of carbon  

In catalysis, most reactions occur at the surface of the catalyst where reactants are 

adsorbed. Therefore, the physico-chemical surface properties of carbon materials (CMs) are 

essential whether they play the role as the metal-free catalyst or as the catalyst support in 

catalysis. The physico-chemical surface properties of the carbon-based materials are closely 

related to the functionalization, porous structure and defects formed on the surface of CMs.  

The surface functionalization of carbon materials including the grafting of functional 

groups on the surface, i.e. mostly oxygenated groups, or heteroatoms doped into the carbon 

framework, i.e. N, S, P, will introduce not only the anchoring sites for metal nanoparticles on 

carbon supported metal catalysts but also as active centers for performing catalytic reactions 

in the metal-free carbon-based catalytic processes [90-96]. The porous structure of CMs also 

seriously affects their catalytic performance. The high surface area which has been generated 

through chemical activation process would increase the dispersion of active sites and also to 

stabilize these later again sintering process during the course of the reaction. It is also worthy 

to note that the interactions between the carbon surface and the metal active phase is mostly 

constituted by electrostatic or weak interactions and not through chemical interactions like 

those usually observed for alumina and other oxide supports. Such interactions are relatively 

low and thus, prevent the formation of chemical stable phases, during the intermediate 

thermal treatment to convert the metal precursor into it corresponding active phase, which 

cannot be further reduced leading to lower catalytic performance. The uniformly ordered 

mesoporous pore structure would also improve the thermal stability of metal NPs with 

resistance to sintering and aggregation through the confinement effect of the support [97]. 

Moreover, the conversion and selectivity of the catalytic reaction could be changed by the 
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modification of the support pore size, which would affect the adsorption and desorption as 

well as the diffusion of the reactive molecules which contributes to the reduction of secondary 

reaction at the origin of selectivity lost [20]. The structural defects would lead to the charge 

redistribution on the carbon, thereby making the defect sites and their periphery more likely to 

participate in the reaction by interacting with the reactant molecules. In summary, 

carbon-based materials are belonging to the class of non-innocent support which actively 

participates to the stabilization of the supported active phase. 

2.1 Surface functionalization: functional groups grafting and heteroatoms 

doping  

Although carbon materials, i.e. felt structure, have been demonstrated to have many 

beneficial characteristics for catalysis, the application of the pristine carbon without any 

modification still remains constrained due to its shortcoming, such as the inert surface which 

leads to a poor interaction with the deposited metal active phase [98]. Indeed, in case of using 

pristine CF/GF support the inert surface of CMs would form the weak interactions with the 

metal NPs [99], which leads to sintering and/or aggregation of them under reaction conditions, 

or leaching in the liquid-phase reactions, all of these shortcomings contribute to the 

shortening of the catalyst lifetime. Besides, the non-activated carbon materials could not be 

used directly as catalysts due to the lack of active centers for adsorbing the reactants. As a 

consequence, the surface functionalization of carbon materials, by grafting functional groups 

on the surface or doping the carbon matrix with heteroatoms is of high interest for the 

downstream applications. Such processes are mostly developed for nanocarbons materials, i.e. 

carbon nanofibers/nanotubes and/or graphene and few-layer graphene, while they remain 

scarcely investigated for hierarchical carbon-based structures such as carbon or graphite felt.  

2.1.1 Functional groups incorporation and heteroatom dopants  

The commonly used functional groups include a series of oxygen-containing 

functional groups, amino groups and sulfhydryl groups at the edges of the graphene layers 

and in basal plane defects [5]. Figure 13 depicts the different oxygenated groups which can be 

incorporated on carbon surface, including the carboxylic acids, anhydrides, lactones, phenols 
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and carbonyl groups. The familiar nitrogen-containing functional groups are primary amine 

(-NH2) and secondary amine (-NH-). For the S-doped carbon composites in addition to the 

sulfhydryl groups (-SH) which is present in large amount, other sulfur-containing functional 

groups also include oxidized sulfur species (-SOx and -SO3H).  

The heteroatom dopants in carbon network are mostly nitrogen and sulfur heteroatoms, 

which can be directly incorporated in place of the carbon atom inside the graphite network, 

have received special interests because they induce a significant modification of the carbon 

surface properties, i.e. basicity or acidity, and also to generate strong interactions with metal 

nanoparticles which provide high dispersion and stabilization of the latter during the reaction 

process. As shown in Figure 13, several nitrogen dopants are present including pyridinic N, 

pyrrolic N, oxidized nitrogen, and the quaternary/graphitic N which strongly contribute to the 

modification of the basicity of the resulting carbon surface. The sulfur doping is mainly 

localized at the edges and defects of graphene in the form of thiophene-like structures 

(-C-S-C-).  
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Figure 13. Oxygen functionalization and nitrogen doping species in the graphite matrix [5].  

 

 

2.1.2 Strategies to modify the surface chemistry of carbon materials  

The oxygen-containing functional groups, amino groups and sulfhydryl groups, could 

be introduced from a series of post-treating processes based on oxidation, amination or 

thiolation of the pristine carbon materials, respectively [100-102]. The nitrogen and sulfur 

doping into graphene structure is mostly achieved through the one-pot synthesis process in the 

presene of the corresponding heteroatom precursors or the subsequent heat treatment of 

pristine undoped CMs in the presence of reagents containing N and S atoms [65, 103-105]. In 

some cases, the pristine carbon can be oxidized first followed by the reaction with N- or 

S-precursor to achieve multiple doping. The oxygenated functional groups also actively 

participated in the exchange with the N- or S- dopant. 
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2.1.2.1 Oxidation  

The introduction of the oxygenated functional groups has been extensively studied, 

because not only they can be spontaneously formed by exposing the carbon materials to the 

atmosphere containing oxygen compounds, i.e. air, acid or oxidant chemical compounds, but 

their existence on the surface of CMs are also essential assets for other chemical 

post-treatment processes, such as the amination and thiolation, in order to perform multiple 

doping [106-108]. The concentration of these oxygenated functional groups on CMs can be 

finely tuned by treating the pristine carbon under different oxidizing agents, either in the gas 

phase (for instance, with oxygen, ozone and nitrogen oxides) or in the liquid phase (for 

example, using nitric acid and hydrogen peroxide), and under different reaction conditions, i.e. 

temperature, pressure, or duration [109, 110].  

Nitric acid and oxygen (diluted) are the most frequently used oxidants for the 

incorporation of the oxygenated functional groups on carbon surface through dry and wet 

methods, respectively [3, 42]. Liquid phase oxidation with nitric acid can be performed by 

simply immersing the carbon material into the liquid acid under stirring at the desired 

temperature, and then followed by washing with distilled water, and drying. The extent of 

CMs oxidation is related to the concentration of the acid, the treatment duration and 

temperature. Alternatively, the carbon material may be just treated in concentrated HNO3 at 

boiling point, but this may lead to serious damage of the solid sample with dramatic changes 

in the textural properties and the graphitic structure. Liquid-phase oxidization of CMs is easy 

but requires filtration, washing and drying steps [1]. In the gas-phase oxidation using 

oxygen-related compounds, the carbon sample is heated up at a suitable temperature under a 

flow of diluted O2 or other oxygenated compounds. The degree of oxidation is directly 

depended to the duration and temperature of the treatment as well as the oxygen concentration 

in the gas flow. It is worthy to note that the nature of the oxygen compounds, i.e. diluted 

oxygen, O3 or H2O2, could also play an important role in the final functionalization of the 

CMs. Another advantage of the gas-phase oxidation is that the activation temperature of the 

carbon sample can be varied on a large range which is not the case for the liquid-phase 

activation.  
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Recently, a more effective route has been developed for the oxygen functionalization 

of CMs in gas phase by means of HNO3 vapors [111]. The setup is shown in Figure 14a. 

Carbon nanotubes (CNTs) were loaded inside a tubular reactor connected to a round-bottom 

flask. Concentrated HNO3 (65 vol. %) was added to the round-bottom flask and keep under 

magnetic stirring. The liquid nitric acid was heated to 125 
o
C while the CNTs were heated 

between 125 and 250°C through an electrical furnace. The HNO3 vapor was passed upward 

through the carbon sample. The condenser was connected with an open-end exhaust line to 

the air. Because this treatment was fully under gas-phase conditions, the design of this setup 

effectively prevents the reflux of liquid HNO3 to the CNT sample, which is collected by the 

condenser, and avoids the wetting of CNTs with liquid acid completely. So this method could 

reduce the step of filtration and washing as well as drying. Furthermore, this gas-phase 

oxidation is especially suitable for the functionalization of macroscopically shaped carbon 

materials.  

 

 

 

Figrure 14. (a) Illustration of the setup used for gas-phase functionalization of CNTs with 

nitric acid vapor. (b) XPS spectra of CNTs treated by HNO3 vapor at different temperature for 

15 h [1, 111].  

 

 

Different from other gas-phase oxidation treatment, this method allows a selective 
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oxygen-containing functional groups grafting on the carbon, but strongly depending on the 

treatment temperature. As shown in Figure 14b, a high concentration of carboxyl groups 

could be obtained at high treatment temperature for a fixed duration of 15 h. As the 

decomposition of the carboxylic groups occurs in the lower temperatures range, whereas the 

phenol, ether and carbonyl groups are more stable and decompose at higher temperatures, the 

different distribution of the oxygenated groups can be achieved on carbon surface easily by 

using the appropriate treatment temperature. It is confirmed that as compared to the 

conventional liquid-phase treatment with liquid nitric acid, this method using the HNO3 vapor 

not only enhances the total amount but also changes the areal density of different 

oxygen-containing functional groups on CNTs.  

2.1.2.2 Amination  

The conventional method for the amination of carbon materials includes three steps of 

the formation and the activation of carboxylic acid groups and the final amination [100]. In 

this method, the carboxylic acid groups formed on the carbon surface are firstly activated with 

carbodiimides, or SOCl2 in anhydrous organic solvents, and then react with amine precursors. 

This process is tedious and not appropriate for large-scale preparation of amine functionalized 

carbon materials.  

Recently, a simple two-step method has been developed for the amination of CMs 

[112]. In the first step of the process, the abundant oxygen-containing functional groups will 

be created on the carbon surface after oxidation process as described above, and then the 

amine groups will be incorporated into the carbon materials matrix by the reduction of 

oxidized carbon using some reductive nitrogen-containing precursors such as ammonia/water. 

Lai et al. [113] reported a one-pot solvothermal process using ethylene glycol as 

solvent and ammonia water as nitrogen precursor to synthesize NH2-graphene. As shown in 

Figure 15, the graphene oxide is reduced and functionalized with the primary amine groups. 

The reaction during the treatment process is featured by the nucleophilic substitution of 

–COOH and C-O-C groups by the ammonia radicals.  
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Figure 15. Schematic reaction mechanism of one-step conversion from graphene oxide (GO) 

to amine modified graphene (NH2-G) in the presence of ammonia water [113].  

 

2.1.2.3 Thiolation  

Carbon materials can be modified by the thiolation involving noncovalent (e.g., π-π 

interaction) or covalent bonding methods. Yang et al. [91] carried out the functionalization of 

multi-walled carbon nanotubes (MWCNTs) via π-π interaction with benzyl mercaptan 

(C6H5-CH2-SH) for the adhesion of Pt nanoparticles. As shown in Figure 16, the phenyl ring 

(C6H5-) only participates in a π-π interaction with the walls of the CNTs, and the thiol group 

(-SH), which is separated from the phenyl ring by a methylene group (-CH2-) in order to 

minimize the electron delocalization between the two, is intended to adhere to the Pt 

nanoparticle by the formation of S-Pt bonds.  

 

 

 

Figure 16. Schematics of (a) a CNT functionalized with benzyl mercaptan via π-π bonding 

and (b) the bonding of Pt nanoparticles to the functionalized CNT via covalent S-Pt bond 

formation [91].  
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Generally, the covalent bonding is stronger than the noncovalent bonding. Similar to 

some amination functionalization methods, in the traditional covalent method, the carboxylic 

acid groups formed on the carbon surface are firstly chlorinated by SOCl2 in anhydrous 

organic solvents, and then conjugated with a thiol-containing liker through the amide bond 

[114]. Hsu et al. [115] established a simple and highly efficient method to directly 

functionalize the surface of carbon nanotubes with thiol groups. As shown in Figure 17, the 

thiourea is used as the sulfur precursor, CNTs are firstly treated under the reflux operation 

with thiourea, hydrobromic acid and glacial acetic acid, after the neutralization with NaOH 

and the acidification with H2SO4, the thiolated CNT is formed.  

 

 

 

Figrue 17. Directly thiolated onto the surface of CNT [115].  

 

 

To date, the vast majority of the thiolation treatment is a complex and time consuming 

process with operating in the liquid medium which calls for indispensable tedious filtration 

and washing, which is not suitable for mass production of thiolated CMs. Thus, the 

development of a novel, simple and easy for scaling up, thiolation method for carbon 

materials is of high interest.  

2.1.2.4 N-doping  

Nitrogen-doped carbon materials can be achieved by two different methods, either the 

direct synthesis through adding a nitrogen source molecule into the reactant mixture during 

the production process of the CMs, or the post treatment of the as-synthesized carbon 

materials with the nitrogen containing molecules [116-123].  
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Direct synthesis methods include the arc-discharge and laser ablation, which need the 

high temperature, i.e. > 1000 
o
C, to evaporate the carbon source (usually graphite) [124]. 

Nowadays, the chemical vapor deposition (CVD) is a most widely used method for 

synthesizing the carbon nanotubes/fibers with or without heteroatom dopants [125, 126]. As 

shown in Figure 18, the CVD method only requires an oven, a tubular reactor, a reactive gas 

mixture and an appropriate catalyst. During the procedure, the decomposition of the gaseous 

or volatile compounds containing carbon and/or nitrogen precursor happens on the growth 

catalyst at the temperature ranged from 550 to 1100
 o
C, which is much lower than other CNTs 

synthesis methods. For N-doped CNTs material, the dopant closely depends on the conditions 

of the CVD process, i.e. the source of nitrogen and carbon and the reaction temperature and 

the synthesis duration. Various kinds of nitrogen precursor have been used for N-doping 

synthesis, such as N2 [127], NH3 [128-130], pyridine [131] and melamine [132].  

 

 

 

Figure 18. Scheme showing the setup for the synthesis of carbon nanotubes and 

nitrogen-doped carbon nanotubes by CVD method [133].  

 

 

One of the most popular methods for nitrogen-doping of CMs is the annealing of the 

pristine CMs in the NH3 atmosphere in a temperature range from 600 to 900 
o
C [134].   

 



Chapter 1  

45 
 

2.1.2.5 S-doping  

In spite of the larger radius of sulfur atoms compared to carbon and nitrogen atoms, 

the introduction of sulfur atoms in the sp
2
-hybridized carbon network is demonstrated to be 

possible through experiment results and theoretical studies [104]. Similar to nitrogen doping, 

the substitutive doping of sulfur atom in the sp
2
 carbon structures can be achieved by the 

directly synthesis and post treatment using S precursor. Among the various sulfurizing agents, 

the following sulfur sources are the most common choices: H2S (probably the most important 

one like NH3 in N doping) [135-138], elemental S [139, 140], CS2 [141], dimethyl disulfide 

[142] and SO2 [143, 144].  

2.2 Porous structures and structural defects  

Normally, the textural properties of carbon materials change after the functionalization 

process [145]. Especially for the oxidation process, the specific surface area and pore volume 

as well as pore size of the pristine carbon can be altered as a result of the oxidation process 

which lead to the widening of existing pores and/or the creation of new ones by the selective 

gasification reaction of carbon components with oxidizing agents, or by the opening of some 

of the previously inaccessible pores. The oxidation process could also induce in some case the 

formation of functionalized defects on the treated material [67]. Such porosity modification 

and defects formation are accompanied by a change in the specific surface area (SSA) of the 

final sample. The defects are generally decorated with oxygeneated functional groups. Such 

defects thus provide anchorage sites for the dispersion of the metal NPs on the support 

through enhanced interaction compared to the defect-free area. The strong interaction between 

the deposited metal NPs and the defects could also provide higher sintering resistance to the 

metal NPs during the course of the reaction. 
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3. Catalytic reactions 

3.1 Selective oxidation of H2S into elemental sulfur  

Hydrogen sulfide is one of the most toxic and malodorous gases, largely from different 

kinds of sources, such as coal-based chemistry and power plants, natural-gas processing and 

utilization, hydrodesulfurization of crude oil, refineries and smelter operation. H2S can be 

regarded as a major air pollutant entering the atmosphere, which is harmful to animals and 

human beings and is at the origin of the acid rain. Moreover, it is highly corrosive to 

production facilities in whether a gaseous form or in solution. Because of the urgency for the 

environmental protection H2S or sulfur-containing effluent gas must be treated prior to it 

releasing into the atmosphere [146, 147].  

Now the most widely used technology consisted by the conversion of H2S into 

elemental sulfur using the equilibrated Claus process [148]. In the first step of the 

conventional Claus process, one-third of the H2S is converted to SO2, in the presence of an 

appropriate amount of air, by thermal oxidation at 1000-1200 
o
C (Equation 1). During this 

step the direct reaction between H2S and SO2 leads to the formation of elemental sulfur 

(Equation 2). However, due to the equilibrium of the reaction at high temperature the 

conversion of the H2S is limited to around 60-70%. In order to increase the H2S conversion, 

the remained H2S and SO2 is reacted catalytically at lower temperature, i.e. 200-250°C, in a 

series of catalytic converters according to Equation 2. However, because of the 

thermodynamic equilibrium limitations of the second step (Claus reaction), it is difficult for 

the complete removal of H2S from the exhaust gas, and the residual H2S leaving the Claus 

plant into the tail gas is ranged between 1 to 3 vol.%. Therefore, it is thus of interest to find a 

new process to eliminate this harmful compounds completely.  

 

 

H2S + (3/2) O2 → SO2 + H2O                        (1) 

SO2 + 2H2S → 2H2O + (3/n) Sn                       (2) 
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A single step directly catalytic selective oxidation of H2S to elemental sulfur by 

oxygen, called Super-Claus process has been developed and operated in several sulfur units 

during the last decades (Equation 3). One outstanding advantage of the Super-Clause process 

is the absence of thermodynamic limitations as oxygen is used as oxidant instead of SO2 and 

thus, the complete conversion of H2S into elemental sulfur could be achieved under 

appropriate reaction conditions. 

 

 

H2S + (1/2) O2 → (1/n) Sn + H2O                      (3) 

 

 

Besides the main Super-Claus reaction, the accompanying side reactions with the 

further oxidation of the produced sulfur by some excess oxygen to yield SO2 (Equation 4) and 

the direct complete oxidation of H2S into SO2 (Equation 5) may decrease the sulfur selectivity 

during the reaction of the one step selective oxidation of H2S into elemental sulfur.  

 

 

(1/n) Sn + O2 → SO2                           (4) 

H2S + (3/2) O2 → SO2 + H2O                       (5) 

 

 

The key feature of this selective oxidation process is to develop a high efficient 

catalyst which could preventing the reverse-Claus reaction and deep oxidation of the formed 

elemental sulfur to SO2. The catalytic H2S oxidation can be conducted above or below the 

dew-point of sulfur product (180 
o
C) [149]. Most of the catalytic oxidation processes for the 

H2S conversion to elemental sulfur are performed in either discontinuous- or 

continuous-mode: in the former method (typically operating at T< 180 °C), sulfur is trapped 

inside the catalyst and its regeneration is periodically operated by melting down sulfur 

deposits, in the latter (T> 180°C) sulfur is continuously evaporated and condensed at the exit 

of the reactor. For these processes, the sulfur yield commonly ranges between 90-95% and it 

can be increased by adding an absorption stage at the outlet of the catalytic reactor. In the 
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earlier studies, titanium based, chromium based, vanadium based and iron based oxide 

catalysts were proposed for this selective oxidation process. However, these catalysts display 

some shortcomings such as the rapid deactivation of titanium-based catalysts in the presence 

of water vapor, the toxic nature of chromium containing materials, and the requirement of 

excess oxygen amount for the iron based Super-Claus catalyst, constrain the development of 

these catalysts. Nowadays, iron-based catalyst remains the most developed industrial catalyst 

for operating the selective oxidation of H2S.  

Recently, it is reported that the some carbon materials, such as basic nitrogen-doped 

carbon nanotubes or nitrogen-doped mesoporous carbon, can be used as metal-free catalyst in 

the desulfurization process to prevent the drawbacks of the above-described metal based 

catalysts [54, 150]. There still however remains a lack of fundamental understanding 

regarding the exact nature of the various active sites, as well as the development of the novel 

macroscopic carbon materials, with less drastic synthesis conditions, in the directly catalytic 

selective oxidation of H2S to elemental sulfur using the metal-free catalyst.  

3.2 Selective hydrogenation of cinnamaldehyde 

The hydrogenation of α, β-unsaturated aldehydes to α, β-unsaturated alcohols or 

saturated aldehydes has attracted a large attention due to potential economic benefits and 

scientific interest [151]. Furthermore, it is a critical step in the synthesis of a large number of 

fine chemicals, such as pharmaceuticals, perfumes and food additives. In particular, 

hydrocinnamaldehyde (HCAD) was found recently to be an important intermediate in the 

synthesis of pharmaceuticals used in the treatment of HIV [152]. Cinnamaldehyde (CAD), as 

a typical α,β-unsaturated aldehyde, is able to generate various product distributions through 

different hydrogenation routes (Figure 19) [153], depending on the active metal, promoter and 

support. 
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Figure 19. Reaction pathways for cinnamaldehyde catalytic hydrogenation process.  

 

 

3.2.1 Effect of active metal nature  

 The hydrogenation of cinnamaldehyde can be catalyzed by the different noble metals 

[154], and the sequence for the formation of cinnamyl alcohol (CAL) is Os > Ir > Pt > Ru > 

Rh > Pd = 0, which is related to the width of the d-band of the metal [155]. The wide d-band 

of the noble metal can induce the strong four-electron repulsion of the unsaturated aldehyde, 

which will make it difficult to adsorb the C=C bond. The palladium with the smallest d-band 

width is easier to carry out the η
4
 conjugate adsorption. Moreover, the hydrogenation of the 

C=C bond is thermodynamically favorable because the activation energy required for the 

hydrogenation of C=C bond is lower than that of C=O bond. So the Pd catalysts favor the 

selectivity to HCAD or hydrocinnamyl alcohol (HCAL), while the Pt and Ru are selective for 

the C=O bond hydrogenation towards CAL.  

3.2.2 Effect of metal particle size  

The selectivity of CAD hydrogenation is considered to be sensitive with respect to the 

size of the metal nanoparticles [156], while the effect of particle size on the reaction activity is 

negligible. The larger metal particles can behave the higher selectivity of CAL [156, 157], 

which is attributed to the adsorption of CAD on the active metal surface (Figure 20). The 

adsorption configuration of the CAD molecule on the metal surface was studied by the 

theoretical calculations: on the large particles with flat metal surface, the repulsion barrier 
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between the benzene ring in CAD and the metal surface makes it at least 0.3 nm away from 

the flat metal surface, which makes the C=C bond less accessible to the metal surface than the 

C=O bond and thus, favors the hydrogenation of C=O bond [158]. But for the small 

nanoparticles, the repulsion between the metal and the benzene ring will become weak, and 

the C=C and C=O bonds can be simultaneously adsorbed on the metal surface, thereby 

reducing the selectivity of CAL. This phenomenon is found not only on the Pt and Ru metals 

with high selectivity of CAL, but also on the Rh metal, which has a poor selectivity to C=O 

bond [157]. 

 

 

 

Figure 20. Adsorption of cinnamaldehyde on a small metal particle (left) and a large 

non-curved metal particle (right) [157].  

 

 

3.2.3 Effect of carbon surface chemistry on the hydrogenation of cinnamaldehyde 

For the noble metal catalyst using the carbon material as support, the surface chemical 

properties of carbon support especially the surface functional groups are important factors 

which can direct the catalytic performance in the hydrogenation of CAD. de Jong et al. [159] 

studied the influence of oxygen-containing surface groups of carbon nanofibers (CNFs) 

support on activity and selectivity in the hydrogenation of cinnamaldehyde. They found that 

the reaction rate of Ru/CNFs catalyst (1-2 nm) increased 22 times after an annealing step in 

nitrogen atmosphere, which is related to the removel of surface oxygenated groups on CNFs 

support. But the selectivity to C=O bond is reduced from 48 to 8 % due to the formation of 

HCAD. For the Pt/CNFs catalyst (1-2 nm) [160], the same heat treatment also increased the 
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overall catalytic activity by 25 times. The XPS and hydrogen chemisorption characterizations 

indicate that the presence of oxygen functional groups on the surface of CNFs support induces 

no clear change on the electronic structure of the metal particles. Furthermore, the kinetic 

modeling proves that the non-polar carbon support surface resulted from the removal of 

oxygen-containing functional groups can enhance the adsorption of the CAD molecule [161], 

thereby increasing the activity of the Pt catalyst (Figure 21).  

 

 

 

Figure 21. Schematic representation of cinnamaldehyde adsorption explaining the enhanced 

activity for the CNF-supported platinum catalyst after the removal of the majority of the 

oxygen-containing groups by support-assisted catalysis [161].  

 

 

de Jong et al. [162] further studied the effects of surface oxygenagted groups 

combined with the metal particle size on the catalytic performance. For the catalysts with 

oxygenated groups on the support surface, the larger metal NPs (~3.5 nm) showed higher 

selectivity to CAL. After the removel of oxygen groups by the heat treatment, the smaller NPs 

(~2.0 nm) showed higher selectivity to CAL. As the same as the previous studies, the heat 

treatment increases the activity of these catalysts, but the selectivity to C=O bond upon heat 

treatment is enhanced rather than decreased. This opposite trend is considered to be caused by 

the use of different reaction temperatures and pressures. And then they proposed an 

adsorption/repulsion model of CAD to explain the change of hydrogenation performance 

(Figure 22). Due to the presence of the oxygenated groups, the surface polar of the carbon 
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support prevents the adsorption of phenyl group on the support, and then the adsorption of 

CAD as well as the hydrogenation are only happened on the metal surface. Therefore, as 

shown in Figure 20, the larger particles show the higher selectivity of CAL. However, the 

adsorption of CAD will be enhanced on the less polar support surface after the removel of 

oxygen functional groups by the heat treatment (Figure 21). Meanwhlie the molecules 

adsorbed in the vicinity and periphery of active metal can be involved in the reaction, and the 

adsorption of phenyl ring on the support will direct the C=O bond towards the active metal 

periphery, thereby increasing the reaction activity and the selectivity to CAL. Furthermore, 

because of their more peripheries the smaller NPs will have higher hydrogenation activity and 

selectivity to C=O bond than the larger particles.  

 

 

 

Figure 22. Proposed model for the observed particle size effects: (A) small particles on polar 

surface, (B) large particles on polar surface, (C) small particles on non-polar surface, and (D) 

large particles on non-polar surface [162].  

 

 

3.2.4 Electronic effect on the hydrogenation of cinnamaldehyde 

The electronic property of active metal, which can be tuned by the ways of support 

and promoter, also plays a key role in the hydrogenation of CAD. Serp et al. [163] studied the 
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different carbon materials (carbon nanotubes, carbon nanofibers and active carbon) supported 

monometallic and bimetallic NPs on the hydrogenation of CAD. The carbon nanotubes (CNTs) 

supported Pt or Ru catalysts exhibited higher selectivity of CAL compared to the carbon 

nanofibers. Meanwhile the selectivity of the PtRu alloy is higher than that of a single metal. 

The authors also reported that the CNTs supported PtRu bimetallic catalyst after the heat 

treatment exhibited the higher selectivity of CAL as well as the enhanced activity. They 

suggested that the high temperature treatment not only promotes the adsorption of CAD on 

the surface of carbon support by the removel of oxygen groups, similarly to what reported by 

de Jong et al. [159-161], but also increases the electrical conductivity of the support, leading 

to more electron transfer from CNTs to the active metal, which significantly improves the 

CAL selectivity.  

Furthermore, Serp et al. [164] studied the influence of the thermal activation on the 

CAL selectivity of the CNTs supported Pt or Ir catalysts. They suggested that the opposite 

trend originally reported by de Jong et al. should be due to the differences in the graphite 

layers arrangement between CNTs (exclusive exposure of basal planes) and CNFs (exclusive 

exposure of prismatic planes) rather than the differences of reaction conditions. The 

delocalized π electrons are more fluid in CNTs with parallel oriented graphite layer structure 

than in the obliquely oriented CNFs, which enhance the electrical conductivity of CNTs and 

make it easier for the electron transfer from CNTs to the metal. This phenomenon is also 

found between the carbon supports such as graphite and activated carbon [154], the graphite 

has more electron transfer to the active metals than the activated carbon, thereby leading to 

the increased selectivity of CAL.  

The theoretical calculations by Delbecq and Sautet [155] show that the electron-rich 

metal surface can not only bring about the rejection of the η
4
 type conjugate adsorption along 

with the reduction of the binding energy of C=C bond, but also promote the adsorption of 

C=O bond by the feedback π bond interaction. Therefore, the selectivity of CAL can be 

increased by tuning the electronic structure of active metal.  

Tsang et al. [165] reported a metal size-dependent electronic modification of the 

binary metal surface for the hydrogenation of cinnamaldehyde (Figure 23). They synthesized 
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a series of cobalt doped platinum nanocrystals with different sizes. As shown in Figure 23(a), 

the deposited Co atoms, which mainly occupy the low coordination site in the Pt crystal, will 

have an electron modification on the adjacent Pt atoms. The positive charge of the doped Co 

atoms will attract the C=O bond, while the negative charge of the neighboring Pt atoms can 

destabilize the adsorption of C=C bond. As shown in Figures 23(b) and (c), the electronic 

influence of Co atoms can cover the entire surface of small Pt crystal which is less than 6 nm. 

However, this effect will become gradualy declining from 6 nm of crystal size and almost 

disappeared in the large crystal size such as 22.5 nm. Moreover, the 4.8 nm Pt crystals doped 

with the approximately same mole of Co atoms can perform the CAL selectivity of more than 

99.8 % under a complete conversion of CAD. 

 

 

 

Figure 23. Pictorial models accounting for the critical size effect: (a) model showing Co 

atoms decorating on corner sites of Pt crystal. (b, c) Models accounting the critical size effect: 

(b) Co atoms decorated on corners electronically influencing the whole small Pt ensemble-left; 

(c) some normal Pt sites remained without being influenced by decorated Co atoms in a large 

Pt ensemble [165]. 

 

 

From the results discussed above, it can be seen that the adjustment of catalytic 

performance in the hydrogenation of cinnamaldehyde needs to be carried out in terms of the 

metal modulation, such as the metal particle size, the surface chemistry of support and the 

electronic structure of active metal. Moreover, hydrogenation of cinnamaldehyde is often used 

as a model reaction to evaluate the structure-activity relationships of the catalyst.  
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3.2.5 Recyclability/recovery of catalysts in the liquid-phase process 

The stability and recyclability of catalyst is of high interest for the industrial point of 

view. In addition, in liquid-phase reaction the loss of the catalytic performance as a function 

of time not only due to the deactivation of the catalyst through sintering but also to the 

problem linked with the active phase leaching or catalyst loss during filtration step. In order to 

avoid such problems, the interaction between the active phase and the support should be 

finely tuned in order to provide a strong bonding between the two phases, which prevent thus 

active phase mobility which in turn reduce the problems linked with sintering or leaching. It is 

expected that the introduction of anchoring sites on the surface of the carbon support, such as 

defects, functional groups or heteroatom doping, etc., could prevent these problems cited 

above. 

Moreover, the recovery of the conventional powdered catalysts usually used in 

liquid-phase reaction required cumbersome and energy-intensive filtration process. In 

addition, the recovery is not complete and catalyst loss represents another drawback of the 

powdered catalyst recovery process. During the reaction the catalyst particles also faced 

repeated shocks with the impellers leading to the formation of fine or active phase loss inside 

the reaction medium. For some supports with a large contribution of micropores the problem 

of mass transfer inside the catalysts in the liquid phase reaction directly affects the residence 

time of the reactants, which in turn affects the catalytic performance and recyclability [18].  

It is expected that replacing the powdered liquid-phase catalyst by a hierarchical ones, with 

open porosity and large effective surface area, could be of high interest. The hierarchical 

catalyst should also display acceptable interaction for maintaining high active phase 

dispersion and also to prevent excessive catalytic performance degradation through sintering 

or leaching processes. The hierarchical structured catalyst could also allow one to phase out 

the traditional use of impellers which are at the origin of catalyst particle breakdown as 

discussed above. 
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4. Scope and outline of this thesis  

In summary, the development of macroscopic carbon materials with controlled 

porosity and accessibility, easy for recovery, which can be used whether in the gas phase or 

the liquid phase reaction, whether as a catalyst carrier or as a metal-free catalyst itself, is of 

great significance. At the same time, exploring the physical structure and surface chemistry of 

such carbon materials will help to deepen the understanding of the correlation of 

carbon-based catalytic structure/performance, and it is expected to provide some guidance for 

the synthesis of new high-efficiency catalysts with enhanced catalytic performance along with 

improved facility for recovery, especially in the liquid-phase reaction.  

This thesis intends to use the multi-model reaction method to design and discuss the 

utilization of carbon materials, either as metal-free catalyst or as noble metal catalyst support, 

in order to obtain a more comprehensive understanding of the structure-activity relationship 

of carbon-based catalysis which could open new era for future catalyst development. Based 

on the above-mentioned literature bibliography gas-phase selective hydrogen sulfide 

oxidation to elemental sulfur and liquid-phase cinnamaldehyde hydrogenation to 

hydrocinnamaldehyde were selected as model reactions, and two kinds of low-cost 

commercial structured carbon materials, graphite felt and carbon felt, were used to carry out 

the research work.  

Firstly, the graphite felt was activated by gaseous nitric acid oxidation treatment to 

generate defective carbon-based material (noted OGF) with hierarchical structure. The 

physical properties of the as-synthesized OGF and optimization process were thus 

investigated. The OGF carbon-based material containing defects decorated with oxygenated 

functional groups was further evaluated as metal-free catalyst for the selective oxidation of 

hydrogen sulfide into elemental sulfur under reaction conditions close to those operated in 

industry. It is expected that defects and oxygenated functional groups could act as active 

center for the dissociative adsorption of oxygen and H2S and to initiate oxidation process. The 

results obtained in this section will be bench-marked with those obtained on supported oxide, 

nitrogen-doped carbon catalysts.  



Chapter 1  

57 
 

Secondly, the oxidized graphite felt (OGF) was used as hierarchical structured support 

for Pd-based catalyst in the liquid-phase hydrogenation of cinnamaldehyde. In this reaction, 

the OGF monolith catalyst was employed as a catalytic stirrer which allows one to operate the 

reaction without mechanical shocks between the impellers and the catalyst and to reduce the 

problem of fine formation. The macroscopic shape of the catalyst also provides an elegant 

way for operating the catalyst recovery. The influence of the defect sites on the dispersion and 

stabilization of the metal active phase was investigated and compared to those obtained on the 

untreated graphite felt. Finally, the recyclability/recovery of the catalyst was also investigated, 

and compared with those obtained on the untreated GF and the commercial Pd/activated 

charcoal catalysts, in order to highlight the exceptional high stability of the OGF based 

catalyst.  

Thirdly, based on the gaseous oxidation treatment, the oxidized carbon felt was further 

activated by amination and nitrogen-doping, respectively. The materials were used as catalyst 

supports for palladium. The effect of interaction between the metal and the functionalized 

carbon supports on the selectivity of the C=C bond hydrogenation of cinnamaldehyde was 

investigated on the Pd-based catalyst on the different supports: activated carbon felt with 

oxygenated groups decorated defects, amino groups and nitrogen doping to support 

palladium.  

Finally, the gas-phase thiolation treatment of carbon materials was developed on the 

basis of the oxygen-containing functional groups grafting. The interaction between sulfydryl 

groups and palladium was investigated by the thiolated carbon felt as support for Pd-based 

catalyst for the selective hydrogenation of the C=C bond of the cinnamaldehyde. 

The last chapter will be devoted to the general conclusion and to the future prospective 

of the work realized during this thesis. In this chapter new directions regarding the future 

development and use of these carbon-based catalysts will be discussed.  
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Catalysts preparation, characterization and catalytic applications 

1. Catalyst preparation  

1.1 Graphite felt (GF) and gaseous HNO3 treatment of GF (Chapter 3)  

1.1.1 Graphite felt  

The commercial filamentous GF, ex-polyacrinonitrile (PAN), with a dimension of 1 x 3 m
2
 

(thickness of 6 mm) was supplied by Carbone Lorraine. The as-received GF was shaped in the 

form of pellets ( x thickness of 4 x 6 mm) for the experiment. The GF displays a relatively 

low specific surface area, 10 ± 2 m
2
/g measured by means of N2 adsorption, which is mostly 

linked with the geometric surface area and is in good agreement with the extremely low 

porosity of the material. It is worthy to note that the GF can also be shaped in various 

dimensions including pellets, disks or complexes structures, depending to the downstream 

applications, i.e. gas- or liquid-phase reactions, which represent a net advantage compared to 

other metal-free catalysts where low-dimensional shape is a main concern for further 

industrial development.  

1.1.2 Gaseous HNO3 treatment of GF  

For the gaseous acid treatment, as shown in Figure 1, the GF was first oxidized at 

moderate temperature (500 
o
C) in air for 1 h in order to remove as much as possible residue 

from it surface. The as-treated and pre-shaped GF was loaded inside a tubular reactor and 

heated to the desired temperature of 250
 o

C by an external electrical furnace. The treatment 

temperature was fixed at 250
 o

C according to the previous investigation results reported by 

Duong-Viet et al. [1]. The treatment temperature was controlled by a thermocouple inserted 

inside the furnace. The reactor containing GF in the form of pellet ( x thickness of 4 x 6 mm) 

was connected to a round bottom flask filled with 150 mL of HNO3 with a concentration of 

65%. The temperature of the round bottom flask was fixed at 125
 o
C and the HNO3 solution 

was keep under magnetic stirring. The gaseous acid was passed upward through the GF pellet 

keep at 250 
o
C. The gaseous acid passed through the GF bed was further condensed in another 
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flask which can be re-used for the process and thus, reducing in a significant manner the 

problem linked with liquid waste recycling and recovery. The sample was treated with 

different durations in order to rule out the influence of these treatments on its final 

microstructure and chemical properties and to correlate these physical properties with the 

catalytic activity. The sample was washed one time with deionized water after the acid 

treatment and oven dried at 130
 o

C for overnight. In this work, the GF after acid treated are 

noted as follows: OGF-X, X stands for the treatment duration in hour, for example: OGF-24 

indicates that the raw GF was treated for 24 h under gaseous HNO3. It is noted that the 

treatment is not only limited to small amount of catalyst as higher amount of GF can be also 

prepared by changing the reactor size. 

 

 

 

Figure 1. Schematic illustration of the OGF prepared by the gaseous HNO3 treatment and the 

different oxygenated functional groups generated on the graphite surface after the acid 

treatment. 
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1.2 Materials and catalysts (Chapter 4)  

1.2.1 Materials  

The commercial GF constituted by carbon microfilamentous (Carbone Lorraine Ltd) 

were firstly treated by gaseous HNO3 as reported previous (Figure 2) [1, 2]. In a typical 

procedure, the GF in the form of disk ( x thickness of 24 x 6 mm, 0.24 g) was loaded in a 

tubular reactor which was connected to a round bottom flask filled with 10 mL of HNO3 

(65%). The round bottom flask with HNO3 solution was heated at 125
 o

C and keep under 

magnetic stirring. Meanwhile the 10 mL/min of Ar was introduced into the flask to drive the 

gaseous acid upwards through the GF. The GF sample was treated in the presence of gaseous 

acid at 250 
o
C for 4 h. The reactant gas passed through the GF bed was further condensed in 

another flask. The pressure of the treatment system is 1 atm. The as-treated sample was then 

washed once with deionized water to remove trace amount of impurities followed by an oven 

drying at 130
 o
C overnight. The as-treated GF were denoted as OGF.  

 

 

 

Figure 2. Schematic illustration of the gaseous HNO3 thermal treatment of GF.  
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1.2.2 Catalysts 

The palladium was deposited onto the carbon support via an incipient wetness 

impregnation method using a palladium nitrate (Pd(NO3)2·6H2O, Fluka) as salt precursor in 

aqueous solution. The theoretical concentration of metallic Pd was fixed at 5 wt. %. The 

impregnated solid was oven dried at 110
 o

C for 2 h and calcined in air at 350
 o

C for 2 h in 

order to decompose the palladium nitrate into its corresponding oxide. The catalyst was 

further reduced under hydrogen flow at 350
 o

C for 2 h. The catalyst was removed from the 

reactor at room temperature and stored in close vial before characterizations or catalytic 

experiments.  

1.3 Support synthesis and catalyst preparation (Chapter 5)  

1.3.1 Support synthesis  

The commercial carbon felt (CF) constituted by carbon microfilamentous (Carbone 

Lorraine Ltd) were firstly treated by gaseous HNO3 as Chapter 4 [3]. The as-received CF was 

shaped in the form of disk ( x thickness of 24 x 14 mm, 0.56 g) for the experiment. The 

as-treated CF was denoted as OCF.  

For the preparation of aminated samples, the pre-synthesized OCF were immersed in 

an aqueous solution (20 mL) of urea (6 mol/L) followed by sonication for 1 h. The above 

solution was then transferred into a 50 mL Teflon-lined autoclave and kept at 150 
o
C under 

autogenous pressure for 24 h. After urea-hydrothermal treatment, the product denoted as 

AOCF was washed and dried at 130 
o
C overnight. The synthesis procedure of ACF was the 

same as AOCF using pristine CF without pre-oxidation.  

The nitrogen-doped NAOCF sample was then obtained by thermal annealing of the 

pre-synthesized AOCF at 900 
o
C for 2 h under the inert atmosphere of Ar flow.  

1.3.2 Catalysts preparation  

The palladium was deposited onto the carbon support as follows: the CF-based support 

(0.13 g) including CF, ACF, OCF, AOCF and NAOCF was firstly immersed in an aqueous 

solution (15 mL) with a controlled amount of palladium nitrate (Pd(NO3)2·6H2O, Fluka), 
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followed by stirring for 3 h. Subsequently, the Pd precursor was reduced and supported on the 

carbon support by adding NaBH4 (Sigma-Aldrich) at room temperature. After stirring for 3 h, 

the sample was washed and dried at room temperature in vacuum overnight. The final 

composite was labeled as Pd/CF, Pd/ACF, Pd/OCF, Pd/AOCF and Pd/NAOCF, respectively. 

Before characterizations or catalytic experiments the catalyst was further reduced in the 

hydrogenation reaction condition (80 
o
C) as described below without any reactant. The real 

amount of loading Pd was detected by inductively coupled plasma-atomic emission 

spectroscopy.  

1.4 Carbon support synthesis and Pd catalyst preparation (Chapter 6)  

1.4.1 Carbon support synthesis  

The commercial carbon felt (CF) constituted by carbon microfilamentous (Carbone 

Lorraine Ltd) were firstly treated by gaseous HNO3 as Chapter 4 and 5 [3]. The as-received 

CF was shaped in the form of disk ( x thickness of 24 x 14 mm, 0.56 g) for the experiment. 

The as-treated CF was denoted as OCF.  

For the preparation of thiolated samples, the reaction between the pre-synthesized 

OCF and H2S was carried out in an all glass microreactor working isothermally at 

atmospheric pressure. The temperature was controlled by a K-type thermocouple and a 

Minicor regulator. The gas mixture was passed downward through the reaction bed. Before 

the treatment, the reactor was flushed with helium at room temperature. The sample was 

slowly heated up to 230 
o
C, and then the helium flow was replaced by the reactant mixture of 

25 mL/min (0.25 mL/min H2S, 2.5 mL/min H2O and 22.25 mL/min He). The gases (H2S, H2O 

and He) flow rate was monitored by Brooks 5850TR mass flow controllers linked to a control 

unit. The composition of the reactant feed was H2S (1 or 4 vol. %), H2O (10 vol. % or not) 

and He (balance). The steam (10 vol. %) was fed to the gas mixture by bubbling a helium 

flow through a liquid tank containing water maintained at 52 
o
C. After the reaction of 2 h, the 

products obtained using different reactant were denoted as T4OCF (4 vol.% H2S), T1OCF (1 

vol.% H2S) and T1H1OCF (1 vol.% H2S and 10 vol.% H2O). The T4OCF was also denoted as 

TOCF for the sake of discussion. The synthesis procedure of thiolated CF (TCF) was the same 
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as TOCF by replacing OCF with pristine CF without pre-oxidation.  

The sulfur-doped TOCF (STOCF) was then obtained by the thermal annealing of 

pre-synthesized TOCF at 700 
o
C for 2 h under the inert atmosphere of Ar flow.  

1.4.2 Pd catalysts preparation  

The palladium was deposited onto the carbon support as follows: the CF-based support 

(0.13 g) including OCF, TOCF and STOCF was firstly immersed in an aqueous solution (15 

mL) with a controlled amount of palladium nitrate (Pd(NO3)2·6H2O, Fluka), followed by 

stirring for 3 h. Subsequently, the Pd precursor was reduced and directly supported on the 

carbon support by adding NaBH4 (Sigma-Aldrich) at room temperature into the solution. 

After stirring for 3 h, the sample was washed and dried at room temperature under vacuum 

overnight. The final composite was labeled as Pds/OCF, Pds/TOCF, Pdus/TOCF and 

Pdus/STOCF, where the subscript “s” and “us” stand for the saturated and unsaturated loading 

palladium, respectively. The Pdus/TOCF was further treated with 30 % of hydrogen peroxide 

(-H2O2) at room temperature and air (-Air) as well as hydrogen (-H2) flow at 400 
o
C for 2 h to 

remove the sulfur content. The samples were denoted Pdus/TOCF-X where X stands for H2O2, 

air or H2. Before characterizations or catalytic experiments the catalyst was further reduced in 

the hydrogenation reaction condition as described below without any reactant. The real 

amount of loading Pd was detected via inductively coupled plasma-atomic emission 

spectroscopy.  

2. Catalysts characterization  

The scanning electron microscopy (SEM) and elemental mapping were carried out on 

a ZEISS GeminiSEM 500 microscope with a resolution of 5 nm. The sample was deposited 

onto a double face graphite tape in order to avoid the problem of charging effect during the 

analysis.  

The loading amount of Pd was determined by inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES, Plasma-Spec-II spectrometer).  

The microstructure of the carbon filamentous and the deposited metal active phase was 
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analyzed by transmission electron microscopy (TEM). The TEM analyze was carried out on a 

JEOL 2100F working at 200 kV accelerated voltage and a point-to-point resolution of 0.1 nm. 

The sample was dispersed by ultrasounds in an ethanol solution for 5 min and a drop of the 

solution was deposited on a copper grid covered with a holey carbon membrane for 

observation.  

The Raman spectra were recorded using a LabRAM ARAMIS Horiba Raman 

spectrometer equipped with a Peltier cooled CCD detector. A laser line (532 nm/100 mW 

(YAG) with Laser Quantum MPC600 PSU) was used to excite sample.  

BET surface areas were measured using a commercial BET unit (Tristar, 

Micromeritics) using N2 adsorption at 77 K. Before the N2 adsorption, samples were 

outgassed at 250 
o
C for 14 h under dynamic vacuum to desorb surface impurities. SBET is the 

surface area of the sample calculated from the nitrogen isotherm using the BET method. The 

pore size distribution was determined from the results obtained on the desorption branch of 

the N2 isotherm.  

Fourier transform infrared (FTIR) measurements were carried out to check the surface 

composition of the pretreated samples using a Nicolet iS10 FTIR spectrometer (Thermo 

Scientific) equipped with a Smart Diamond ATR (attenuated total reflection) accessory in the 

spectral range of 400- 4000 cm
-1

.  

The oxygen functional groups of samples were determined by the 

temperature-programmed desorption conducted on a Micromeritics ASAP-2100 setup 

equipped with a multichannel mass spectrometer (TPD-MS). In a typical procedure, 50 mg of 

the samples was loaded in the reactor and then flushed with He (50 mL/min) at 50 
o
C for 1 h. 

Afterward, the temperature was raised from 50 to 1000
 o
C at a heating rate of 5 

o
C/min. The 

evolved species were monitored with intensities of m/e 28 (CO) and 44 (CO2), respectively.  

Thermogravimetric analyses (TGA) were performed under air (25 mL/min) on a 

TGA-Q5000 Sorption Analyzer (TA Instrument), the temperature was raised to 1000
 o

C at a 

heating rate of 10 
o
C/min.  

The temperature-programmed reduction of hydrogen (H2-TPR) was conducted on a 
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Micromeritics ASAP-2100 setup equipped with a multichannel mass spectrometer. In a 

typical procedure, 50 mg of the sample was previously heated for 1 h at 130 
o
C under an Ar 

stream, and then it was cooled to room temperature. After the stream was switched from Ar to 

10% H2/Ar mixture gas flow of 50 mL/min, the sample was heated by increasing the 

temperature linearly at a rate of 10 
o
C/min. The evolved species were monitored with 

intensities of m/e 2 (H2).  

The X-ray photoelectron spectroscopy (XPS) measurements of the support and 

catalyst were performed by using a MULTILAB 2000 (THERMO) spectrometer equipped 

with an AlKα anode (hν = 1486.6 eV) with 10 min of acquisition to achieve a good signal to 

noise ratio. Peak deconvolution was performed with the “Avantage” program from the 

Thermoelectron Company. The C1s photoelectron binding energy was set at 284.6 eV relative 

to the Fermi level and used as reference to calibrate the other peak positions. 

The temperature-programmed desorption of hydrogen (H2-TPD) was conducted on a 

Micromeritics ASAP-2100 setup equipped with a multichannel mass spectrometer. In a 

typical procedure, 50 mg of the sample was reduced under 10% H2/Ar mixture gas flow of 50 

mL/min at 350 
o
C for 1 h before experiment. And then the temperature of sample was kept at 

50 
o
C under 10% H2/Ar mixture gas flow for 1 h. The He was switched in with a flow rate of 

50 mL/min and the sample was flushed at 50 
o
C for 1 h. Afterward, the temperature was 

raised from 50 to 800
 o
C at a heating rate of 10 

o
C/min. The evolved species were monitored 

with intensities of m/e 2 (H2).  

3. Catalytic applications  

3.1 Gas-phase selective oxidation of H2S  

The catalytic selective oxidation of H2S by oxygen (Eq. 1) was carried out in an all 

glass microreactor working isothermally at atmospheric pressure. During the reaction other 

secondary reactions could also take place: consecutive oxidation of the formed sulphur with 

an excess of oxygen or direct oxidation of H2S to yield SO2 (Eq. 2 and 3). The temperature 

was controlled by a K-type thermocouple and a Minicor regulator. The gas mixture was 
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passed downward through the catalyst bed. Before the test, the reactor was flushed with 

helium at room temperature until no trace of oxygen was detected at the outlet. The helium 

flow was replaced by the one containing steam. The catalyst was slowly heated up to the 

reaction temperature, and then the wet helium flow was replaced by the reactant mixture. The 

gases (H2S, O2, He) flow rate was monitored by Brooks 5850TR mass flow controllers linked 

to a control unit. The composition of the reactant feed was H2S (1 vol. %), O2 (1.25 vol. % or 

2.5 vol. %), H2O (10 vol. % or 30 vol. %) and He (balance). The use of a relatively high 

concentration of steam in the feed is motivated by the will to be as close as possible to the 

industrial working conditions as the steam formed during the former Claus units is not 

removed before the oxidation step and remains in the treated tail gas. The steam (10 vol. % or 

30 vol. %) was fed to the gas mixture by bubbling a helium flow through a liquid tank 

containing water maintained at 56
 o

C or 81
 o

C. The O2-to-H2S molar ratio was varied from 

1.25 to 2.5 with a Weight Hourly Space Velocity (WHSV) at 0.05 h
-1

 or 0.1 h
-1

. It is worth to 

note that the WHSV used in the present work is close to the usual WHSV used in the 

industrial process for this kind of reaction, i.e. 0.09 h
-1

.  

 

 

H2S + 1/2 O2 → 1/n Sn + H2O  ∆H = - 222 kJ.mol
-1

          (1) 

1/n Sn + O2  SO2          ∆H = - 297 kJ.mol
-1

              (2) 

 H2S + 3/2 O2  SO2 + H2O      ∆H = - 519 kJ.mol
-1

           (3) 

 

 

The reaction was conducted in a continuous mode and the sulfur formed during the 

reaction was vaporized, due to the relatively high partial pressure of sulfur at these reaction 

temperatures, and was further condensed at the exit of the reactor in a trap maintained at room 

temperature.  

The analysis of the inlet and outlet gases was performed on-line using a Varian 

CP-3800 gas chromatography (GC) equipped with a Chrompack CP-SilicaPLOT capillary 

column coupled with a thermal conductivity detector (TCD), allowing the detection of O2, 
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H2S, H2O and SO2. The limit detection of the H2S and SO2 is about 10 ppm. The results are 

reported in terms of H2S conversion and sulfur selectivity in percent. The percent of sulfur 

and SO2 selectivity is calculated on a basis of 100%. The sulfur balance is calculated on the 

basis of the sum of sulfur detected in the solid sulfur recovered in the cold trap and the 

selectivity towards SO2 and the theoretical sulfur calculated from the H2S conversion on the 

catalyst. The sulfur balance is about 92% and the difference could be attributed to (i) some 

dissolution of SO2 into the condensed water at the exit of the reactor, (ii) the incomplete 

recovery of the solid sulfur in the cold trap, and (iii) the incomplete recovery of the condensed 

sulfur in the cold trap leading to uncertainty during the weighting of the sample. 

3.2 Liquid-phase selective hydrogenation of α, β-unsaturated 

cinnamaldehyde  

The selective hydrogenation of cinnamaldehyde (CAD) led to the formation of three 

reaction products namely hydrocinnamaldehyde (HCAD), which was formed by the selective 

hydrogenation of the C=C bond, cinnamyl alcohol (CAL), which was formed by the selective 

hydrogenation of the C=O bond, and hydrocinnamylalcohol (HCAL) which was formed by a 

complete hydrogenation of both unsatured C=C and C=O bonds (Figure 3).  

In Chapter 4, the selective hydrogenation of the CAD was carried out in a glass reactor 

(volume = 250 mL) at atmospheric pressure. The Pd/GF catalyst was mounted on a glass 

holder fixed to a mechanical stirrer and thus, acting both as a catalyst and as mechanical 

stirrer. Work is ongoing to evaluate the influence of the other stirrer-catalyst configuration 

such as those reported by Schouten and co-workers [4], i.e. T-shaped stirrer, on the 

hydrogenation performance. The reaction medium contained a known concentration (0.08 

mol/L) of CAD (Sigma-Aldrich) in dioxane (Alfa Aesar) solvent (100 mL) and was heated up 

from room temperature to the reaction temperature (80
 o
C) with an oil bath at a heating rate of 

5
 o

C/min. Dioxane was used instead of alcohol in order to avoid any homogeneous reactions 

which could lead to the formation of heavier by-products. At 80
 o
C the catalyst was immersed 

into the reaction medium and rotated at different speeds (250-500 rpm).The hydrogen was 

continuously supplied into the reactor medium at a flow rate of 50 mL/min.  
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In Chapter 5 and 6, the selective hydrogenation of the CAD was carried out in an all 

glass reactor (volume = 25 mL) at atmospheric pressure. The reaction medium contained a 

known concentration (0.08 mol/L) of CAD (Sigma-Aldrich) in dioxane (Alfa Aesar) solvent 

(10 mL) and was heated up from room temperature to the reaction temperature (80
 o
C) with 

an oil bath at a heating rate of 5
 o
C/min. The reaction was stirred with a magnetic stirrer at a 

rate of 300 rpm. The hydrogen was continuously supplied into the reactor medium at a flow 

rate of 25 mL/min.  

The hydrogen stream was regulated by Brooks 5850 TR mass flow controller. The 

liquid medium was withdrawn at a regular time and analyzed by a gas chromatography (GC) 

on a Varian 3800 CX equipped with a PONA column and a Flame Ionization Detector (FID). 

The products were calibrated by using pure components diluted in a dioxane solution. The 

conversion and product distribution were calculated from the GC results.  

 

 

 

Figure 3. Reaction scheme for the hydrogenation of cinnamaldehyde.  
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Abstract  

In this study, we reported on the influence of gaseous HNO3 treatment on the formation of 

defects decorated with oxygenated functional groups on commercial graphite felts (GFs). The 

gaseous acid treatment also leads to a remarkable increase of the specific as well as effective 

surface area through the formation of a highly porous graphite structure from dense graphite 

filamentous. The as-synthesized catalyst was further used as a metal-free catalyst in the 

selective oxidation of H2S in industrial waste effluents. According to the results the defects 

decorated with oxygenated groups were highly active for performing selective oxidation of H2S 

into elemental sulfur. The desulfurization activity was relatively high and extremely stable as a 

function of time on stream which indicated the high efficiency of these oxidized un-doped GFs 

as metal-free catalysts for the selective oxidation process. The high catalytic performance was 

attributed to both the presence of structural defects on the filamentous carbon wall which acting 

as a dissociative adsorption center for the oxygen and the oxygenated functional groups which 

could play the role of active sites for the selective oxidation process. 

 

 

Keywords:  

Gas-phase oxidation, HNO3, hierarchical graphite felts, selective oxidation, H2S 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  

93 
 

1. Introduction 

Nanocarbon-based metal-free catalysts consisted by nitrogen-doped carbon matrix have 

received an ever increasing scientific and industrial interest in the field of heterogeneous 

catalysis since the last decade for several potential processes [1-6]. The introduction of 

hetero-element atoms, i.e. N, S or P, inside the carbon matrix leads to the formation of 

metal-free catalysts which can activate oxygen bond to generate reactive intermediates in 

different catalytic reactions according to the first report from Dai and co-workers [7]. The most 

studied form of these metal-free catalysts is consisted by carbon nanotubes doped with nitrogen 

atoms, which has been extensively used in several catalytic processes [8-13]. Recently, work 

reported by Pham-Huu and Gambastiani [14, 15] has shown that nitrogen-doped mesoporous 

carbon film, synthesized from food stuff raw materials, displays a high performance for 

different catalytic processes such as oxygen reduction reaction (ORR), direct dehydrogenation 

of ethylbenzene and selective oxidation of H2S. Such nitrogen-doped metal-free catalysts 

display an extremely high stability as a function of time on stream or cycling tests which could 

be directly attributed to the complete lack of sintering consecutively to the direct incorporation 

of the nitrogen atoms inside the carbon matrix.  

Nitrogen sites could also be efficiently replaced by carbon nanotubes containing surface 

defects decorated with oxygenated functional groups for the selective oxidation of H2S into 

elemental sulfur [16]. Such all carbon metal-free catalyst displays a high stability as a function 

of the test duration and under severe reaction conditions, i.e. high space velocity, low 

O2-to-H2S ratio. In the literature, the incorporation of these oxygenated functional groups has 

generally been carried out through oxidation treatments of the pristine carbon materials with 

different oxidants such as liquid HNO3 [17, 18], H2SO4 [19], KMnO4 [20], H2O2 [21] or 

through gaseous reactants like oxygen plasma [22], ozone [23] or CO2 [24]. The main 

drawbacks of the liquid-phase treatments are the generation of a large amount of acid waste and 

the need for subsequence washing step to remove the residual acid adsorbed on the sample 

surface. The gas-phase treatments seem to be the most appropriate ones for generating 

oxygenated functional groups on the carbon-based surface. Recent work by Su and co-workers 

[25] has shown that catalyst consisted by carbon nanotubes treated under ozone displays a high 

catalytic performance for different catalytic processes. The main drawback of such 

nano-catalyst is its nanoscopic dimension which renders difficult handling and transport and 

induce high pressure drop in an industrial fixed-bed configuration. The catalyst recovery also 
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represents a problem of health concern due to its high ability to be breathed. In addition, the 

carbon nanotubes synthesis also requires the use of explosive and toxic organic compounds and 

hydrogen which induce a high cost operation due to the post-synthesis treatment of the 

by-products [26, 27]. The purification process to remove the growth catalyst also leads to the 

generation of a large amount of wastewater, consecutive to the acid and basic treatment of the 

as-synthesized samples, which represents an environmental concern as well. It is thus of high 

interest to develop new metal-free carbon-based catalysts with high porosity, low cost, 

environmental benign, controlled macroscopic shape and easy for scale up to replace the 

metal-free based carbon nanomaterials.  

In the present article we report on the use of gaseous oxidative HNO3 to create surface 

defects, with exposed prismatic planes and decorated with oxygen functionalized groups, on the 

commercially available macroscopic carbon filamentous surface. The oxidized graphite felts 

(OGFs) will be directly tested as metal-free catalyst for the selective oxidation of H2S issued 

from the refinery stream effluents to prevent the problem of air pollution [28-33]. Indeed, sulfur 

recovery from H2S containing in industrial effluents, mostly generated from oil refineries and 

natural gas plants, has become an increasingly important topic as H2S is a highly toxic 

compound and represents a major air pollutant, which enters the atmosphere and causes acid 

rain [34, 35]. The general process is to selectively transform H2S into elemental sulfur by the 

equilibrated Claus process: 2 H2S + SO2  (3/n) Sn+2 H2O [36]. However, because of the 

thermodynamic limitations of the Claus equilibrium reaction, a residual concentration of H2S of 

up to 3 vol% is still present in the off-gas. To remove this residual H2S in the effluent gas before 

releasing into atmosphere, a new process called super-Claus has been developed, which is a 

single-step catalytic selective oxidation of H2S to elemental sulfur by using oxygen gas: H2S + 

1/2 O2  (1/n) Sn + H2O. The super-Claus process is a direct oxidation process and thus is not 

limited by thermodynamic equilibrium. In the present work the as-treated metal-free catalyst 

exhibits an extremely high catalytic performance as well as stability compared to the untreated. 

The catalytic sites could be attributed to the presence of oxygen species such as carbonyl, 

anhydride and carboxyl groups decorating the structural defects present on the GFs surface 

defects upon treating under gaseous HNO3. It is worthy to note that as far as the literature 

results are concerned, no such catalytic study using oxidized commercial filamentous GFs 

directly as metal-free catalyst with controlled macroscopic shape has been reported so far. The 

GFs also avoids the use of nanoscopic carbon with uncertainty about health concerns along 
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with a validated industrial production and competitive production cost compared to the carbon 

nanotubes or carbon nanofibers.  

2. Results and discussion 

2.1. Characteristics of the acid treated graphite felts 

The macroscopic shape of the filamentous GFs was completely retained after the 

gaseous HNO3 treatment according to SEM micrographs with difference magnifications 

presented in Figure 1A to D. The HNO3 treated filamentous GFs was decorated with an evenly 

carbon nodules as evidenced by the SEM analysis (Figure 1D and E). High magnification SEM 

micrographs (Figure 1E and F) also evidence the formation of cracks and holes on the cross 

section of the OGFs sample (indicated by arrows). Such cracks could be attributed to the 

degradation of the graphite structure during the acid treatment. It is worthy to note that the acid 

treatment also leads to the formation of a rougher graphite surface (Figure 1F) compared to the 

smooth one for the pristine graphite material. Such roughness could be attributed to the 

formation of defects on the surface of the treated sample. 
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Figure 1. SEM micrographs of the (A, B) pristine commercial GFs, and (C, D) the same after 

treatment under gaseous HNO3 at 250 
o
C for 24 h, noted OGFs-24 showing the formation of 

nanoscopic nodules on its surface. SEM micrographs with medium and high resolution (E, F) 

reveal the formation of cracks on the cross section of the OGFs-24 (indicated by arrows) as 

well as a rougher surface after acid treatment. 
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High-resolution SEM image (Figure 2A) evidences the formation of defects on the 

whole surface of the carbon filamentous and some carbon extrusion in the form of discrete 

nodules. The Energy Dispersive X-ray analysis (EDX) carried out on the sample evidences the 

presence of oxygen intimately linked with carbon on the surface of the acid treated sample 

surface (Figure 2B to D) which confirms the high concentration of oxygenated functional 

groups decorating the surface defects. 

 

 

 

Figure 2. (A) SEM micrograph of the acid treated graphite felts, OGFs-24, (B) Elemental 

mapping showing the presence of C and O on the sample surface. (C, D) Elemental maps of 

carbon and oxygen elements on the OGFs-24 surface. 

 

 

For industrial applications the catalyst should be prepared in a controlled macroscopic 

shape in order to avoid problems of handling and transport and also to prevent excessive 

pressure drop within the catalyst bed. In the present synthesis method, the GFs can be prepared 
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with different macroscopic shapes, i.e. pellets, disk with different holes, depending to the 

downstream applications as shown in Figure 3. The as-synthesized GFs could be directly used 

as metal-free catalyst, see catalytic application below, or also as catalyst support where the 

defective surface could lead to a high metal dispersion and stability. The macroscopic shape 

allows easy catalyst/products separation for liquid-phase catalytic processes which represents a 

costly process in the case of powdered catalysts.  

 

Figure 3. Graphite felts with different macroscopic shapes for various catalytic applications 

both in gas- and liquid-phase processes. 

 

 

According to our previous work on carbon nanotubes, the acid treatment lead to the 

formation of defects on the surface of the carbon material which was decorated by oxygenated 

functional groups. Such defects are expected to be formed through oxidative reaction between 

the gaseous nitric acid vapors and the graphite sample. The functionalization of the formed 

defects is expected to take place by the partial decomposition of the oxygen in the gas-phase 

medium. The formation of defects along the graphite microfilamentous surface during the acid 

treatment step also significantly increases the overall specific surface area (SSA) of the 

as-treated materials. The specific surface area of the acid treated filamentous GFs steadily 

increased as a function of the acid treatment duration as evidenced in Figure 4A and B. 

According to the results the SSA of the filamentous GFs was stepwise raised from 10 m
2
/g to 

more than 300 m
2
/g after the gaseous HNO3 treatment for 30 h. It should be noted that such high 

SSA has never been accounted for chemical treated commercial microfilamentous carbon 

fibers. The increase of the SSA was attributed to the formation of a more porous graphite 

structure with higher effective surface area consecutive to the removal of carbon during the 

treatment from the sample (see TEM analysis below). It is expected that such porosity was 

formed in or close to the surface of the carbon filaments and thus, allows the complete maintain 
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of the macroscopic shape of the material. One cannot exclude some porosity network which 

could be generated inside the pristine graphite microfilamentous. 

The gaseous acid treatment also induces an overall oxidation of carbon matrix leading to 

a weight loss of the treated material compared to that of the pristine one. Such phenomenon has 

already been reported by Xia and co-workers with a similar treatment [37] and also by several 

groups in the literature [18]. The weight loss during the acid treatment process is accounted for 

the corrosion of the filaments where part of the carbon with low degree of graphitization was 

removed leaving behind the carbon nodules or porosity as observed by SEM. The weight loss 

calculated on the basis of the initial weight and the one after acid treatment as a function of the 

treatment duration is presented in Figure 4 B.  

It is expected that the corrosion phenomenon which occurring during the treatment was 

responsible for the increase of the SSA of the treated samples similarly to that reported for the 

carbon nanotubes treated with gaseous HNO3 or O3-H2O mixture [16, 25]. The treatment 

induces the formation of surface pores along the carbon fiber axis, i.e. corrosion, which 

significantly contribute to the improvement of the overall SSA of the treated samples. These 

defects are also the place for oxygen insertion to generate oxygenated functional groups on the 

surface of the OGFs samples as evidenced by XPS presented below.  

 

 

 

Figure 4. N2 adsorption-desorption isotherms (A) and weight loss (open circles) and specific 

surface area (columns) modification of the acid treated carbon-based materials as a function of 

the treatment duration (B). 
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The weight loss increases with the treatment duration, especially for duration longer 

than 8 h. It is expected that the low temperature weight loss could be assigned to the removal of 

pore amorphous carbon, since they are considered to be more reactive than the graphitic carbon 

filamentous while at high temperature, weight loss is linked with the removal of carbon in the 

graphitic structure consecutive to the formation of structural defects and nodules on the 

remained filament wall. Indeed, under a more severe treatment, i.e. longer duration, the weight 

loss becomes significantly, i.e. the weight loss recorded for the sample after being treated at 250 

o
C for 8 h and 24 h are 12% and 44%, respectively. According to the results the graphite 

displayed three distinct weight loss regions: (i) at treatment duration < 8 h, the oxidation 

process is relatively slow which could be attributed to the low reactivity of the graphite felt 

surface, (ii) at treatment ranged between 8 to 24 h, the oxidation rate is significantly increased 

and could be due to the depth oxidation of graphite matter through the surface defects generated 

previously, and (iii) at duration > 24 h, the oxidation process becomes almost flat which could 

be attributed to the fact that depth oxidation process could be hinder due to some diffusion 

problem.  

The oxygen incorporation into the acid treated samples can be clearly observed through 

XPS survey spectra recorded on the fresh and HNO3 treated samples (Figure 5A). It is worthy to 

note that XPS analysis allows one to map out elements concentration at a depth of ca. 6 nm 

from the surface and thus part of the oxygenated functional groups localized at a distance > 6 

nm cannot be accurately detected. The deconvoluted O1s spectrum in Figure 5B shows the 

presence of three peaks which can be assigned to the C=O (ketone, aldehyde, quinone…), 

-C-OH, -C-O-C- (alcohol, ether) and –O-C=O (carboxylic, ester) oxygen species [25].  

Raman spectroscopy was performed to investigate the change in the graphitic structure 

of the GFs after treatment with gaseous nitric acid at different duration. As shown in Figure 5C, 

every sample displayed three bands corresponding to the different carbonaceous structures: the 

G band attributed to an ideal graphitic lattice at around 1580 cm
-1

 [38], the D band (~1350 cm
-1

) 

associated with the structural defects [39] and D' corresponding to the disordered graphitic 

fragments at ~1620 cm
-1 

[40], respectively. The ID/IG ratio increases as increasing the acid 

treatment duration (Figure 5D). After the treatment of 24 h, the ID/IG increased from 0.77 for 

GFs to 1.86. Meanwhile ID'/IG increased more than 3 times from 0.26 to 0.80, which indicated 

the strong acidic oxidant etched the graphene lattice of GFs and created more defects and 

disordered graphitic fragments. Furthermore, the more duration of the treatment on samples, 

the more structural defects and disordered fragments is obtained. Consistent with the 
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morphology from SEM, the etching effect of the treatment made the GFs with an extremely 

rough surface and much more macroscopic carbon fragments. Moreover, the G band shifted to 

the higher wavenumber by about 8 cm
-1

, which may be attributed to the oxygen-containing 

functional groups generated on the surface of treated samples and confirmed by the results of 

XPS and TPD, such as the O-H bending and C=O stretching [41]. 

 

 

 

Figure 5. (A) Survey XPS of OGFs-24 in comparison with pristine GFs, (B) Deconvolution 

O1s present the oxygen species on the surface of the samples, (C) Raman spectra and (D) ID/IG 

and ID'/IG ratios of the pristine GFs and the OGFs after acid treatment with various durations.  

 

 

The physical characteristics of the samples after acid treatment with different durations 

are summarized in Table 1. 
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Table 1. The physical chemistry properties of samples as a function of the acid treatment 

duration. 

Treatment 

duration 

SSA
a
 

m
2
/g 

Mass 

loss
b
 % 

ID/IG
c
 ID’/IG

c
 

O  

at%
d
 

TWL
e
 

o
C 

0 h 10 0 0.77 0.26 7.3 802 

4 h 112 7 1.64 0.55 - - 

8 h 196 12 - - - - 

16 h 268 31 1.83 0.66 - 685 

24 h 298 44 1.86 0.80 9.4 612 

30 h 329 48 - - - - 

a
 BET specific areas. 

b
 The mass loss of samples after acid treatment. 

c
 The ID/IG and ID’/IG ratio 

calculated from Raman spectra. 
d
 The atom percent of surface Oxygen elemental from XPS 

analysis. 
e
 The temperature of weight loss peak determined by TG/DTG profiles. – Not 

detected. 

 

 

TEM analysis is also used to investigate the influences of the HNO3 treatment on the 

microstructure of the GFs (Figure 6). Compared with parallel graphitic layers on pristine GFs 

(Figure 6A and B), there are porous structures with disordered graphitic fragments formed on 

the outer region of the filamentous carbon of the acid treated GFs (pointed out by arrows in 

Figure 6C and D), which are consistent with the analysis of SSA and by Raman. TEM analysis 

reveals the formation of a less dense graphite structure in the OGFs sample (Figure 6C) 

compared to that observed for the pristine GFs (Figure 6B). High resolution TEM micrographs 

(Figure 6D) clearly evidence the porous structure of the treated sample. Such phenomenon can 

be attributed to the oxidation of a weakly graphitized carbon by the gaseous HNO3 during the 

treatment, which forms entangled carbon sidewalls with high defect density. 
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Figure 6. TEM images of GFs (A, B) and OGFs-24 (C, D). Surface defects generated on the 

OGFs are indicated by arrows. 

 

 

According to the TEM results one could expected that during the acid treatment process 

part of the graphitic structure is slowly attacked, leading to a weight loss as a function of time of 

treatment, leaving behind porous structure with defects which contributes to an increase of the 

material SSA with time. Such corrosion process explains the formation of cracks and holes 

within the pristine graphite filamentous as observed by SEM. The as generated porosity with a 

highly defective surface decorated with oxygenated functional groups is expected to be of great 

interest for being used either as metal-free catalyst but also as catalyst support with high density 

of anchorage sites for hosting metal or oxide nanoparticles. Recent work has pointed out the 

high efficiency of defects decorated carbon nanotubes after treatment in the presence of ozone 

and water for anchoring gold nanoparticles[42]. The porous structure of the OGFs will be 

investigated in detail by mean of transmission electron microscopy tomography (TEM-3D) 

technique [43] to map out the porosity of the OGFs material and its influence on the metal 

nanoparticles dispersion. 
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The characterization of the different oxygenated groups present on the graphite surface 

was investigated by TPD-MS. The surface oxygen groups can be assessed by the type of 

released molecules with their relevant peak areas and decomposition temperatures [44]. The 

amount of CO (m/e = 28) and CO2 (m/e = 44) generated during the TPD process is presented in 

Figure 7 as a function of the desorption temperature. The evolution of CO2 was ascribed to the 

decomposition of carboxylic acids, anhydrides and lactones (Figure 7A), whereas the CO 

evolution was resulted from the decomposition of anhydrides, phenols and carbonyls (Figure 

7B). The amounts of corresponding groups determined by TPD with the deconvolution of 

evolved CO2 and CO peaks are summarized in Table 2. The CO and CO2 concentration 

increases as increasing the treatment duration, confirming that the formation of oxygenated 

functional groups is directly depending to the acid treatment, which is in accordance with the 

XPS analysis (Figure 5A and B).  

 

 

 

Figure 7. TPD profiles showing the evolvement of CO2 (A) and CO (B) as a function of the 

desorption temperature on the different oxidized samples at 250°C and with different 

treatment duration.  

 

 

It is expected that the acid treatment duration increases the defect density which in turn 

increase the amount of oxygenated functional groups directly linked to such defects. 

Furthermore, the total amount of oxygen on the sample increased from 165 µmol/g, on the 

pristine GFs, to 9116 µmol/g, on the OGFs-30, after 30 h of gas-phase oxidation treatment. 

Such results have already been reported by other research groups in the literature during acid 

activation process for the synthesis of highly reactive carbon-based catalyst supports [45]. 
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However, data deals with the use of such defective macroscopic OGFs materials with high 

effective surface area as metal-free catalyst has never been reported so far. 

 

 

Table 2. The content of oxygen functional groups as a function of the acid treatment duration at 

250 
o
C on the samples determined from TPD profiles.  

Treatment 

duration 

CO2 desorption µmol/g CO desorption µmol/g 

Total O 

µmol/g 
Carboxylic 

acids 
Anhydrides Lactones Anhydrides Phenols Carbonyls 

0 h - - - - - - 165 

4 h 53 187 128 141 951 230 1691 

8 h 134 486 148 332 2199 498 3797 

16 h 304 626 412 527 3865 660 6393 

30 h 422 1186 424 735 5462 887 9116 

 

 

Thermogravimetry analysis (TG/DTG) has been generally used to study the oxidative 

stability of carbon materials [46-48]. As shown in Figure 8, all the samples exhibited a weight 

loss step during heat-treatment process, resulted from the combustion of carbon at high 

temperature. Obviously, the temperature of weight loss peak for OGFs-16 on the DTG curve 

(685 
o
C) was lower than that of the pristine GFs (802 

o
C), indicating the formation of highly 

reactive graphite species on the sample after the oxidation process. Meanwhile, a further 

decline of the oxidation temperature was observed for the OGF-24 (612
 o

C) with the longer 

treatment duration, i.e. 24 h instead of 16 h. On one hand, these reactive carbon species may be 

linked with the presence of structural defects or from the disordered graphitic structure, 

according to the Raman and TEM results (Figure 5C and 6), which display lower thermal 

stability than the pristine graphite material [49]. On the other hand, higher SSA (Figure 4) of 

OGFs provides higher surface contact between the sample and reactant gas which could favor 

the oxidation process. Moreover, the abundant oxygen functional groups derived from acid 

treatment (Table 1) could be active sites for the dissociative adsorption of O2 [40]. It is expected 
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that all those parameters will actively contribute to the lower oxidative resistance of the acid 

treated graphite felt. 

 

 

 

Figure 8. TG/DTG profiles of pristine GFs, OGFs-16 and OGFs-24. 

 

 

2.2 OGFs as metal-free catalyst for selective oxidation of H2S 

The GFs and OGFs-16 catalysts were tested in the gas-phase selective oxidation of H2S 

into elemental sulfur under realistic reaction conditions. The OGFs-16 catalyst has been chosen 

among the other treated samples according to the following facts: (i) the OGFs-16 displays a 

relatively high SSA along with a lower weight loss during the acid treatment, and (ii) the 

OGFs-16 also displays higher oxidative resistance compared to the samples treated with longer 

duration. The pristine GFs catalyst shows no noticeable desulfurization activity under the 

operated reaction conditions (not reported) and confirms its inactivity for the reaction 

considered. The desulfurization performance obtained on the OGFs-16 catalyst at reaction 

temperature of 230 
o
C and 250 

o
C is presented in Figure 9A as a function of time on stream. The 

OGFs-16 catalyst displays a relative high H2S conversion at a WHSV of 0.05h
-1

 with a total 

H2S conversion of 87% and a sulfur selectivity of 83%. In addition, it is worthy to note that the 

desulfurization activity remains stable as a function of time-on-stream for more than several 

dozen hours on stream, which indicates that no deactivation was occurred on the catalyst. Such 

relatively high desulfurization activity could be attributed to the high stability of the defect 
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decorated with oxygenated functional groups on the OGFs-16 catalyst which are generated at 

relatively high treatment temperature, i.e. 250
o
C. Similar results have also been reported by the 

HNO3 treated CNTs which is expected to bear the same active center [16]. Jiang et al. [50] have 

reported that pure carbon nanocages, which possess abundant holes, edges, and positive 

topological disclinations display a relatively good oxygen reductive performance which is even 

better than those reported for undoped CNTs. In the present work, the control of the 

macroscopic shape of the OGFs catalyst represents also a net advantage as the catalyst shape 

can be modified in a large range depending to the downstream applications. 

 

 

 

Figure 9. Desulfurization performance as a function of time on stream on the OGFs-16 catalyst. 

(A) Reaction conditions: [H2S] = 1vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %, WHSV= 0.05 

h
-1

. (B) Reaction conditions: [H2S] = 1vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %, reaction 

temperature = 250 
o
C. 
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Increasing the reaction temperature from 230 
o
C to 250 

o
C leads to an improvement on 

the H2S conversion, i.e. 99% instead of 87%, along with a slight decrease of the sulfur 

selectivity from 83% to 77% due to the fact that high reaction temperature favors the complete 

oxidation of S to SO2 in the presence of excess oxygen in the feed [51]. However, after a period 

of induction where both H2S conversion and sulfur selectivity are modified the catalyst reached 

a steady-state for the rest of the test which again confirm its high stability. 

Increasing the WHSV from 0.05 h
-1

 to 0.1 h
-1

 keeping the reaction temperature at 250°C 

leads to a slight decrease of the H2S conversion from 100% to 90% followed by a steady-state 

(Figure 9B). The sulfur selectivity slightly increases from 75% to 82% at high space velocity 

and remains stable for the test. Such results are in good agreement with literature results as 

increasing the WHSV leads to a shorter sojourn time of the reactant and thus, reduce the rate of 

reactant dissociation for the reaction. The specific activity calculated is 0.56 molH2S/gcatalyst/h 

which is relatively close to those reported for other metal-free catalysts [52]. Further 

improvement of the catalytic performance could be done by using compressed OGFs with 

higher specific weight in order to reduce the empty space inside the catalyst bed. 

The results obtained indicate that the OGFs metal-free catalyst displays relatively high 

sulfur selectivity, i.e. > 70%, even at relatively high reaction temperature, i.e. 250 
o
C, and in the 

presence of a high H2S concentration. It is expected that such sulfur selectivity is linked with 

the high thermal conductivity of the graphite felt support which could efficiently disperse the 

reaction heat through the catalyst matrix to avoid local hot spots formation which is detrimental 

for the sulfur selectivity. Similar results have also been reported on the medium thermal 

conductive silicon carbide carrier where the lack of local hot spots leads to a significant 

improvement of the reaction selectivity for selective oxidation of H2S [10] and also in other 

exothermal reactions such as Fisher-Tropsch synthesis [53, 54], dimethyl ether [55, 56] and 

propylene synthesis [57, 58]. The relatively high sulfur selectivity observed in the present work 

could also be attributed to the presence of large voids inside the sample which could favor the 

rapid evacuation of the sulfur intermediate species before complete oxidation. 
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Figure 10. Influence of the steam concentration and O2-to-H2S ratio on the desulfurization 

performance on the pristine GFs and the one after treatment under gaseous HNO3 at 250
o
C for 

16 h (OGFs-16) catalysts. Reaction conditions: [H2S] = 1 vol. %, reaction temperature = 250 
o
C 

and WHSV= 0.05 h
-1

. 

 

 

The effluents containing H2S could be originated from different sources with various 

steam concentrations ranged from few to several percents, i.e. effluent from biogas plant or 

from the Claus reactor. It is expected that the steam concentration could have a significant 

influence on the desulfurization performance, i.e. H2S conversion and sulfur selectivity, due to 

the problem of competitive adsorption. The influence of steam concentration was investigated 

and the results are presented in Figure 10. Decreasing the steam concentration in the reactant 

feed from 30% to 10% leads to a similar H2S conversion, i.e. 99%, but to a significant increase 

of the sulfur selectivity from 75% to 85% keeping other reaction conditions similar. Such result 

indicates that steam could condense to yield water film inside the catalyst porosity, even at a 

relatively high reaction temperature, which favors oxygen dissociation leading to a higher 

complete oxidation to yield SO2. Decreasing the steam concentration leads to a lower oxygen 

atoms available on the catalyst surface which in turn, reduces the selectivity towards SO2. Such 

hypothesis can be confirmed by decreasing the O2-to-H2S ratio keeping the other reaction 

conditions similar. Decreasing the O2-to-H2S ratio seems to have hardly effect on the sulfur 

selectivity while a slight decrease of the H2S conversion is observed. Such result could be 

attributed to the fact that the dissociated oxygen on the catalyst surface reacts with H2S to yield 

both S and SO2 in a parallel reaction pathway but with a different reaction rate. Decreasing the 

O2-to-H2S ratio leads to a decrease of the available oxygen for the reaction and, as a 
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consequence lowers the H2S conversion. Finally, regarding the influence of steam on the H2S 

conversion it should be noted that under the reaction conditions used the H2S conversion is 

almost complete which could render the investigation of small effect, i.e. steam concentration, 

difficult as at such high conversion level one cannot rules out the fact that some active sites 

remain unemployed. 

It is worthy to note that reaction temperature of 250 
o
C is slightly higher than that 

usually used for the selective oxidation of H2S into elemental sulfur on other metal-free 

carbon-based catalysts. However, on the OGFs-16 metal-free catalyst the sulfur selectivity 

remains relatively high, i.e. > 70% and even ≥ 85% at low steam concentration (Fig. 10), at 

almost complete conversion of H2S. Such results could be attributed to the large open porosity 

of the catalyst, i.e. 90% of empty space, which allow the formed sulfur to rapidly escape the 

catalyst before secondary reaction with excess oxygen to yield SO2. 

It is also noted that the catalyst displays also a relatively high stability, both in terms of 

H2S conversion and sulfur selectivity under severe reaction conditions, i.e. 0.1 h
-1

 of WHSV 

and high reaction temperature where the H2S conversion is not complete indicating that all the 

active sites were involved in the reaction, which confirm again the advantage of the oxygenated 

functional groups on the defect sites. Such results are of high interest as usually on oxides or 

metals containing catalysts sintering is the main cause of deactivation with time on stream 

under severe reaction conditions.  

 

 

Table 3. Selective oxidation of H2S to sulfur over different metal-free catalysts.  

Catalysts 

T 

o
C 

[H2S] 

vol. % 

[O2] 

vol. % 

[H2O] 

vol. % 

WHSV 

h
-1

 

XH2S
a
 

% 

SS
b
 

% 

YS
c
 

% 

Ref.  

OGFs-16 250 1 2.5 10 0.1 98 86 84 
This 

work 

O-CNT-250-24 230 1 2.5 30 0.6 95 76 72 16 

N-CNT/SiC-750 190 1 2.5 30 0.6 97 75 73 52 

a
 Maximum H2S conversion. 

b
 The corresponding sulfur selectivity. 

c
 The corresponding yield 

of sulfur. (YS = XH2S × SS). 

 



Chapter 3  

111 
 

The results obtained indicate that acid treated graphite felts could be efficiently used as 

metal-free catalyst for the selective oxidation of H2S into elemental sulfur. The different 

catalytic results are summarized in Table 3 and compared with those reported on other 

metal-free catalysts. The OGFs-16 catalyst displays a relatively high sulfur selectivity 

compared to the other metal-free catalysts operated at higher space velocity and temperature. 

Such results pointed out the high efficiency of the OGFs-16 catalyst to perform selective 

oxidation of H2S which could be attributed to the large open porosity of the catalyst providing 

high rate of intermediate sulfur escaping. 

3. Conclusions 

In summary, we have shown that oxidation with gaseous HNO3 can be an efficient and 

elegant pre-activation step to generate active metal-free carbon-based catalysts decorated with 

surface defects containing oxygenated functional groups from available and low cost 

commercial filamentous graphite felts. The gaseous acid treatment leads to the formation of a 

high surface area carbon-based material which can find use in several catalytic processes as 

either metal-free catalyst or as catalyst support. It is worthy to note that it is the first time that 

such results are reported as literature only reports metal-free catalysts based on nanocarbons, 

whose synthesis requires harsh reaction conditions along with the problem linked with waste 

treatment. According to the obtained results the defects created on the filamentous carbon wall 

and the formation of oxygenated functional groups during the gaseous acid treatment provide 

active sites for H2S and oxygen adsorption which contribute to the selective oxidation of H2S 

into elemental sulfur under similar reaction conditions with those operated in the industrial 

plants. The catalyst displays a relatively high sulfur selectivity as well as relatively high 

stability as a function of time-on-stream, under severe reaction conditions, indicating that 

deactivation by surface fouling or oxygen groups removing is unlikely to occur. The high 

specific surface area as well as surface porous structure could be extremely helpful for 

developing new catalytic systems. Such hierarchical metal-free catalyst can be prepared with 

different macroscopic shapes for subsequence downstream applications. Work is ongoing to 

evaluate such carbon-based materials as hierarchical macroscopic support for metal 

nanoparticles which could find use in other catalytic processes where high dispersion and 

strong anchorage of the active phase are required in order to prevent long term deactivation 

through catalyst sintering (gas-phase reaction) or leaching (liquid-phase reaction) and also in 

terms of recovery.  
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Abstract 

Developing of both effective and stable noble metal nanoparticle (NPs) catalysts with easy 

catalyst-product recovery is still challenging in the liquid-phase catalytic processes. Here, we 

report on the synthesis of a hierarchical structured catalyst that consisted of oxygen 

functionalized graphite felt (OGF) support for liquid-phase processes. The monolith 

palladium-based catalyst was used as catalytic stirrer and displays excellent stability as well 

as complete recyclability for liquid-phase hydrogenation of α, β-unsaturated cinnamaldehyde. 

The surface defects decorated with abundant oxygenated groups as well as highly accessible 

porous structure generated from the acid treatment of carbon support, construct a bridge 

between Pd and support providing the charge transfer to alter the metal-support interactions. 

The electron-deficient high-valent Pd
δ+

 species, formed on the metal NPs, and defects on the 

support help to enhance the Pd dispersion and resistance to sintering and/or aggregation 

during both catalyst preparation and cycling tests, leading to the high and stable hydrogen 

dissociative adsorption for hydrogenation process.  

 

 

Keywords:  

Pd nanoparticles, graphite felts monolith, gaseous HNO3 treatment, charge transfer, 

liquid-phase hydrogenation, catalyst recovery  
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1. Introduction 

Catalytic processes represent an important part in the production of goods and chemical 

compounds for the everyday life in our society [1, 2]. Numerous catalytic processes are 

conducted in liquid-phase medium where diffusion of gaseous/liquid reactants to the active 

site, localized on the solid catalyst surface, is several orders of magnitude higher than that 

occurs in the gas-phase processes. Such diffusion could significantly decrease the intrinsic 

activity of the catalyst and also modifies the overall selectivity of the process through 

secondary reaction. In addition, most of the liquid-phase catalysts are in powder form which 

calls for an efficient catalyst-product recovery step. Indeed, the powdered catalyst-product 

recovery represents an incentive process and catalyst loss is frequently encountered during the 

recovery process. Several attempts have been developed in order to facilitate the 

catalyst-products separation, i.e. magnetic support [3, 4], basket containing catalyst and 

structured catalysts with nanoscopic carbon support coated on monolith or foam host matrix 

[5-8]. However, most of the structured systems, based on the use of monolith and foam, are 

constituted by relatively thick host matrix structure exceeding hundred micrometers or even 

more, which could hinder the diffusion of the reactant to the active phase localized inside the 

pores of the support. The tortuosity of the porous network also induces long apparent sojourn 

time which favors secondary reactions. Despite the advantages regarding the recovery step 

such structured catalysts still suffer from low catalytic performance due to the diffusion 

limitations. The development of new catalyst support with better performance represents 

another aspect for the improvement of the catalytic performance by providing adequate 

structure with high effective surface area, reduced diffusion limitations and low pressure drop. 

It significantly contributes to the selectivity of the process as well as to the long-term stability 

of the catalyst by reducing deactivation through poisoning by secondary products. For 

liquid-phase reactions the use of the structured catalysts instead of slurry ones allows the 

avoidance of the costly and time consuming filtration process to separate the catalyst from the 

final product [9]. Structured catalysts also prevent the problem of fine formation as 

encountered with slurry reactor due to the attrition of small particles, consecutive to the 

repeated impacts between the catalyst particles and the stirrer, under vigorous stirring that 
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leads to the plugging of filtration device. Finally, microturbulences generated inside the 

structured catalyst also contribute to a higher degree of reactant mixing leading to a better 

catalytic performance [10]. 

The development of carbon materials (CMs), especially carbon nanotubes/nanofibers 

and graphene, has drawn increasing attention from both scientific and industrial researchers 

operated in the heterogeneous catalysis processes [11-13]. Because of their high porous 

structure, excellent resistance to acid or basic media, remarkable electrical and thermal 

conductivity, especially facile recovery for loading metal by combustion, CMs used as 

heterogeneous catalyst supports play an essential role in the noble metal catalyzed 

liquid-phase reaction. However, for the noble metal catalyst deposited on the pristine CMs, 

the rapid deactivation with extremely weak cycling stability and the low selectivity of 

catalysts restrict their potential application, which are caused from the leaching out or the 

aggregation of metal nanoparticles (NPs) during the catalyst evaluation due to the low 

metal-support interaction [14, 15]. It is demonstrated that these problems can be overcome by 

the modification of surface chemistry on the CMs with the introduction of oxygen-containing 

functional groups or heteroatoms (e.g., nitrogen, sulfur, phosphorus), which could reinforce 

the interaction between the carbon support and metal NPs or anchor the metal NPs on the 

carbon [16-20].  

Commercial graphite felt (GF) constituted by entangled graphite filamentous with few 

micrometers in diameter displays high effective surface along with large voids (connected 

porosity), which could be of high interest for acting as catalyst support [21]. In addition, GF is 

widely produced for application in numerous fields such as filter for fume hood, insulation 

structure for high temperature ovens, sounds absorber, etc. However, commercial GF when 

used as catalyst support display several drawbacks: low specific surface area for dispersing of 

the active phase, hydrophobic character which prevents the anchoring of the active phase and 

low metal (oxide)/support interaction for preventing excessive sintering of metal NPs during 

the catalytic process. GF composites decorated with a layer of carbon nanofibers, growth 

through the Chemical Vapor deposition (CVD) method using nickel as growth catalyst, have 

been developed for being used as catalyst support with high dispersion properties along with 
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strong interaction to prevent excessive metal sintering [22]. However, such composites 

require the use of metal catalyst for the growth of carbon nanofibers as well as relatively high 

temperature synthesis process in the presence of explosive gaseous reactants, i.e. 

hydrocarbons and hydrogen, and a tedious purification process to remove the growth catalyst 

[23, 24]. It is of high interest to develop new synthesis method to functionalize the readiness 

commercial GF surface in order to improve the metal nanoparticles dispersion as well as the 

reduction of active phase sintering during the catalytic and regeneration processes if any. The 

method should be simple and easy for scaling up in order to facilitate the industrial 

development while the support should be robust enough for facing harsh reaction conditions 

to reduce the frequent replacement of the catalyst. The catalyst should also display controlled 

macroscopic shape, i.e. hierarchical structured catalysts, which could facilitate the 

catalyst-products recovery after the test [9].      

The present work reports on the use of gaseous acid treated commercial GF as support 

for anchoring palladium NPs and it use as catalyst in the liquid-phase hydrogenation of α, 

β-unsaturated compounds. The GF is constituted by micrometers graphite filamentous with 

open structure (90% of voidage), which will significantly reduce the diffusion path of the 

reactant towards the active phase. The acid treatment was carried out under gaseous nitric acid 

at medium temperature leading to the formation of a micro- and mesoporous carbon structure, 

especially localized on or near the graphite surface, with a high specific surface area, 

accessible porosity along with oxygenated functional groups decorating defects on the surface. 

The oxygenated groups and the defects provide strong anchorage sites for dispersing 

palladium particles while the lack of ink-bottled pores significantly improve the diffusion rate 

allowing the maintenance of a high hydrogenation activity along with high selectivity. The 

as-synthesized GF-based catalyst is subsequently used as catalyst stirrer for liquid-phase 

hydrogenation process which allows one to phase out the costly filtration step to recover the 

catalyst from the reactant mixture.    
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2. Results and Discussion 

2.1 GF and OGF Materials  

The monolithic GF can be prepared with different macroscopic shapes depending to 

the downstream catalytic processes as presented in Figure 1A. The SEM micrographs (Figure 

2) of the pristine carbon GF and the same after oxygen functionalization (OGF), through 

gaseous HNO3 treatment at 250 
o
C for 4 h, indicated that the gross morphology of the 

structured carbon was retained after the oxidation treatment despite some mass loss due to 

oxidation (see discussion below).  

The gaseous acid treatment induces a significant increase of the OGF specific surface 

area (SSA) compared to that of the pristine GF. As shown in Figure 1B, the N2 

adsorption-desorption isotherm of GF and Pd/GF displayed the negligible adsorption of N2, 

indicating the very little surface area without any porous structure. On the other hand, the 

isotherm of OGF and Pd/OGF exhibited the type IV isotherm curves with H4-type hysteresis 

loops according to the IUPAC classification, which signified the presence of capillary 

condensation in the mesoporous structure and the narrow slit-shaped pores [25]. Indeed, the 

HNO3 treated sample (OGF) displayed a SSA of 168 m
2
/g compared to 4 m

2
/g for the pristine 

GF. Such large SSA increases could be directly attributed to the formation of pores or defects 

within the pristine GF during the oxidation process according to the TEM analysis presented 

below. The pore size distribution (inset of Figure 1B) clearly evidences the formation of 

micro- and mesopores inside the oxidized GF which is expected to be at the origin of the SSA 

increase. It is worthy to note that the porosity formation did not alter the macroscopic shape 

of the material according to the SEM analysis presented above as a whole part of the pristine 

carbon microfilamentous was retained after the oxidation treatment despite some mass loss 

inherent to the oxidation process. Indeed, the defects and oxygen functionalization were 

carried out through oxidation of the pristine GF during the process which resulted to an 

increase of the SSA and also a mass loss accounted for about 13 wt. % [26, 27].  
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Figure 1. (A) Digital photo of the GF with different macroscopic shaping. The macroscopic 

shapes were completely retained after the acid treatment while a mass loss of ca. 13 wt.% was 

observed. (B) N2 adsorption/desorption isotherms and pore size distributions (inset) of the 

pristine GF, OGF, Pd/GF and Pd/OGF. (C) Raman spectra, (D) CO2 (m/z = 44) and (E) CO 

(m/z = 28) generated during the TPD analysis of the GF and OGF. (F) Digital photo of 

samples in water showing the surface character change before (GF) and after acid (OGF) 

treatment.  

 

 

Raman spectroscopy was performed to investigate the change in the graphitic structure 

of GF after the oxidation process. As shown in Figure 1C, both GF and OGF fitted three 

bands corresponding to the different carbonaceous structures: the G band attributed to an ideal 

graphitic lattice at around 1580 cm
-1

, the D band (~1350 cm
-1

) associated with the structural 

defects and D' band corresponding to the disordered graphitic fragments at ~1620 cm
-1

, 
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respectively [28, 29]. After the oxidation process, the ID/IG increased from 0.77 for GF to 1.95 

for OGF while the ID'/IG increased more than 3 times from 0.26 to 0.84. Such results indicated 

that the gaseous oxidant treatment significantly modified the graphitic lattice of GF by 

creating more defects and disordered graphitic fragments inside the sample. Moreover, the G 

band of treated OGF shifted to the higher wavenumber by about 12 cm
-1

 compared to that of 

GF, which may be attributed to the presence of oxygen-containing functional groups 

generated on the surface [30].  

 

 

 

Figure 2. SEM images of GF (A), OGF (B, C) and EDX of OGF (D). 

 

 

The surface oxygen groups present on GF and OGF were characterized by TPD-MS 

and the results are presented in Figure 1D and E. The oxygen functional groups are 

decomposed according to the evolution of CO2 (originated from carboxylic acids, anhydrides 
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and lactones) or/and CO (originated from anhydrides, phenols and carbonyls) at different 

temperatures [31, 32]. The total amounts of CO2 and CO released and surface oxygen 

contents were calculated from the corresponding TPD spectra (Table 1). The TPD results 

indicated that there were extremely few oxygen groups on the surface of the pristine GF 

which is in good agreement with the hydrophobic character of the material. After the 

oxidation treatment in the presence of gaseous HNO3 at 250°C for 4 h, the amount of surface 

oxygen functional groups increased more than 18 times for OGF according to the TPD 

experiments. Furthermore, the oxidation treatment also introduces hydrophilicity to the 

composite as shown in Figure 1F where untreated GF remains on top of the water medium 

while the treated, OGF, steadily sinks to the bottom, which is due to the incorporation of 

oxygenated functional groups on the defects or surface of the treated sample [33].   

 

 

Table 1. Surface oxygen determined by TPD-MS (in the form of CO and CO2) 

Sample 

CO CO2 Surface oxygen contents 

(µmol/g) (µmol/g) (µmol/g) (wt %) 

GF 107 29 165 0.26 

OGF 2423 280 2983 4.77 

 

 

TEM analysis is used to investigate the influence of oxidation treatment on the 

microstructure of GF. As displayed in Figure 3, the pristine GF is composed of ordered 

graphitic layers with very little pore on the surface which is in good agreement with it low 

SSA. After the gaseous acid treatment, TEM analysis evidences the formation of a highly 

porous carbon structure on the outer region of the fiber of OGF (pointed out by arrows in 

Figure 3C and D).  
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Figure 3. TEM images of the pristine GF (A, B) and OGF (C, D). The porous microstructure 

generated after the oxidation treatment inside the OGF is highlighted by arrows.  

 

 

According to the TEM analysis the dense carbon structure of the GF was converted 

into a highly porous carbon structure with a large number of pores. It is expected that during 

the treatment to generate such highly porous carbon a large number of surface defects was 

also formed. This is in good agreement with the previous analysis of N2 adsorption-desorption 

isotherm which clearly suggests the significant increased SSA on OGF. Such structure is 

expected to be formed through oxidation of a weakly graphitized carbon by the gaseous 

HNO3 during the treatment, which leaving behind entangled carbon structure with high 

oxygenated decorating defects according to the Raman and TPD results presented above. 

Additional investigation will be made using TEM in tomography mode (TEM-3D) [34] which 

will allow one to get access to the porosity distribution of the sample and the localization of 

the metal nanoparticles with respect to such porosity. The results reported above confirmed 

that the gaseous HNO3 thermal oxidation process is an efficient method for the synthesis of 
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high SSA carbon materials containing structural defects decorated with oxygenated functional 

groups as well as porous architecture. 

2.2 Pd/OGF Characteristics 

The profiles of H2-TPR equipped with mass spectrometer for the supported Pd 

catalysts are shown in Figure 4. The sharp positive peak that appears in both of samples can 

be attributed to the H2 release due to the decomposition of Pd hydride [35]. The absence of 

any H2 consumption (negative peak) preceding hydride decomposition suggests the formation 

of zero-valent Pd at room temperature. The hydride decomposition temperature of Pd/OGF 

(88 
o
C) is lower than that recorded of Pd/GF (96 

o
C), indicating the smaller Pd particle size in 

Pd/OGF [36]. Moreover, there is no any H2 consumption in Pd/GF, suggesting the complete 

reduction of sample at room temperature. Notably, the evolution of H2 in Pd/OGF is 

accompanied by appreciable negative H2 consumption peak around 122 
o
C, which can be 

attributed to the reduction of palladium species that interact with the support more strongly 

[37].  

 

 

 

Figure 4. H2 (m/z = 2) generated during the H2-TPR analysis of the Pd/GF and Pd/OGF.  
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XPS was conducted to perform surface elemental analysis of the catalyst, including 

the metal dispersion and the impact of support on the electronic structure of Pd phase via 

metal-support interactions. The Pd 3d XPS spectra of catalysts (Figure 5A) present two main 

peaks at about 335.2 and 340.5 eV, corresponding to the doublet of Pd 3d5/2 and 3d3/2, 

respectively. In agreement with the literature, the deconvolution of core level Pd 3d5/2 reveals 

the presence of predominant metallic phase (Pd
0
, 335.0 eV), oxide state metal (Pd

2+
, 337.2 eV) 

and a satellite peak (338.4 eV) [38, 39]. There is an additional prominent signal (336.0 eV) 

between Pd
0
 and Pd

2+
, which is ~1.0 eV higher than bulk Pd, suggesting electron transfer 

from Pd to the carbon support, resulting in electron-deficient metal atoms (Pd
δ+

). The 

percentage of each peak as well as the atom percent of surface Pd on the catalyst, determined 

from the XPS survey spectra, are shown in Table 2. The oxide state Pd
2+

, which was ascribed 

to the formation of Pd oxides upon sample storage in air, accounted for very little part in all 

Pd species. Interestingly, in this work, the proportion of Pd
δ+

 in GF supported Pd increased 

after the oxidization of the carbon carrier, indicating a direct correlation between support 

properties and electronic characters of the Pd phase. These metal-support interactions are 

crucial to catalytic performance because they further improve the metal dispersion and 

thermal stability. Moreover, under the similarity of Pd loading amounts in two samples, the 

higher atom percent for surface Pd on Pd/OGF demonstrated that the oxidation process 

enriches the dispersion of Pd species on the surface of GF support (Table 2). 

Some other groups have also reported the presence of Pd
δ+

 phase in the carbon 

supported palladium catalysts, and linked these findings to the existence of metal-support 

interactions or electronic transfer associated with residual surface Cl [40-42]. Besides the 

experimental results [43, 44], the theoretical calculations have also indicated that the electron 

transfer may occur between the carbon and the supported metal, including Pd, Pt, Ru and Ni 

[45-48]. The bonds between metal and carbon atoms can be formed at metal-carbon interface, 

thus providing an efficient link for charge transfer [49]. The transfer orientation could be 

considered by using the simple descriptors, such as electronegativity, which is commonly 

used in solid-state physics/chemistry [50-52]. The difference in electronegativity between 

palladium (2.20) and carbon (2.55) leads to the electron transfer from Pd NPs to carbon 
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support at Pd-C interface. Furthermore, due to the much bigger electronegativity of oxygen 

(3.44), the oxidized carbon support, which is decorated with abundant oxygen functional 

groups at or near to the defects, would have a stronger tendency to attract more electrons from 

Pd NPs than untreated support. By density functional theory calculations, the charge transfer 

from Pd to graphene at graphene-Pd interface was confirmed in the system of monolayer 

graphene on Pd (111) [45]. Moreover, the interaction energies for Pd clusters on oxidized 

graphene are higher than those on a pure graphene support, indicating a significantly stronger 

interaction between the metal and the functionalized carbon support [38]. These results 

corroborate the Pd 3d XPS data (Figure 5A and Table 2) and suggest the high proportion of 

Pd
δ+

 along with the strong metal-support interaction in Pd/OGF catalyst. 

 

 

Figure 5. (A) XPS Pd 3d spectra of reduced catalysts and high resolution TEM micrographs 

for (B) Pd/OGF and (C) Pd/GF.  
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In order to understand the origin of the additional Pd
δ+

 contribution in the XPS 

analysis from the morphology, high-resolution TEM of Pd/OGF and Pd/GF are displayed in 

Figure 3B and C. In contrast to the majority of straight and ordered graphitic layers at the 

Pd-C interface in Pd/GF (Figure 5C), the Pd NPs in Pd/OGF interface (Figure 5B) follows 

more broken and curved carbon layers, suggesting that most of them bind to the structural 

defects decorated with oxygenated functional groups (pointed out by arrows in Figure 5B), as 

well as the charge transfer at Pd-C interface can be induced by the oxygen functionalization of 

carbon support. 

 

 

Table 2. Pd elemental analysis and metal particle sizes of the samples 

Sample 

Pd loading 

(wt%) 

Percentage of peak area (%) Pd 

at%
a
 

Pd particle sizes
b
 (nm) 

Pd
0
 Pd

δ+
 Pd

2+
 Sat. Reduced Spent 

Pd/GF 4.3 73.1 15.1 7.5 4.3 2.7 > 13.5 > 42.5 

Pd/OGF 4.6 61.6 25.4 8.8 4.2 3.6 3.8 ± 0.8 3.8 ± 1.1 

a
 The atom percent of surface Pd elemental on the catalysts determined from the XPS survey 

spectra. 
b
 Pd particle sizes of reduced and spent samples determined by TEM analysis.  

 

 

The Pd particle size distribution on both GF and OGF was investigated by means of 

TEM and the corresponding results are presented in Figure 6. According to the low 

magnification TEM analysis the Pd particles are smaller and homogeneous in size in the 

Pd/OGF catalyst compared to that deposited on the untreated Pd/GF (Figure 6A-B and D-E). 

High resolution TEM micrographs (Figure 6C and F) confirm the high dispersion of the 

palladium nanoparticles with extremely homogeneous in size on the Pd/OGF sample 

compared to that of the Pd/GF, which could be directly attributed to the strong interaction 

between the metal NPs with the defective carbon support surface. On the other hand, TEM 

analysis reveals much lower palladium particles dispersion on the untreated support which is 

in good agreement with the preceding XPS analysis. It is also worthy to note that the Pd NPs 



Chapter 4  

137 
 

are well separate from each other in the Pd/OGF sample with an almost absence of aggregate 

(Figure 6F) while they are presence in the form of large aggregates on the Pd/GF (Figure 6C) 

which pointed out the existence of a strong metal-support interactions with the defective 

carbon support. The particle size distribution of the Pd NPs, determined from more than 200 

particles, is relatively narrow and centered at around 4 nm (Inset of Figure 6F).   

 

 

 

Figure 6. TEM micrographs of the Pd/GF (A, B and C) and Pd/OGF (E, E and F) catalysts 

after reduction and before reaction. Inset of (F): Pd particle size distribution determined 

from > 200 particles. 

 

 

H2-TPD was also conducted for the analysis of metal dispersion (Figure 7), the peak 

area of desorbed H2 on Pd/OGF is much larger than that on Pd/GF, indicating that not only the 

higher dispersion of the Pd NPs, but also the stronger hydrogen uptake capacity of Pd/OGF, 

which is an important consideration in H2-mediated liquid-phase catalysis where the H2 

dissociation on the catalyst surface is a rate limiting step (see discussion below on the 
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influence of H2 concentration on the hydrogenation performance). Such results pointed out 

the importance of structural and functionalization properties of carbon support for obtaining 

high and stable metal NPs dispersion under elevated temperature reduction during catalyst 

preparation. 

 

 

 

Figure 7. H2 (m/z = 2) generated during the H2-TPD analysis of the Pd/GF and Pd/OGF. 

 

 

Based on the result and discussion above, the oxygen functionalization of GF by 

gaseous HNO3 thermal treatment generates a unique architecture consist of abundant 

oxygenated groups decorated structural defects as well as porous structure with high exposure 

surface area. The high specific surface area of OGF provides a large Pd-support interface 

which significantly improve the metal dispersion [53]. Meanwhile the oxygen-rich functional 

groups have great potential as electron acceptors which could provide anchorage sites for the 

metal NPs [54, 55]. Combined with the modification of support electronic property from the 

structural defects, the oxygen functionalization in OGF induces the charge transfer from Pd 

atom to carbon support at metal-C interface, giving rise to a Strong Metal-Support Interaction 

(SMSI) in Pd/OGF associated with the high performance of high dispersed Pd NPs with good 

thermal stability.  
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2.3 Catalytic Performance 

The liquid-phase hydrogenation of cinnamaldehyde using such structured catalyst as 

catalytic stirrer was conducted under different reaction conditions, i.e. stirring speed, initial 

CAD concentration, reaction temperature and hydrogen flow rate, to evaluate the catalytic 

performance between monolithic pristine GF and oxidative OGF supported Pd catalysts.  

Influence of Stirring Speed. The hydrogenation reaction was carried out at 80 °C with 

different stirring speed ranged between 250 and 500 rpm. The catalytic results, expressed in 

terms of CAD concentration, mol/L, as a function of time-on-stream (TOS) are presented in 

Figure 8A. The hydrogenation activity increases and reaches a maximum rate at 375 rpm 

while it slightly decreases at higher stirring rate, i.e. 500 rpm (Figure 8A).  The deviation of 

the cinnamaldehyde conversion at the end of the test could be attributed to the depletion of 

CAD in the medium and thus, inducing a CAD gradient concentration in the liquid medium 

which slower the adsorption rate of CAD on the catalyst surface. The influence of the stirring 

rate on the activity has already been reported by Tschentscher et al. for the oxygen/water 

system with rotating foam catalyst and could be explained by the contacting mode between 

liquid and stirrer during mixing process [56]. As shown in Figure 8C-F, the liquid would 

rotate following the rotated stirrer, and then the strong centrifugal force from high stirring 

speed could make the liquid reactant accumulate close to the wall of the reactor with 

descending liquid interface and then far away from the center of stirrer [57]. Under this 

situation, the reactant could not effectively contact the middle of the catalyst. On the other 

hand, high rate of agitation might cause the swirling flow, which further destroyed the 

micro-mixing. Therefore, the high rotating speed brought the loss of catalytic activity. For the 

subsequence tests, a stirring speed of 375 rpm will be used unless specified.  

The selectivity of the C=C bond hydrogenation product slightly increases as a function 

of the stirring speed and remains almost unchanged between 375 and 500 rpm. The increase 

of the C=C bond hydrogenation selectivity from 250 to 375 rpm could be attributed to the 

rapid refreshment of the liquid layer on the catalyst surface which contributes to a higher 

desorption rate of the intermediate product before secondary hydrogenation occurs. Similar 

results have already been reported previously [58]. The refreshment seems to attaining a limit 
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at higher stirring speed, due to the problem of liquid/catalyst contact as discussed above, and 

only a marginally improvement of the C=C bond hydrogenation was observed. 

 

 

 

Figure 8. Influence of the reaction parameters on the C=C bond hydrogenation on the 

Pd/OGFs catalyst: (A) stirring rate and (B) cinnamaldehyde concentration. (C-F) Digital 

photo of the reactor using catalytic stirrer with different stirring rate. Reference conditions: 50 

mL/min H2, 80°C, 1 atm, 375 rpm and 0.08 mol/L of CAD.  

 

 

Influence of Initial CAD Concentration. The catalytic results, expressed in terms of 

CAD concentration, mol/L, obtained at 80°C with different initial CAD concentrations are 

presented in Figure 8B as a function of time-on-stream (TOS). According to the results the 

C=C bond hydrogenation performance is almost proportional to the CAD concentration which 

confirm that the diffusion is not the limiting steps for the reaction at atmospheric pressure. 

Such results could be explained by the highly porous and micrometric dimension of the 

carbon filamentous and also to the lack of inner porosity of the support which significantly 

increase the reactant diffusion towards the active sites. The fact of using the catalyst as stirrer 
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also provides faster reactant refreshment on the catalyst surface which could contribute to 

such results.   The CAD initial concentration does not modify in a significant manner the 

C=C bond hydrogenation selectivity which remains between 86 and 91% taken into account 

experimental errors consecutive to the GC analysis.  

Influence of the Reaction Temperature. The influence of the reaction temperature was 

evaluated between 40 and 80 °C and under atmospheric pressure. The stirring rate was keep at 

the most efficient value of 375 rpm. The CAD conversion was almost double when increasing 

the reaction temperature from 40°C to 80°C along with the increased C=C bond 

hydrogenation selectivity (Figure 9A). Such results indicate that secondary reaction, i.e. 

complete hydrogenation, is not favored by medium reaction temperature on the Pd/OGF 

catalyst. It seems that the intermediate hydrogenated product is steadily desorbed from the 

catalyst surface before complete hydrogenation occurs while re-adsorption is unlikely to 

occur regardless the reaction temperature. Again, the C=C bond hydrogenation selectivity 

remains between 88 and 91% which indicates that at such reaction temperature almost no 

additional secondary reaction was expected. 

Influence of the Hydrogen Flow Rate. In the hydrogenation process the ability of the 

catalyst to dissociate hydrogen is primordial and the high dissociative adsorption of hydrogen 

allows the reduction of hydrogen in both inlet and exit stream which could be of high interest 

for recycling step. For comparison, the reaction is carried out on both Pd/OGF and Pd/GF 

catalysts, with different palladium dispersions according to the TEM analysis reported above, 

under similar reaction conditions, i.e. [CAD] = 0.08 mol/L and H2 flow rate of 50 mL/min. 

According to the results presented in Figure 9B the two catalysts display a similar activity. In 

light of the results one can conclude that, at low CAD concentration and relatively high H2 

flow rate, dissociative adsorbed hydrogen on the catalyst surface on both high and low metal 

dispersion catalysts is largely sufficient for performing the hydrogenation of the CAD on the 

catalysts surface. 

The catalytic hydrogenation performance of the Pd/OGF catalyst was evaluated under 

a more severe reaction conditions, i.e. CAD concentration of 0.32 mol/L and atmospheric 

pressure with various H2 flow rate (Figure 9C). According to the results the time for complete 
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conversion of CAD slightly increased about 10% when the H2 flow rate was decreased from 

50 mL/min to 12.5 mL/min which confirms that on the Pd/OGF catalyst, with high palladium 

dispersion, the hydrogen dissociative adsorption on the Pd NPs under lower H2 flow rate 

hardly influences the hydrogenation activity, despite in the presence of a higher CAD on the 

catalyst surface due to the increase of CAD concentration in the reaction medium. It seems 

that the rate of hydrogen dissociative adsorption on the small palladium particles of the 

Pd/OGF is high and provides enough adsorbed hydrogen to convert the adsorbed CAD on the 

catalyst surface.  

 

 

 

Figure 9. (A) Influence of the reaction temperature, (B) Cinnamaldehyde conversion as a 

function of the hydrogen flow rate on the Pd/OGF catalyst, (C and D) Cinnamaldehyde 

conversion as a function of the adverse cinnamaldehyde concentration to hydrogen flow rate 

on Pd/OGF and Pd/GF catalysts. Reference conditions: 50 mL/min H2, 80 °C, 1 atm, 375 

rpm, and 0.08 mol/L of CAD.  
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In order to verify such assumption the same reaction was carried out on both catalysts 

under severe reaction conditions: [CAD] = 0.32 mol/L and H2 flow rate = 12.5 mL/min. 

Under these reaction conditions the hydrogenation rate obtained on the Pd/OGF is much 

higher, i.e. more than twice, than the one obtained on the Pd/GF catalyst according to the 

results presented in Figure 9D whereas the hydrogenation rate is similar between the two 

catalysts at high hydrogen flow rate and at low CAD concentration as shown in Figure 9B. It 

is expected that on the Pd/GF with lower palladium dispersion, and as a consequence of larger 

palladium particle size, the rate of hydrogen dissociation seems to be much slower at low 

hydrogen flow rate leading to an insufficient adsorbed hydrogen for the complete 

hydrogenation of the adsorbed CAD on the catalyst surface, and resulting thus to a lower 

hydrogenation performance. Such results indicate that acid treatment allows one to produce 

OGF support with high dispersion properties for metal which, in turn, leads to a highly active 

catalyst for operating under severe reaction conditions. 

The selectivity towards the C=C bond hydrogenation remains almost unchanged which 

indicates that consecutive reaction leading to complete hydrogenated product is not depending 

on the amount of adsorbed hydrogen at the catalyst surface but only on the desorption rate of 

the intermediate product.  

Catalyst Stability as a Function of Cycling Tests. Catalyst deactivation as a function of 

cycling tests is the most common observed trend in heterogeneous liquid-phase processes due 

to several factors such as active phase loss consecutive to leaching or fine formation, catalyst 

loss during the recovery step and also to sintering. In this section the stability behavior of the 

Pd/OGF, Pd/GF and commercial Pd/AC (Pd/activated charcoal provided by Sigma-Aldrich) 

catalysts was evaluated. The weight amount of the catalyst was adjusted in order to have the 

same metal active phase weight for the comparison tests. The cycling tests were carried out as 

follow: for the catalytic stirrers (Pd/GF and Pd/OGF), after reaction the liquid was removed 

and the reactor was filled with 100 mL of dioxane, the catalyst was stirred at 375 rpm for 30 

minutes in order to desorb the adsorbed products on its surface or inside the porosity; for the 

commercial Pd/AC catalyst the powdered catalyst was allowed to settle down before removal 

of the supernatant liquid followed by two consecutive washing steps. The efficiency of the 
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washing step was controlled by analyzing the solution by GC to determine if any reactant or 

product remains in the washing solution. The catalytic performance under the reference 

conditions (50 mL/min H2, 80 °C, 1 atm, 375 rpm, and 0.08 mol/L of CAD), expressed in 

terms of the conversion of CAD and selectivity of HCAD, as a function of cycling tests is 

presented in Figure 10A and B, respectively.  

 

 

 

Figure 10. (A) Cinnamaldehyde conversion and (B) C=C bond hydrogenation selectivity as a 

function of the cycling tests on Pd/OGF, Pd/GF and commercial Pd/AC catalysts. Conditions: 

80 
o
C, 50 mL/min H2, 1 atm, 375 rpm and 0.08 mol/L of CAD. 

 

 

The Pd/OGF catalyst displays an extremely high stability as no deactivation is 

observed even after up to 15 cycling tests (Figure 10A).  On the contrary, the commercial 

Pd/AC catalyst shows a drastic hydrogenation activity loss as only 50% of conversion is 

retained after the second test. The untreated Pd/GF catalyst displays a high hydrogenation 

activity at the beginning followed by a gradual but slower deactivation, compared to that 

observed for the commercial powdered Pd/AC catalyst, as a function of cycling tests. 

However, after fourth cycles only 40% of the initial hydrogenation activity was retained on 

the Pd/GF catalyst which indicates that severe deactivation has occurred. The catalyst stability 

of Pd/OGF was further demonstrated under low conversion, as shown in Figure 11, the 

conversion of CAD over Pd/OGF still remain at 22% along with the HCAD selectivity of 

90% during the fifteen cycling tests. It is worthy to note that a significant selectivity loss on 
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the commercial powder catalyst was observed after only two cycles, but on the contrary, the 

selectivity towards HCAD on both structured catalysts remains unchanged as a function of 

cycling tests (Figure 10B).  

 

 

 

Figure 11. Recycling tests of Pd/OGF catalyst for liquid-phase hydrogenation of CAD at low 

conversion. Conditions: 80 
o
C, 50 mL/min H2, 1 atm, 375 rpm and 0.08 mol/L of CAD. 

 

 

TEM analysis was carried out on the spent Pd/GF and Pd/OGF and the results are 

displayed in Figure 12 and Table 2. The palladium particles on the Pd/OGF, after fifteen 

cycling tests, remain high dispersion with a similar particle size as that observed for the 

freshly reduced catalyst (Figure 12A-C). The Pd particle size distribution (Figure 12C inset) 

determined from more than 200 particles remains at around 3.8 nm which is similar to that of 

the freshly reduced catalyst. On the other hand, there was a dramatic change for the Pd 

particle size on the Pd/GF after only 4 cycling tests where Pd particles assembled in large 

aggregates were observed (Figure 12D-F and Table 2). These data suggest that the 

aggregation or sintering of metal particles was the key factor contributing to the deactivation 

of Pd/GF catalyst during the cycling tests. Indeed, on such structured catalyst the catalyst loss 
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during the recovery step is unlikely occurs. The sintering phenomenon observed could be 

attributed to the low metal-support interactions, i.e. lack of defects and oxygenated functional 

groups, compared to that of the OGF support. It is expected that the sintering of Pd NPs on 

the Pd/GF catalyst is at the origin of the lower hydrogen dissociative adsorption on the 

catalyst as mentioned before, which results in the hydrogenation activity loss with cycling 

tests while maintaining the C=C hydrogenation bond selectivity. Such phenomenon could also 

happen to the deactivated Pd/AC powdered catalyst. On the other hand, the striking selectivity 

loss of this powdered catalyst pointed out the important variation on the catalyst nature, i.e. 

microstructural change. Indeed, the slurry suspension of powder catalysts suffers from the 

inevitable attrition of solid particles under vigorous stirring during the test, and then the finer 

powders formed could led to a troublesome mass transfer of the hydrogenated intermediate 

product in the porosity, which could induce longer sojourn time leading to over-hydrogenation 

before escaping [58]. Besides, as shown in Figure 13, compared with powdery samples, the 

structured catalysts also exhibit easier catalyst-product recovery which represents an 

important parameter for operating liquid-phase reactions.  

 

 

 

Figure 12. TEM images of the spent Pd/OGF (A, B, C) after 15 cycling tests and Pd/GF (D, 

E, F) after 4 cycling tests. 
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Figure 13. Optical photographs of the structured catalyst as catalytic stirrer (A) and 

commercial Pd/AC powder (B) after the liquid-phase reaction. 

 

 

The leaching test was carried out to exclude active species loss of Pd/OGF, as follows: 

after the first hydrogenation run the structured catalyst was separated from the reaction 

solution, and then the identical amount of cinnamaldehyde was added to the recovered 

solution for a second hydrogenation without the catalyst. The test was done in the same 

reaction condition as before. Moreover, in order to verify the recyclability of the catalyst and 

to confirm the leaching tests, the recovered catalyst was further employed in other successive 

catalytic cycles, up to 15 times. In addition, to evaluate the metal loss throughout the cycling 

tests, the leaching test was repeated three times after the first, seventh and fifteenth cycle, 

respectively. In all leaching tests, there was no additional CAD conversion observed, which 

indicates there was the almost negligible leaching of active metal on Pd/OGF catalyst during 

the 15 cycling tests inside the solution medium, thus confirming the strong metal-support 

interaction, which helps not only the Pd dispersion and stability against sintering but also its 

anchorage. The catalyst was compared with other reported Pd-based catalysts in 

hydrogenation of cinnamaldehyde and the different catalytic results are summarized in Table 

3. The Pd/OGF catalyst shows a relatively high catalytic activity and stability as well as 

recyclability compared to the other monolith or powder catalysts operated at lower cycling 

tests, which could be attributed to the strong metal-support interaction to prevent active phase 
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sintering or leaching. Combined with the easier catalyst-product recovery of structured 

catalyst in the liquid-phase process, these results pointed out the high efficiency of the 

monolith Pd/OGF catalyst to perform liquid-phase hydrogenation of cinnamaldehyde.  

3. Conclusion 

In summary, using a simple gaseous acid treatment we succeeded in the synthesis of a 

novel structured catalyst support with high anchorage sites through defects and oxygenated 

functional groups from commercial graphite felt raw material. Such support displays strong 

interaction with the deposited metal NPs which showed excellent catalytic activity and 

stability as well as recyclability through an easy recovery in liquid-phase hydrogenation of 

cinnamaldehyde. It is demonstrated that the charge transfer at Pd-support interface can be 

induced by the oxygen functionalization of GF. The partial positively charged metal phase 

Pd
δ+

, because of the electron transfer from Pd atoms to the OGF through oxygenated 

functional groups decorating defects, are responsible for both anchoring and stabilization of 

Pd NPs, which ultimately account for the enhanced resistance of Pd/OGF to sintering and/or 

aggregation during both catalyst preparation and cycling tests. The as-synthesized Pd/OGF 

catalyst displays high hydrogenation activity even at low hydrogen rate supply and high 

reactant concentration along with high stability with cycling tests. In addition, it is expected 

that the stabilization of metal NPs on oxygen functionalized carbon supports via the 

charge-transfer mechanism is not limited to the Pd/OGF system, but can be extended further 

and made applicable to other carbon supported metal systems. Work is ongoing to evaluate 

such metal/oxidized carbon catalyst, in other gas-phase reactions, i.e. CO2 methanation, where 

highly dispersed metal NPs with good thermal stability play a vital role for catalytic 

performance.   
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Table 3. Hydrogenation of cinnamaldehyde over different Pd catalysts 

Catalyst Shape 
Pd 

wt% 

[CAD] 

mol/L 
Solvent Condition X

a
 % S

b
 % 

Cycling test 

Ref. 
Runs X

c
 % 

Pd/OGF Monolith 5 0.08 Dioxane, 100 mL 80 
o
C, 1 atm, 50 mL/min H2, 375rpm and 2.5 h 100 91 15 100 

This 

work 

Pd/CNF/SiC Monolith 5 0.72 Dioxane 80
 o
C, 1 atm, 60 mL/min H2, 400 rpm and 6 h 100 90 10 91 [8] 

Pd/N-CNTs Powder 10 0.38 Dioxane, 100 mL 80 
o
C, 1 atm, 60 mL/min H2, 400 rpm and 11 h 100 92 2 88 [59] 

Pd/NRGO300 Powder 4.6 4 H2O, 2.5 mL 70 
o
C, 2 MPa, 1000 rpm and 1.75 h 100 96 5 90 [15] 

Pd/ZIF-8 Powder 1 0.2 Isopropanol, 10 mL 40 
o
C, 2 MPa, 600 rpm and 6 h 100 90 4 85 [60] 

Pd-MWCNT/AC Powder 1.5 0.76 Dioxane, 10 mL 70 
o
C, 1 MPa and 2 h 100 74 5 100 [61] 

Pd-NMC Powder 2 0.3 2-propanol, 25 mL 30 
o
C, 5 bar, 800 rpm and 3h 100 93 7 100 [62] 

a
 The conversion of CAD in the initial hydrogenation reaction.  

b
 The selectivity of HCAD in the initial hydrogenation reaction.  

c
 The conversion of CAD in the last cycling test.  
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Abstract 

Structured carbon supports with various surface oxygen and nitrogen functionalities were 

synthesized using commercial carbon felt and were further employed as supports for Pd 

nanoparticles (NPs) in liquid-phase hydrogenation of -unsaturated cinnamaldehyde. The 

surface oxygenated groups, generated previously through vapor acid treatment, play the role 

of exchange site for the selective introduction of the nitrogen-containing functional groups on 

the carbon support during amination of the oxidized carbon support. The nitrogen-containing 

functional groups were converted into nitrogen-doping sites through a high temperature 

annealing step. The surface functionalized sites can play the roles for anchoring Pd NPs, 

further improving the hydrogenation activity and stability. Such doping also leads to the 

polarity change of the catalyst surface, which affect the catalytic activity through the 

adsorption of reactant. The trend of catalytic selectivity towards hydrocinnamaldehyde was 

also correlated with the electronic structure of the Pd NPs. Finally, the macroscopic shape of 

the carbon support enables an easy recovery of the catalyst from the liquid-phase media, 

hereby providing a strategy to rationally design monolith carbon supported catalysts.  

 

 

Keywords: 

Pd nanoparticles, carbon felt monolith, oxidation, amination, nitrogen doping, metal-support 

interaction, selective hydrogenation, catalyst recovery  
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1. Introduction 

Structured carbon materials such as graphite/carbon felt (CF) have been extensively employed 

as macroscopic scaffolds for the growth of nanocarbons, i.e. carbon nanotubes/nanofibers, 

which will be further used as metal-free or as catalyst support in the different catalytic 

processes during the past decades [1, 2]. These hierarchical structured catalysts allow one to 

develop the extensive use of nanocarbons either as catalyst or catalyst support without their 

inherent drawbacks, i.e. large pressure drop along the catalyst-packed bed and the costly 

separation between the powdered catalyst and the product in liquid-solid or gas-liquid-solid 

catalytic processes. However, due to the low specific surface area (SSA) and inert surface 

properties pristine commercial CF cannot be efficiently used directly as support in catalysis [3] 

and is generally associated with nanocarbons, growth from the Chemical Vapor Deposition 

(CVD) on its surface which contribute to an increase of the SSA of the composite on one hand, 

and to modify its final surface properties on the other hand [4, 5] for the anchorage of metal 

active phase nanoparticles. According to the literature reports these hierarchical 

nanocarbon(s)/CF composites display relatively high catalytic performance compared to other 

macroscopic catalysts [6, 7]. Such improved catalytic performance could be attributed to the 

nanoscopic dimension of the outer nanocarbon(s) network, i.e. nanofibers or nanotubes, 

which provides efficient anchorage of the metal nanoparticles, high effective surface area for 

the reactant access and rapid desorption of intermediate product [8, 9]. Nonetheless, this 

composite architecture also displays drawbacks such as energy and time consuming for 

nanocarbons synthesis process, a large waste release (thermal by-products during the 

synthesis and post-synthesis purification steps) and last but not least, the final purification to 

remove the growth catalyst. It is still challenging to develop the structured commercial carbon 

felt with targeted functions for catalytic applications. Meanwhile, despite existing industrial 

mass production and low prices [10], CF-based materials are still scarcely developed in the 

field of catalysis [11-13].  

Nowadays, carbon materials, including active carbon, carbon nanotubes/fibers and 

graphene, can be functionalized with oxygenated groups or doped by introducing heteroatoms 

(i.e. N, O, S, etc.) into the graphitic matrix [14-16]. Such modification allows the tailoring of 
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the physicochemical properties of the final materials, such as surface functional groups, 

defective sites as well as surface reactivity and chemical properties, i.e. electronic alteration 

or basic/acid strength modification, by introducing heteroatoms doping, which allow them to 

be efficiently used not only as metal-free catalysts [17-21], but also as catalyst carrier for 

metal nanoparticles (NPs) [22-24]. As far as the literature reports are concerned, only very 

scarcely results have been reported for the functionalization and catalytic use of commercial 

macroscopic carbon/graphite felt. It is expected that such materials which are commercially 

available could be of high interest for catalysis field application through adequate activation 

process and can be a potential candidate for replacing traditional nanocarbons/felt composites 

for the drawbacks mentioned above.  

The selective liquid-phase hydrogenation of α, β-unsaturated aldehydes such as 

cinnamaldehyde (CAD) to α, β-unsaturated alcohols or saturated aldehydes is a practically 

significant process as it produces useful intermediates for fine chemical industries including 

pharmaceuticals, food additives and fragrances [25-27]. Recently, hydrocinnamaldehyde 

(HCAD) was found to be an important intermediate in the synthesis of pharmaceuticals used 

in the treatment of HIV [28]. The selectivity to the desired product, i.e. C=C or C=O bond 

hydrogenation, resulted from hydrogenation of cinnamaldehyde is mainly based on the 

microstructure of the active metal, by improving the dispersion or by adding promoter, as well 

as the surface chemistry of the support. In general, Pd-based catalysts are of the most used for 

the selective hydrogenation of the C=C bond to produce HCAD [29, 30]. Although the 

reduction of the C=C group is favored thermodynamically [31], it is still challenging to 

achieve exclusive selectivity of unsaturated C=C group to its hydrogenated corresponding 

over heterogeneous Pd catalyst with hydrogen and the total hydrogenated product is still 

presence at different concentration depending to the catalyst [32]. Carbonaceous materials are 

desirable supports for the noble metal catalysts due to their low cost, customized textural and 

physical properties, along with an easy recycling of the precious metal, which can be carried 

out simply by combustion of the spent catalyst [33-35]. However, carbon materials without 

any functionalization usually display weak anchorage properties for noble metal NPs, and 

thus, the active NPs are prone to sintering during the preparation and reaction, as well as 
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leaching in liquid-phase reactions, which contribute to the shortening of the catalyst lifetime 

[36]. In addition, micropores, i.e. activated charcoal, should also be avoided as much as 

possible as their induced long apparent sojourn time of the intermediate product leading to a 

degradation of the process selectivity. 

In this work, the commercial carbon felt (CF) was stepwise chemically functionalized 

through the redox process. Firstly, the oxidation treatment with gaseous HNO3 was used to 

produce oxidized CF (OCF), and then aminated OCF (AOCF) was synthesized by reductive 

amination of OCF using urea under hydrothermal conditions. After further high temperature 

annealing under inert atmosphere, the AOCF was transformed into nitrogen-doped CF 

(NAOCF). For bench-marking process the commercial carbon felt was also tested. The 

catalysts consisted by depositing palladium nanoparticles (Pd NPs) on the different supports 

are tested in the liquid-phase hydrogenation of cinnamaldehyde. The results provide 

evidences that the NAOCF with N-doping and defective surface is the most effective to 

anchor Pd NPs and keep them dispersed and thus, exhibits a significant improvement of the 

hydrogenation performance compared to the other catalysts. The Pd/NAOCF catalyst also 

displays significant improved selectivity for the selective hydrogenation of C=C bond with 

high stability as a function of cycling tests.  

2 Results and discussion 

2.1 Synthesis and characterization of the carbon supports  

The specific surface area (SSA) of CF-based samples was raised from 29 m
2
/g, for the 

pristine CF, to 300 to > 500 m
2
/g, for the chemically functionalized ones depending to the 

pre-oxidation process conditions (Figure 1A). The AOCF sample displays a highest SSA, i.e. 

550 m
2
/g, which further decreases to about 350 m

2
/g after annealing at high temperature for 

introducing the nitrogen-doped sites inside the carbon framework. The pore size distribution 

remains close for the OCF, AOCF and NAOCF samples with a higher pore volume for the 

AOCF sample which is in good agreement with the high SSA. The large SSA increase after 

amination process could be explained by the fact that water and CO2 generated during the 

hydrothermal synthesis could further react with the carbon leading to the consumption of this 
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later along with the formation of additional pores which contributes to the increase of the 

sample SSA.  

The treatment also induced a weight loss of OCF of about 16% compared with the 

untreated one (Figure 1C). The main weight loss occurs after the HNO3 treatment according 

to our previous work [13, 18, 37]. Such weight loss can be attributed to the reaction between 

the carbon and the oxygen containing reactant which is at the origin of the formation of 

defects and oxygenated functional groups on the sample with a concomitant increase of the 

SSA. Additional chemical/thermal treatment of the OCF leads to a marginal weight loss 

which could be attributed to some oxidation during the hydrothermal or the high temperature 

annealing process. The introduction of defects and oxygenated functional groups on the OCF 

sample can be also evidenced according to the Raman results which show an increase of the 

ID/IG ratio from 1.4 to 1.8 for the CF and OCF respectively (Figure 1D). Meanwhile the D' 

peak of the OCF which is assigned to the disordered graphitic fragments becomes more sharp 

than that of CF. In addition, the blue shift of G peak in the OCF may be attributed to the O–H 

bending and C=O stretching generated on the surface of treated sample. The oxidation 

treatment also increased the atomic percent of surface oxygen elemental on the OCF more 

than twofold to reach 10.6 at%, compared to 4.4 at% of that on the pristine commercial CF 

(Table 1) which is in good agreement with the presence of large oxygenated functional 

groups.  
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Figure 1. (A) Specific surface area, (B) pore size distribution, (C) weight percent loss, and (D) 

Raman spectra of different carbon-based samples.  

 

 

The TPD-MS results based on the CO2 (m/z = 44) and CO (m/z = 28) evolution as a 

function of the temperature on the different carbon samples, i.e. CF, OCF and AOCF, are 

presented in Figure 2A and B. According to the results a significant amount of oxygen was 

incorporated in the CF sample after the HNO3 treatment. The TPD-MS spectra of the AOCF 

sample indicates that a large amount of the oxygenated compounds incorporated during the 

HNO3 treatment was removed after the amine treatment. It was suggested that during the 

amination process under hydrothermal conditions, the ammonia derived from the urea 

hydrolysis was further reacting with the hydroxyl groups present on the OCF surface, such as 

carboxylic acids, anhydrides, and phenols, leading to the formation of amine groups (-NH2 

and -NH-) on the surface of the aminated carbon felt (AOCF) with a concomitant release of 
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water [38]. The significant exchange of oxygenated functional groups by nitrogen groups is 

also evidenced by the ATR-FTIR in Figure 2C. The XPS survey spectra in Figure 2D confirm 

the oxygen incorporation after the HNO3 treatment followed by oxygen-nitrogen exchange 

during the hydrothermal amination, leading to a significant oxygen loss from the OCF 

sample. 

 

 

 

Figure 2. (A) CO2 (m/z = 44) and (B) CO (m/z = 28) generated during the TPD analysis of 

the CF, OCF and AOCF, (C) ATR-FTIR spectra of CF and OCF, and (D) XPS survey scan of 

samples, respectively.  

 

 

The surface concentration of C, O and N species, determined by semi-quantitative 

analysis from the XPS survey spectra, is summarized in Table 1 and confirms the results 

obtained by TPD-MS and ATR-FTIR. 
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Table 1. Elemental analysis of different samples  

Samples 

Atom percentage (at%)
a
 

O/C (%) N/C (%) 

C O N 

CF 95.6 4.4 - 4.6 0 

ACF 92.8 5.5 1.7 5.9 1.8 

OCF 89.4 10.6 - 11.9 0 

AOCF 87.4 8.4 4.2 9.6 4.8 

NAOCF 94.8 2.1 3.1 2.2 3.3 

a
 The atom percent of surface element on the samples determined by the XPS survey spectra.  

 

 

The high resolution and deconvoluted O 1s and N 1s XPS spectra recorded on the 

different samples are presented in Figure 3 and 4. According to the results presented in Figure 

3A to C, the O 1s concentration significantly increases after the different treatments, i.e. ACF 

and OCF, which could be attributed to the surface corrosion in the presence of oxidant 

reactants such as water, CO2 and HNO3. XPS analysis (Figure 3C) confirms the presence of a 

wide variety of oxygen functional groups including C=O, O-C=O and C-O groups formed on 

the treated sample [39], at a concentration of 36 %, 25 % and 33 %, respectively. Such results 

indicated that the strong oxidant derived from gaseous HNO3 etched the graphene lattice of 

carbon felt during the treatment, which created a unique architecture made up of abundant 

oxygen-containing functional groups with porous structure decorated surface defects (Figure 

1B and D) [40]. The samples after nitrogen incorporation through hydrothermal process and 

after high temperature annealing display a significant loss of the oxygenated groups which 

could be attributed to reactions with the nitrogen containing species (Figure 3D and E). These 

results can be clearly observed in the graph of Figure 3F and in Table 2.  
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Figure 3. O 1s high-resolution XPS spectra of (A) CF, (B) ACF, (C) OCF, (D) AOCF, (E) 

NAOCF, and (F) oxygen-containing functional groups and total oxygen content of the 

samples determined from the XPS results.  
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Table 2. Oxygen elemental analysis on the different samples  

Samples 
Ototal/C

a
 

(%) 

Surface O species/C (%) 

C=O O-C=O C-O Chemisorbed O2 or adsorbed H2O 

CF 4.6 0.4 2.6 1.2 0.4 

ACF 5.9 1.4 1.7 2.1 0.7 

OCF 11.9 4.2 3.1 3.9 0.7 

AOCF 9.6 3.2 1.8 3.5 1.1 

NAOCF 2.2 1.1 0.5 0.5 0.1 

a
 The content ratio of surface oxygen to carbon element on the samples determined by the 

XPS survey spectra.  

 

 

The nitrogen species are detected on the different samples after amine groups 

incorporation through hydrothermal step and after annealing process as shown in Figure 4A to 

C. The AOCF sample displays a highest amine concentration up to 4.8 at. % (Table 1) and is 

constituted by 70 % primary amine (-NH2) and 30% of secondary amine (-NH-) groups [41], 

respectively (Table 3). The nitrogen content and nitrogen species incorporated in the different 

samples are presented in Figure 4D and in Table 3.  
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Figure 4. N 1s high-resolution XPS spectra of (A) ACF, (B) AOCF, (C) NAOCF, and (D) 

nitrogen-containing functional groups and total nitrogen content of the samples determined 

from the XPS results.  

 

 

Additional thermal treatment under inert atmosphere allows one to convert the amine 

(-NH2 and -NH-) groups on the AOCF sample into N-doped carbon composite, i.e. NAOCF 

[42], which contains majority of pyridinic N species, along with few pyrrolic and graphitic N 

as shown in Figure 4C and in Table 3. After the annealing process to convert the amine 

functional groups into nitrogen-doped carbon a significant loss of nitrogen was observed as 

shown in Figure 4D. Such nitrogen loss could be attributed to the decomposition or 

desorption of the amine groups during the annealing process. As a result of the thermal 

decomposition of functional groups, the oxygen atom percent of AOCF sample was dropped 

from 8.4 at% (O/C= 9.6 %) to 2.1 % (O/C = 2.2 %) for the N-doped AOCF (Table 1). The 
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high-temperature annealing also led to a reduction of the specific surface area of the NAOCF 

(Figure 1A), which may be resulted from the collapse of the porous channels (Figure 1B).  

 

 

Table 3. Nitrogen elemental analysis on the different samples  

Samples 

N 

at%
a
 

Surface N species/Ntotal (%) 

-NH2 -NH- 
Pyridinic 

N 

Pyrrolic 

N 

Graphitic 

N 

Oxidized 

N 

ACFs 1.7 81.2 18.8 - - - - 

AOCFs 4.2 70.5 29.5 - - - - 

NAOCFs 3.1 - - 64.7 16.0 13.5 5.8 

a
 The atom percent of surface nitrogen element on the samples determined by the XPS survey 

spectra.  

 

 

The oxidative stability of the structured carbon without or with functionalization was 

studied by TGA (Figure 5). Compared with pristine blank CF, the carbon samples after 

functionalization display lower oxidative resistance values. On one hand, the evident 

increment on SSA of functionalized carbon materials provided higher surface contact between 

reactant gas and the samples [13], which could promote the oxidation process. On the other 

hand, the large number of different oxygen- or nitrogen-containing functional groups or 

nitrogen-doped species decorated structural defects, which could be involved as active sites 

for the dissociative adsorption of O2 [43], would also participated in the combustion reaction 

of CF samples.  
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Figure 5. TGA profiles of different carbon materials without or with functionalization.  

 

 

The morphologies of the samples were characterized by SEM and the representative 

SEM micrographs are presented in Figure 6. According to the SEM results the gross 

morphology of the functionalized samples remains similar to that of the pristine CF. Such 

results confirm the complete retention of the hierarchical structure of the CF upon treatment 

which represents a net advantage for the catalytic application. It is expected that changes, i.e. 

defects decorated with functional groups and porosity, induced by the different 

functionalization processes are not accurately evidenced by SEM technique. Combined with 

previous discussions of activated CF with the porous structures, i.e. mass loss and graphite 

structural defects, it is suggested that all the chemically functionalizations of carbon felt 

during the different treatments in this work, including the oxidation, amination and 

nitrogen-doping, give rise to the variation of carbonaceous framework, which is mainly 

controlled at the nanoscale. 
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Figure 6. SEM micrographs of (A) CF, (B) ACF, (C) OCF, (D) AOCF and (E) NAOCF.  

 

 

2.2 Synthesis and characterization of the catalysts  

In the catalysts preparation, the palladium precursor (0.8 mmol/L) in the aqueous 

solution was reduced at room-temperature in the presence of NaBH4 and directly deposited on 

the carbon supports. The reduction with subsequence anchorage of active metal onto the 

support will induce a color change in the supernatant solution. The Pd species seemed to be 
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easily reduced and anchored on the OCF, AOCF and NAOCF supports as witnessed by the 

change in color of the solution as shown in Figure 7. On the other hand, reduction seems to 

occur in the liquid phase despite no or very low Pd anchorage happens with the CF and ACF 

supports according to the fact that the solution still remains dark brown (Figure 7). The results 

observed indicate the complete reduction/anchorage of active metal on the OCF, AOCF and 

NAOCF. The oxygen- and nitrogen-containing as well as structural defects on the carbon 

supports are expected to play the role of active sites for anchoring metal species, at the same 

time the porous structure will provide the interface for the interaction between the active 

metal and carbon support [34]. By comparing the quantity of these anchorage sites and 

surface area as discussed above, OCF and AOCF as well as NAOCF display high adsorption 

and stronger metal immobilizing capacity than the pristine CF and ACF, thereby leading to the 

more Pd loading on the supports. A series of carbon supported Pd catalysts were examined by 

ICP-AES, the Pd contents of Pd/OCF, Pd/AOC and Pd/NAOCF were as 1.0, 1.1 and 1.1 wt %, 

respectively, which are far higher than 0.1 wt % Pd for both Pd/CF and Pd/ACF.  

 

 

 

Figure 7. Digital photos of aqueous palladium solutions with different carbon supports after 

in situ reduction with NaBH4 at room-temperature, and the corresponding weight percent of 

the Pd supported on the catalyst (wt% Pd) measured by ICP-AES.  

 

 

XPS analysis based on the intensity ratio and binding energy shift of Pd 3d (Figure 8 

and Table 4) was used to investigate the dispersion of the active metal and the metal-support 
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interaction on the electronic structure of Pd nanoparticles. As listed in Table 4, although the 

Pd loading weight of Pd/OCF, Pd/AOCF and Pd/NAOCF is almost identical, there is a 

significant variation of surface Pd atom percent on these modified CF supports with the 

following sequence: Pd/NAOCF > Pd/AOCF > Pd/OCF, suggesting the higher dispersion of 

active metal as well as the smaller particle size on Pd/NAOCF catalyst.  

The Pd 3d XPS spectra of the series catalysts (Figure 8A-C) present two main peaks at 

about 335.2 and 340.5 eV, corresponding to the spin-orbit split doublet of Pd 3d5/2 and 3d3/2, 

respectively. According to the result of the deconvolution of core level Pd 3d5/2, Pd is 

observed in the various contributions of electronic state, including the predominant metallic 

phase (Pd
0
, 335.1 eV), ionic state metal (Pd

2+
, 337.2 eV) and a satellite peak (338.4 eV) 

[44-46]. The presence of an additional prominent signal at 335.9 eV was required to fit the 

spectra in each sample, which is between Pd
0
 and Pd

2+
. This contribution here is attributed to 

the electron-deficient metal atoms (Pd
δ+

), resulting from the electronic interaction between Pd 

species and the carbon support via a charge transfer. The functional species on the surface of 

CF support are suggested to have a great influence on the Pd electronic structure with special 

distribution of metal states. Pd NPs supported on AOCF and NAOCF tends to have more Pd
δ+

 

than that of Pd/OCF sample, indicating that the introduction of nitrogen on CF supports is in 

favor of forming Pd
δ+

 species during the reduction process, moreover, the Pd/NAOCF catalyst 

with nitrogen dopants possesses the highest percent of Pd
δ+

 phase among three samples. 
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Figure 8. Pd 3d high-resolution XPS spectra of (A) Pd/OCF, (B) Pd/AOCF, (C) Pd/NAOCF 

and (D) Pd species and Pd total content determined from surface XPS analysis. 

 

 

Table 4. Palladium elemental analysis of the samples from the XPS analysis  

Samples 
Pd  

wt%
a
 

Pd  

at%
b
 

Surface Pd species/Pdtotal (%) 

Pd
0
/Pd

δ+
 

Pd
2+

 Pd
δ+

 Pd
0
 

Pd/OCF 1.0 1.5 18.5 24.3 57.2 2.4 

Pd/AOCF 1.1 2.2 15.3 27.3 57.4 2.1 

Pd/NAOCF 1.1 3.5 13.0 33.9 53.1 1.6 

a
 The palladium weight percent of the samples determined by the ICP-AES.  

b
 The atom percent of surface palladium element on the samples determined by the XPS 

survey spectra.  
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These metal-support interactions are significant because they not only enhance the 

dispersion of Pd NPs, but also alter the Pd core (3d) electrons and oxidation states, and 

modify as a consequence the final catalytic performance of the catalysts.  

TEM analysis was carried out on three catalysts, i.e. Pd/OCF, Pd/AOCF and 

Pd/NAOCF, and the results are displayed in Figure 9. According to the TEM results the metal 

dispersion is relatively high on the different catalysts and the most homogeneous dispersion 

was observed for the Pd/NAOCF catalyst.   

 

 

 

Figure 9. TEM micrographs of the Pd/OCF (A), Pd/AOCF (B) and Pd/NAOCF (C) catalysts 

after reduction and before reaction.  

 

 

2.3 Catalytic performance on the selective hydrogenation of cinnamaldehyde  

The liquid-phase hydrogenation of cinnamaldehyde was carried out on the different 

Pd-based catalysts. The catalytic performance, expressed in terms of CAD and HCAD 

concentration, mol/L, as a function of time-on-stream (TOS) are presented in Figure 10. The 

Pd/CF and Pd/ACF display poor hydrogenation activity which could be due to the low Pd 

loading and also to the poor dispersion. On the other hand, the Pd/NAOCF displays the 

highest catalytic performance for the hydrogenation of C=C bond in CAD among all the 

tested catalysts (Figure 10A). The high hydrogenation activity may be ascribed to the high 

dispersion of Pd NPs on NAOCF support, confirmed by XPS and TEM analysis (Table 4 and 

Figure 9), which provide more exposure of active sites for the reaction [37]. The Pd/OCF and 
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Pd/AOCF catalysts display intermediate hydrogenation activity compared to the Pd/NAOCF, 

Pd/CF and Pd/ACF catalysts. Although the surface atom percentages of Pd on both Pd/AOCF 

and Pd/NAOCF are higher, i.e. more metal exposure sites, than that of Pd/OCF, the Pd/AOCF 

displays a slightly lower hydrogenation activity than the Pd/OCF and much lower compared 

to the Pd/NAOCF. A possible explanation of these results could be attributed to the influence 

of support effect via the adsorption of CAD on the carbon surface [47]. In the case of Pd/OCF 

the introduction of abundant oxygenated groups on the CF defective surface after the 

oxidation treatment increases the polarity on the surface of carbon support which could play 

an effective role for the anchorage of the reactant [48]. However, as shown in Figure 11, the 

polar carbon surface is not effective for CAD adsorption via the phenyl ring directly on the 

catalyst support, and then the periphery of metal NPs that are in direct contact with the 

support cannot effectively participate in the reaction, thereby decreasing the hydrogenation 

activity [49, 50]. For the Pd/AOCF an increase of surface polarity is expected due to the 

presence of both oxygen and nitrogen functional groups on the surface after oxidation and 

amination process (Table 1). Such increase of the support surface polarity leads to the same 

problem of reactant adsorption as discussed above for the Pd/OCF catalyst.  

 

 

 

Figure 10. (A) Cinnamaldehyde conversion expressed in terms of CAD concentration and (B) 

C=C bond hydrogenation (HCAD) selectivity as a function of the time on stream on Pd/CF, 

Pd/ACF, Pd/OCF, Pd/AOCF and Pd/NAOCF catalysts, respectively. Conditions: 80 
o
C, 25 

mL/min H2, 1 atm, 300 rpm and 0.08 mol/L of CAD.  
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Figure 11. Schematic representation of CAD adsorption on the different Pd-based catalysts 

surface which could explain the enhanced activity of the Pd/NAOCF catalyst with nonpolar 

support surface.  

 

 

On the Pd/ NAOCF catalyst a net change on the support polarity was expected after 

the annealing process at 900 
o
C. During the annealing process the support surface is converted 

from polar to nonpolar one consecutively due to the removal of the surface oxygenated groups 

as well as the transformation of the surface nitrogen-containing functional groups into 

N-dopants within the graphite basal plane. This change in polarity of carbon support promotes 

the adsorption of the reactant, together with the high dispersion of active metal, resulting in 

the high hydrogenation performance of the Pd/NAOCF. 

The Pd/NAOCF catalyst also displays a highest selectivity towards HCAD, i.e. C=C 

bond hydrogenation, compared to the other catalysts (Figure 10B). Such high C=C bond 

selectivity could be explained again by the combination of support surface polarity and metal 

active phase dispersion. 

In batch reaction the intrinsic selectivity could be gradually decreased as increasing 

the total conversion due to the secondary reactions and thus, it is of interest to compare such 

selectivity at both low and high conversion. The selectivity to HCAD at 10% of CAD 

conversion on the different catalysts is shown in Figure 12. The Pd/NAOCF displays the 

highest selectivity towards HCAD at around 91 % among three samples while Pd/OCF 

displays the lowest one at 74 %. It was reported that the polarity of carbon support influences 

not only the reaction activity as discussed above, but also the hydrogenation selectivity on the 
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Pt/CNF [50]. The less polar catalyst surface enhanced the CAD adsorption via the phenyl ring 

on the carbon support, meanwhile the reactant might direct the C=O bond towards the 

periphery of Pt NPs leading to an increase in selectivity of CAL. It is clear that this 

explanation with Pt cannot directly be used in this work due to the difference in terms of 

active metal nature, i.e. Pd versus Pt. Indeed, Pd is more prone to catalyze the C=C bond 

hydrogenation and as expected there is no CAL, issued from the C=O bond hydrogenation, 

produced on all the tested catalysts in the present work. Furthermore, hydrogenation of CAD 

is suggested to be a structure-sensitive reaction in terms of selectivity. In previous studies, 

density functional theory (DFT) calculations confirmed that the smaller Pd NPs (represented 

by Pd4 nanocluster) favor the C=C-centered adsorption on the metal surface, while the larger 

ones (represented by Pd(111) surface) were more conducive to the C=O-centered adsorption 

[51]. On the other hand, the aromatic rings could be repelled by the flat metal surface, on 

large metal particle, with a distance exceeding 0.3 nm owning to the energy barrier to the 

surface, in that way hampering the C=C bond to approach the metal surface [52]. Consistent 

with these explanations, the adsorption of C=C bond would be more beneficial on the smaller 

Pd particles of Pd/NAOCF thereby giving a higher selectivity to HCAD. However, real 

catalysts are seldom pure metallic surfaces but rather metal NPs dispersed on different 

supports. The structure of the active metal affected by the interaction with the support, 

especially electronic structure [53, 54], should be taken into account in the interpretation for 

the selectivity obtained in those cases. The correlations between electronic structure and 

selectivity to HCAD were established on different catalysts as shown in Figure 12. The 

carbon supported Pd catalyst with low Pd
0
/Pd

δ+
 atomic ratio displays a high HCAD selectivity. 

It is demonstrated that the selective hydrogenation of CAD towards C=C or C=O bond is 

determined by the position of the d band center of the active metal. Metals with a d band 

center far from the Fermi level (e.g., Pt) are selective for C=O bond hydrogenation towards 

CAL, while Pd is more selective at C=C bond hydrogenation towards HCAD [55]. 

Furthermore, the high intensity of electron depleted Pd
δ+

 within the metal active phase from 

electronic metal-support interaction (EMSI), would bring about the up-shift of its d band 

center, thus increasing the hydrogenation selectivity of HCAD [56].  
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Figure 12. Effect of carbon supports on catalytic performance (the selectivity to HCAD at 

10% CAD conversion, the values correspond to the average selectivity calculated for three 

independent experiments ± the corresponding standard deviation) and electronic structure of 

palladium (the peak ratio of Pd
0
 to Pd

δ+
 determined by the Pd 3d XPS spectra,), respectively.  

 

 

For liquid-phase process the major advantages of a heterogeneous catalyst are its 

stability under reaction conditions as well as easy recovery from reaction media compared to 

the homogeneous catalyst. The cycling tests of Pd/OCF, Pd/AOCF and Pd/NAOCF were 

conducted under the same conditions, and the catalytic stability of all three samples was 

investigated whether at low or high conversion as shown in Figure 13. During the four 

successive runs, the selectivity of HCAD on Pd/NAOCF still remains around 91% at both low 

and high conversion. While Pd/OCF and Pd/AOCF suffer from a decrease in HCAD 

selectivity at high conversion compared with low conversion, implying the distinctive 

structure of metal active phase against the occurrence of side reaction on Pd/NAOCF. The 

catalysts after the cycling tests were examined by ICP-AES in order to rule out any problem 

of metal leaching during the tests. The results indicated that the Pd content of the spent 

samples was between 1.0 and 1.1 wt % and remains close to the initial Pd content on the 

different catalysts (Table 4), indicating the existence of a strong anchoring effect derived from 

strong metal-support interaction (SMSI) provided by the different functionalized carbon 
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supports for the anchorage of the Pd NPs [57]. In addition, the macroscopic shape of these 

catalysts (Figure 7) allows one to easily perform the catalyst recovery from the liquid-phase 

medium without catalyst loss during the filtration and recovery process as encountered with 

the powdery catalysts.  

 

 

 

Figure 13. Cinnamaldehyde conversion and C=C bond hydrogenation selectivity as a 

function of the cycling tests at (A, B) low and (C, D) high conversion on Pd/OCF, Pd/AOCF 

and Pd/NAOCF catalysts, respectively. Conditions: 80 
o
C, 25 mL/min H2, 1 atm, 300 rpm and 

0.08 mol/L of CAD.  
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3. Conclusions 

In summary, a series of surface-modified commercial macroscopic shape carbon felt 

were developed by the interlocking treatments including the oxidation, amination and 

nitrogen-doping through thermal annealing process. The introduction of abundant oxygenated 

groups by gaseous HNO3 treatment, i.e. OCF, facilitates the O↔N surface exchange during 

the amination using urea hydrothermal process and thus, leads to the formation of surface 

containing nitrogen species, i.e. AOCF. The surface amino groups on the AOCF were further 

converted into nitrogen-dopants directly in the graphite framework, i.e. NAOCF, after thermal 

annealing step. These supports present high interaction with the palladium salt leading to the 

formation of small and homogeneous palladium nanoparticles which display high catalytic 

performance for the liquid-phase hydrogenation of cinnamaldehyde. However, it is worthy to 

note that the less polar carbon support surface, i.e. NAOCF, further improved the catalytic 

activity of the supported Pd NPs. It was proven that the nitrogen functionalities could induce 

the higher dispersion of active metal phase with lower electron density than the oxygen 

functionalities, via the electronic interaction between metal and support. The Pd NPs with 

unique electronic structure with high Pd
δ+

 content in the Pd/NAOCF displayed a superior 

chemoselectivity hydrogenation toward hydrocinnamaldehyde. The macroscopic shaping of 

the catalysts provides an easy way for operating the catalysts recovery unlikely to the 

powdered ones where tedious filtration was necessary. The methodology presented in this 

work provides a new route for the rational design of structured catalysts through surface 

functionalization and thus enhancing the catalytic hydrogenation performance and improve 

the catalyst recovery. It is expected that such macroscopic and structured supports can also be 

effectively used for hosting other metal nanoparticles which can be used not only for 

liquid-phase but also for gas-phase catalytic processes, especially for exothermic reactions, 

where high accessibility and thermal conductive entangled support are of high interest.  
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Abstract 

Thiol-containing modifiers with high affinity for active metal are considered to regulate the 

catalytic performance in heterogeneous catalysis but still with challenge due to their potential 

surface poisoning. Here, a novel structured carbon support decorated with thiol groups is 

successfully synthesized via thermal reaction between guest H2S gas and the oxidized carbon 

felts generated on the basis of gaseous acid treatment. By preparing such thiolated carbon 

monolith supported Pd NPs as a model catalyst, we demonstrate the electronic effect induced 

by the surface thiols to steer the catalytic performance in the liquid-phase hydrogenation of α, 

β-unsaturated cinnamaldehyde. Detailed studies reveal that during the catalyst preparation the 

thiol groups cannot only serve as anchoring sites for active metal at Pd-support interface, but 

also migrate from support to the surface of Pd NPs and thus exist as the capping “ligands” to 

hinder or moderate the catalytic activity. Furthermore, tuning the atomic ratio of sulfur to 

palladium in catalyst is able to prevent the poisoning effect on the reaction activity. The 

electronic metal-support interaction with charge transfer from Pd atom to thiol-S of carbon 

support through Pd-S bond helps to form the unique electronic configuration of Pd NPs with 

high intensity of electron depleted Pd
δ+

, leading to the excellent chemoselectivity towards 

C=C bond hydrogenation.  

 

 

 

 

Keywords: 

Thiols, carbon felts monolith, thiolation, Pd nanoparticles, electronic metal-support 

interaction, selective hydrogenation, surface poisoning effect 
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1. Introduction 

The organosulfur compounds, especially aliphatic thiols, have been widely used to decorate 

the noble metal surface in the field of nanotechnology [1, 2]. The high affinity of sulfhydryl 

groups (-SH) for the noble metal surface provides self-assembled monolayers (SAMs) of 

long-chain alkanethiols to promote the reaction performance by controlling the surface 

environment of heterogeneous catalysts [3, 4]. These organic ligands on the metal substrates 

not only bring in the steric effects in catalysis [5], but also stabilize the metal surface atoms 

and modify the electronic states at metal-sulfur interfaces [6], which in turns, modify the 

catalytic performance of the system. The thiols can be further employed as direct linkages 

between precious metal nanoparticles (NPs) and support matrix to enhance the dispersion of 

active phase and then improve its activity in numerous catalytic processes [7, 8]. However, 

metal based catalysts are generally recognized to be susceptible to surface poisoning by 

strongly adsorbed sulfur-containing species [9, 10]. On the one hand, for the thiolated carbon 

supported catalysts the sulfur content should be removed by pretreatments before their 

catalytic uses [11-14]. On the other hand, the sulfur from thiol groups is reported to have no 

surface poisoning effect on the catalyst when the S-containing moiety is strongly adhered to 

the carbon support [15]. Hence, there still remains a room for the understanding of the effect 

of thiols on the reaction performance in the thiolated carbon supported catalytic systems. To 

date, the thiolated carbon materials are widely synthesized as powder-shaped samples by 

complex and continuous processes, including oxidation, halogenation and thiolation 

treatments [16]. Nevertheless, these procedures are mostly operated in the stirred liquid 

medium and then are linked with the troublesome washing and filtration steps, which are thus 

frequently accompanied by structural damages and quality loss of the treated material and are 

not suitable for mass production.  

The hydrogenation of α,β-unsaturated aldehydes to the corresponding unsaturated 

alcohols or saturated aldehydes is a crucial step in the preparation of useful intermediates for 

fine chemical industries [17]. Recently, hydrocinnamaldehyde (HCAD), which is a 

hydrogenated product of α,β-unsaturated cinnamaldehyde (CAD), was found to be an 

important intermediate in the synthesis of pharmaceuticals used in the treatment of HIV 
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disease [18]. Several attempts on the CAD hydrogenation have been made to develop a 

suitable catalytic system for performing high catalytic activity along with high selectivity 

towards the desired product distributions [19-22]. The literature data reported that Pd catalysts 

are in favor of the hydrogenation of the C=C double bond to produce HCAD [17, 23], and the 

appropriate catalyst architecture along with the unique electronic structure of active metal will 

promote the reaction selectivity [24, 25]. As the most broadly studied catalytic systems for 

this process, although the reduction of the vinyl group is more readily achieved 

thermodynamically than that of carbonyl [26], it is still a difficult task for the selective 

hydrogenation of CAD into HCAD meanwhile refraining from the complete hydrogenation of 

both unsaturated C=C and C=O bonds into hydrocinnamylalcohol (HCAL) [27-29].  

In this work, we report on the synthesis of thiols decorated carbon monolith felt by the 

combined functionalization of macroscopic commercial carbon felt (CF) with gaseous nitric 

acid and subsequent treatment in the presence of hydrogen sulfide. The facile and effective 

thiolation method is benefiting from the processing condition of gas phase and the 

employment of structured carbon material. The carbon pre-oxidation, the H2S concentration 

and the introduction of steam in the gas-phase thiolation process, as well as the post-treatment 

under high temperature were investigated for the development of thiol groups decorated 

carbon structure. The thiolated carbon felt was then used to support palladium nanoparticles 

(NPs) for the liquid-phase selective hydrogenation of α,β-unsaturated cinnamaldehyde. The 

catalytic performance, whether reaction activity or C=C bond hydrogenated selectivity, has 

been shown to be closely related to the interaction between thiols and Pd NPs. Furthermore, 

the Pd catalysts with reduced thiol content and S-dopant derived from thiol groups were tested 

in the hydrogenation reaction to help understand the effect of surface sulfur species on the 

catalyst.  

2. Results and Discussion 

2.1 Synthesis and characterization of the carbon supports  

The structured commercial CF was firstly functionalized using the HNO3 vapor at 250 

o
C for 4 h leading to the formation of OCF. As shown in Figure 1, the ID/IG ratios calculated 
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from Raman spectra of the different carbon samples increase from 1.37 for the pristine CF to 

1.81 for the OCF. Meanwhile the D' peak of the OCF becomes more sharp than that of the CF, 

suggesting the change of the graphite structure with the generation of more defects and 

disordered graphitic fragments on the treated one after the gaseous oxidation [30]. The blue 

shift of G band on OCF may be attributed to the surface O–H bending and C=O stretching 

[31]. Furthermore, the increased ID/IG ratios happen to the samples after the treatment with 

H2S (TCF, H2S reaction with pristine CF, and TOCF, H2S reaction with OCF), indicating the 

formation of structural defects on the graphite framework during the thiolation process. The 

STOCF sample denoted the one obtained after high temperature annealing of the TOCF one.  

 

 

 

Figure 1. Raman spectra of CF, TCF, OCF and TOCF. 

 

 

The analysis of O 1s XPS and TPD-MS indicate that abundant oxygen-containing 

functional groups (Figure 2, 3 and Table 1, 2), including C=O (531.0 eV), O-C=O (532.3 eV) 

and C-O (533.4 eV) groups, were incorporated into the OCF sample after the treatment [32]. 

According to the XPS results (Table 1) the total oxygen content decreases from OCF (10.6 

at%, O/C = 11.9 %) to TOCF (9.1 at%, O/C = 10.1 %). As listed in Table 2, the atomic ratios 

of C=O and O-C=O groups to surface carbon element are reduced after the thiolation 

treatment, while that of C-O groups is increased on the contrary. The loss of oxygenated 
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groups, especially for carboxylic acids, anhydrides and phenols, is also confirmed by the 

TPD-MS results. As a result of the thermal decomposition of oxygen-containing functional 

groups, the oxygen atom percent decreases from the TOCF (9.1 at%, O/C= 10.1 %) to the 

STOCF (3.4 at%, O/C= 3.6 %), and the amount of each oxygenated groups is decreased after 

the calcination at 700 
o
C.  

 

Table 1. Elemental analysis of different samples 

Samples 

Atom percentage (at%) 

O/C (%) S/C (%) 

C O S 

CF 95.6 4.4 0 4.6 0 

TCF 95.6 4.3 0.1 4.5 0.2 

OCF 89.4 10.6 0 11.9 0 

TOCF 89.6 9.1 1.3 10.1 1.5 

STOCF 95.9 3.4 0.7 3.6 0.7 

 

Table 2. Oxygen elemental analysis of surface oxygen species taking carbon element as a 

reference on samples 

Samples Ototal/C (%) 

Surface O species/C (%) 

C=O O-C=O C-O 
Chemisorbed O2 

or adsorbed H2O 

CF 4.6 0.4 2.6 1.2 0.4 

TCF 4.5 1.2 1.9 0.9 0.5 

OCF 11.9 4.2 3.1 3.9 0.7 

TOCF 10.1 3.0 2.1 4.5 0.5 

STOCF 3.6 1.3 0.5 1.5 0.3 
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Figure 2. O 1s high-resolution XPS spectra of (A) CF, (B) TCF, (C) OCF, (D) TOCF and (E) 

STOCF, and (F) calculated contents of different oxygen-containing functional groups of the 

different samples, respectively.  
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Figure 3. (A) CO2 (m/z = 44) and (B) CO (m/z = 28) generated during the TPD analysis of 

the CF, OCF and TOCF, respectively.  

 

 

The high resolution S 2p XPS spectrum of the T4OCF (Figure 4), which was prepared 

by the treatment of OCF with dry and diluted H2S (4 vol.%, He as balance) at 230 
o
C for 2 h, 

can be resolved into three different peaks located at the binding energies of around 163.5, 

164.7 and 168.2 eV, respectively. The former two peaks with the expected 2:1 peak area ratio 

and a 1.2 eV peak separation are in agreement with the reported 2p3/2 and 2p1/2 positions of 

thiol-S (-C-SH) owing to their spin-orbit coupling [33]. The third peak should arise from 

some oxidized sulfur species (-C-SOX-C-) [34]. Thereby, it can be inferred that the thiolated 

T4OCF is successfully synthesized through the functionalization of the OCF with H2S at low 

temperature. The overall content of sulfur in the T4OCF is about 1.3 at%, and approximately 

83 % of the surface-bound sulfurs are in their reduced form of thiol groups (Table 3) [35]. By 

closely combining with the above analysis about the variation of surface oxygenated groups 

on the treated OCF (Figure 2 and 3), it is suggested that during the thiolation process, the H2S 

is capable of reacting with the hydroxyl groups present on the OCF surface, such as 

carboxylic acids, anhydrides and phenols, and the thiol groups are then implanted on the 

surface of carbon felt with the concomitant release of water. Meanwhile, C-O groups can be 

formed from the reaction of H2S and C=O groups. Therefore, according to the influence of the 

oxygen-containing groups which serve as baits for catching the thiol groups on carbon 

materials, as shown in Table 1, TCF with low surface oxygen only leads to an anchorage of a 
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very small amount 0.1 at% of sulfur.  

 

 

 

Figure 4. S 2p high-resolution XPS spectra of (A) TCF, (B) T1OCF and (C) T1H1OCF, (D) 

T4OCF, (E) STOCF and (F) calculated contents of different sulfur-containing functional 

groups and sulfur dopants of samples, respectively.  
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Moreover, the OCF was further functionalized by the low concentration of H2S (1 

vol.%, He as balance) with or without steam (10 vol.%). The S 2p XPS analysis (Figure 4) 

confirms again that the thiol groups can be formed on the modified carbon samples using H2S 

as sulfur source in spite of the different concentration and in the presence of humidity. As 

summarized in Table 3, the surface sulfur content of thiolated sample under 1 vol.% of H2S 

with H2O (T1H1OCF, 0.8 at%) is twice as much as that of the one without H2O (T1OCF, 0.4 

at%), however, both of them are lower than the sulfur content of T4OCF (1.3 at%), which is 

functionalized under 4 vol.% of H2S. These results indicate that not only the H2S 

concentration, but also the presence of steam can promote the formation of sulfur-containing 

groups on the carbon surface. It can be explained that there may be a layer of H2O formed on 

the surface of the porosity of carbon samples in the humid environment, which could enhance 

the adsorption of H2S to participate in the thiolation as the same as the high concentration of 

reactive gas. Dissociative absorption of H2S in a water film has been reported by Sun et al. 

during the investigation of low temperature selective oxidation of H2S [36]. In addition, the 

percent of oxidized sulfur species on the T1H1OCF (46 %) is much higher than that of the 

T1OCF (19 %), suggesting that the water vapor is more conducive to generate oxidized sulfur 

groups than thiols.  

 

 

Table 3. Sulfur elemental analysis of different surface S species on samples 

Samples 
S 

at% 

Surface S species/Stotal (%) 

-C-SH -C-SOX-C- -C-S-C- 

TCF 0.1 72.8 27.2 - 

T1OCF 0.4 81.1 18.9 - 

T1H1OCF 0.8 53.9 46.1 - 

T4OCF 1.3 82.9 17.1 - 

STOCF 0.7 - - 100 
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Interestingly, after the thermal treatment under inert atmosphere at 700 
o
C for 2 h, the 

S 2p3/2 and 2p1/2 positions on the STOCF sample shift to the binding energies of 163.9 and 

165.1 eV (Figure 4), respectively, corresponding to thiophene-S (-C-S-C-) [37]. It is 

demonstrated that the surface thiol groups can be transformed into S-dopant at the edges and 

defects of graphene in the form of thiophene-like structures at 700 
o
C. The XPS intensity of 

the oxidized sulfur is significantly vanished at high annealing temperature, indicating the 

weak thermal stability of such species. The sulfur atom percent of STOCF is amounted to 0.7 

at% (S/C= 0.7%) while it is about 1.3 at % (S/C= 1.5 %) on the initial TOCF (Table 1), which 

is due to the thermal decomposition of sulfur-containing functional groups.  

2.2 Synthesis and characterization of the catalysts  

Herein TOCF with high content of thiol groups and untreated OCF, with high 

oxygenated groups, were chosen as catalyst supports for palladium. The catalyst was prepared 

by the liquid-phase reduction of the Pd precursor Pd(NO3)2 with NaBH4 in the presence of a 

support. Through varying the weight of Pd(NO3)2 in this preparation method, the metal 

loading is found to reach the maximum on the catalyst when an excess of palladium (Pds) was 

used for the synthesis step. This may be due to the limitation on the number of functional 

groups, such as thiols and oxygenated groups on the carbon support, which could act as 

anchoring sites for active metal [13, 38, 39]. Such anchorage mode is similar to that observed 

with nitrogen-doped carbon-based supports. The palladium elemental analysis by ICP-AES 

and XPS (Table 4) shows that the metal loading as well as surface Pd atom percent of 

Pds/TOCF catalyst (6.6 wt% and 7.4 at%) are higher than that of Pds/OCF (5.3 wt% and 5.8 

at%), indicating the better metal adhesion with high dispersion on the TOCF which could be 

attributed to the presence of thiol groups. Meanwhile, the TOCF support with unsaturated Pd 

loading (Pdus/TOCF, 1.5 wt% of Pd) was also synthesized by decreasing the amount of Pd 

precursor, thereby leading to the higher atomic ratio of sulfur to palladium in Pdus/TOCF than 

Pds/TOCF.   

The XPS measurements (Figure 5 and Table 4) reveal that the core level Pd 3d5/2 

binding energies (BEs) of both TOCF and OCF supported Pd catalysts are higher than that of 
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bulk Pd
0
 metal (335.1 eV) but lower than that of ionic state Pd

2+
 metal (337.2 eV) [40, 41]. 

Furthermore, an additional prominent signal between Pd
0
 phase and the other two of Pd

2+
 and 

satellite peak (338.4 eV) [42], which can be attributed to the electron-deficient metal atoms 

(Pd
δ+

), is distinctly required to fit the Pd 3d5/2 spectrum deconvolution of each sample. The 

shifts of Pd 3d BEs and the presence of Pd
δ+

 provide the indication of electronic 

metal-support interaction (EMSI) accompanied by the charge transfer from active metal to 

functionalized carbon support with metal anchoring sites of thiol and oxygenated groups. The 

TOCF supported Pd catalysts exhibit a Pd 3d5/2 signal shifted to higher BE and more 

proportion of Pd
δ+

 than the OCF supported one, revealing the stronger electronic interaction 

between active metal and TOCF, which is attributable to the higher affinity for Pd of the 

surface thiol groups compared to that of the oxygenated groups. There is also a higher 

concentration of Pd
2+

 species on the catalyst with thiols than on the thiol-free Pds/OCF, 

meaning the lower reducibility of the Pd precursor ions adsorbed on TOCF compared to that 

on OCF. Besides, the Pd 3d5/2 BE, the ratio of Pd
δ+

 to Pd
0
 and the fraction of unreduced Pd

2+
 

species are all increased after reducing the metal loading by comparing Pdus/TOCF and 

Pds/TOCF, asserting that the high ratio of sulfur to palladium further enhances the effect of 

EMSI on the electronic structure of Pd NPs and renders the difficult reduction of the sample.  

 

 

Table 4. Palladium elemental analysis of Pdus/TOCF, Pds/TOCF and Pds/OCF  

Samples 
Pd 

wt%
a
 

Pd 

at%
b
 

Surface Pd species/Pdtotal (%) 

Pd
δ+

/Pd
0
 

Binding 

Energy 

(eV) 

Pd 3d5/2 

Pd
2+

 Pd
δ+

 Pd
0
 

Pdus/TOCF 1.5 2.4 38.6 49.1 12.3 4.0 336.7 

Pds/TOCF 6.6 7.4 27.1 49.0 23.9 2.1 335.6 

Pds/OCF 5.3 5.8 24.5 37.8 37.7 1.0 335.4 

a
 The palladium weight percent of the samples determined by the ICP-AES. 

b
 The atom 

percent of surface palladium element on the samples determined by the XPS survey spectra.  
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Figure 5. Pd 3d high-resolution XPS spectra of (A) Pdus/TOCF, (B) Pds/TOCF and (C) 

Pds/OCF, and (D) calculated contents of different Pd species of samples, respectively.  

 

 

Meanwhile, Figure 6A shows that the S 2p peak of TOCF supported Pd catalysts shifts 

toward the lower BE compared with that of TOCF, suggesting that the thiol groups participate 

in the EMSI as electron acceptor. Therefore, the positive and negative shifts of BEs for Pd 3d 

and S 2p, respectively, can be related to the charge transfer from Pd NPs to S atoms of thiols 

to form Pd
δ+

-S
δ-

 chemical bond [43, 44]. Compared with Pds/TOCF, Pdus/TOCF displays 

lower BE of S 2p, illustrating that there are more Pd-S bonds formed after lessening the metal 

loading on TOCF and thus the remained sulfur species will receive more electrons from Pd 

atoms, leading to an existence of higher electron transfer between Pd and S although the S/Pd 

ratio is increased. This further demonstrates that there are more thiol groups binding to Pd 

NPs in Pdus/TOCF than that in the Pds/TOCF, which may be due to the fact that the thiols are 
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not only served as anchoring sites in the interface between active metal and carbon support, 

but also existed as the ligands adsorbed on the surface of Pd NPs to form the thiol-based 

SAMs, which is enhanced in the case of unsaturated metal loading with high S/Pd ratio.  

 

 

 

Figure 6. (A) S 2p high-resolution XPS spectra of TOCF, Pds/TOCF and Pdus/TOCF, and (B) 

Surface sulfur content of Pdus/TOCF, Pdus/TOCF-H2O2, -Air and -H2, respectively.  

 

 

Pdus/TOCF was further treated to remove sulfur species, i.e. 30 % of hydrogen 

peroxide (H2O2) at room temperature, air (Air) as well as hydrogen (H2) flow at 400 
o
C for 2 

h. The XPS analysis (Figure 6B) demonstrates that the sulfur content of Pdus/TOCF is 

significantly decreased after these desulfurization processes. Meanwhile, as shown in Figure 

7A-C and Table 5 , the Pd 3d peaks of Pdus/TOCF shift toward the lower BEs after removing 

the sulfur content, which arises from the decrease in the number of thiols around Pd NPs and 

further supports the above notion about the effect of S/Pd ratio on EMSI.  

Moreover, the Pdus/STOCF catalyst with the same metal loading as Pdus/TOCF was 

also prepared as a comparative sample. The positive shift of Pd 3d BE is observed on 

Pdus/STOCF (Figure 7D and Table 5) compared with bulk Pd
0
 metal, representing the EMSI 

with the influence on the electronic states of Pd NPs from the S-dopants in carbon support 

[45]. Whilst the Pd 3d BE of Pdus/STOCF is lower than that of Pdus/TOCF, which may be 

caused by the loss of sulfur content during the S-doping process at high temperature. All the 
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desulfurized Pdus/TOCF-X and Pdus/STOCF, albeit with the similar metal weight, show the 

reduction of surface Pd atom percent (Table 5), indicating the lower dispersion of active metal 

under the decreased content of sulfur species, which assist in anchoring Pd NPs.  

 

 

Table 5. Palladium elemental analysis of the samples  

Samples 

Pd 

at%
a
 

Binding Energy (eV) 

Pd 3d5/2 

Pd 

wt%
b
 

Pdus/TOCF-H2O2 1.2 335.7 0.9 

Pdus/TOCF-Air 1.1 335.8 0.8 

Pdus/TOCF-H2 1.2 335.5 1.0 

Pdus/STOCF 1.4 336.2 0.4 

a
 The atom percent of surface palladium element on the samples determined by the XPS 

survey spectra.  

b
 The palladium weight percent of spent samples determined by the ICP-AES.  
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Figure 7. Pd 3d high-resolution XPS spectra of (A) Pdus/TOCF-H2O2, (B) Pdus/TOCF-Air (C) 

Pdus/TOCF-H2 and (D) Pdus/STOCF, respectively.  

 

 

2.3 Catalytic performance on the selective hydrogenation of cinnamaldehyde  

The different Pd catalysts were tested in the liquid-phase hydrogenation of 

cinnamaldehyde under similar reaction conditions. The catalytic performance, expressed in 

terms of CAD and HCAD concentration, mol/L, as a function of time-on-stream (TOS) are 

presented in Figure 8. The Pds/TOCF, despite its high active metal loading, requires much 

longer time to complete the conversion of CAD compared to the Pds/OCF, indicating a lower 

reaction rate. It is also worthy to note that there is no observed hydrogenation activity on 

Pdus/TOCF catalyst. The low hydrogenation activity of the TOCF-based catalysts appears to 

result primarily from the poisoning effect of thiol-S on their catalytic performance. According 
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to the XPS analysis, sulfur species present on the carbon surface not only play the role of 

anchorage sites for metal dispersion but they can also migrate from the support to the metal 

surface during the catalyst preparation due to their high affinity for Pd, thereby resulting in 

the formation of thiol-based SAMs on Pd NPs surface. These thiol ligands adsorbed on 

palladium surface contribute to the decreasing of the exposure of metal active surface atoms 

[46], giving rise to the loss of catalytic activity in the hydrogenation reaction. Especially for 

Pdus/TOCF with low metal loading and thus, high thiol concentration with the high S to Pd 

ratio could completely inhibit the activity of Pd sites. On the other hand, the high Pd content 

on the Pds/TOCF catalyst allows it to still provide active sites for performing hydrogenation 

process with a lower reaction rate compared to the sulfur-free Pds/OCF catalyst.  

 

 

 

Figure 8. (A) Cinnamaldehyde conversion and (B) C=C bond hydrogenation selectivity 

expressed in terms of CAD and HCAD concentration as a function of the time on stream on 

Pdus/TOCF, Pds/TOCF and Pds/OCF catalysts, respectively. Conditions: 80 
o
C, 25 mL/min H2, 

1 atm, 300 rpm, 10 mL dioxane and 0.08 mol/L of CAD.  

 

 

On the other hand, the C=C bond hydrogenation selectivity displays a significant 

difference among the tested catalysts as shown in Figure 8B. The C=C bond hydrogenation 

selectivity on the Pds/OCF remains relatively low, at ca. 39 %, while the one on the Pds/TOCF 

is level up to more than 90 %. In addition, the C=C bond hydrogenation selectivity remains 

unchanged after complete conversion of CAD has been reached. Such results could be 
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explained by the fact that at high Pd loading and low CAD concentration, i.e. 0.08 mol/L of 

CAD inside the reactor, the C=O bond of reactant is most likely adsorbed on the active metal 

surface and then directly hydrogenated into saturated compound before desorption of the 

HCAD intermediate to the liquid phase. The desorbed HCAD is unlikely to be readsorbed 

which explain the 39 % of selectivity and the level-off value of selectivity after complete 

conversion of CAD in the reaction medium. On the Pds/TOCF the high C=C bond 

hydrogenation selectivity could be attributed to the presence of sulfur on the active metal sites 

which could inhibit the adsorption of C=O bond of the reactant contributing in such a way to 

the high selectivity. According to the results one can state that the presence of sulfur species 

on the Pd surface provides an interesting way to control the selectivity of the intermediate 

product, even at high conversion level.  

In order to verify such assumption about the poisoning effect of thiols, CAD 

hydrogenation was further carried out on the desulfurized Pdus/TOCF-X (X= -H2O2, -Air and 

-H2) and Pdus/STOCF (Table 5). The desulfurized catalysts display improved hydrogenation 

activity (Figure 9) compared to the undesulfurized one, i.e. Pdus/TOCF, which confirms that 

sulfur crossover is at the origin of the low hydrogenation activity observed in Figure 8A. The 

treatment in the presence of different reagents, i.e. H2O2, air or hydrogen, leads to the removal 

of sulfur species along with a concomitant increase of the active Pd surface for the 

hydrogenation reaction. For Pdus/STOCF, the S-dopants at the edges of the graphene layers 

and in basal plane defects [47], which are different from thiols on the surface of TOCF, cannot 

migrate from carbon support to the surface of Pd NPs, so there is no loss of exposed active 

sites for the reaction. However, the desulfurization of Pdus/TOCF could also remove the thiols 

in the Pd-support interfaces, and the S-doping treatment for STOCF is capable of decreasing 

the content of sulfur- and oxygen-containing functionalities. Both of them can weaken the 

strength of the supports for the anchorage of the Pd NPs, therefore, as shown in Figure 9 and 

Table 5, the catalysts are easily deactivated and accompanied by the metal leaching during the 

liquid-phase reaction.  
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Figure 9. Cinnamaldehyde conversion and C=C bond hydrogenation selectivity expressed in 

terms of CAD and HCAD concentration as a function of the time on stream on (A) 

Pdus/TOCF-H2O2, (B) Pdus/TOCF-Air (C) Pdus/TOCF-H2 and (D) Pdus/STOCF catalysts, 

respectively. Conditions: 80 
o
C, 25 mL/min H2, 1 atm, 300 rpm, 10 mL dioxane and 0.08 

mol/L of CAD.  

 

 

The capping ligands on the surface of metal NPs have been demonstrated to 

effectively steer the chemoselectivity of NPs-catalyzed liquid-phase reactions [22, 48]. For 

instance, the SAM coatings of 3-phenyl-1-propanethiol on Pt catalyst can enhance the 

hydrogenation of CAD at C=O bond into cinnamyl alcohol (CAL) as a result of their steric 

effect [49], which directing the adsorbed CAD in a standing-up orientation on platinum 

surface because of the interaction between its phenyl moiety and the phenyl ring of the SAM, 

and then only carbonyl group can interact with the active metal surface to produce CAL. 

However, the hydrogenation of C=O bond is not enhanced on Pds/TOCF compared to that of 
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the Pds/OCF, although the presence of thiol ligands on Pd NPs evidently decreases the 

reaction rate of the catalyst due to the surface poisoning of active metal, indicating that the 

steric effect of thiol groups here is not enough to promote the adsorption of carbonyl 

functionality on the Pd NPs. Furthermore, in terms of the steric effect, the presence of thiol 

ligands on Pd NPs is more likely to prevent the CAD lying flat on the metal surface and, 

therefore, avoids the direct contact of the C=C bond with the catalytic Pd surface. 

Nevertheless, as shown in Figure 8, Pds/TOCF catalyst performs much higher selectivity of 

HCAD (95%) than Pds/OCF (39%). This performance should profit from the unique 

electronic configuration of Pd NPs controlled by the electronic effect of thiol modifiers [50], 

which could destabilize the C=O adsorption of the intermediate product and thus, avoid the 

complete hydrogenation [21]. The high intensity of electron depleted Pd
δ+

 within the metal 

active phase on Pds/TOCF, which is generated from the EMSI with charge transfer through 

Pd-S bond, is also able to form the palladium with the up-shift of d band center, thereby 

increasing the selectivity towards C=C bond hydrogenation [51].  

3. Conclusions 

In summary, we have described a simple and efficient gas-phase functionalization 

approach for the production of a novel structured carbon support decorated with thiol groups 

via thermal reaction between oxidized carbon substrate and guest hydrogen sulfide gas. The 

existence of abundant surface oxygenated groups on the acid treated carbon material and the 

high H2S concentration are proven to be conducive to the generation of the thiol groups on the 

carbon support. The introduction of steam in the H2S reagent gas can increase the surface 

sulfur content of treated carbon due to the production of more oxidized sulfur species. After 

high temperature treatment, the sulfur from thiols can be directly incorporated into graphene 

framework in a major form of thiophene-like S. Moreover, such thiolated carbon support 

displays strong electronic interaction with the deposited Pd NPs which can perform excellent 

catalytic selectivity toward C=C bond in the liquid-phase hydrogenation of cinnamaldehyde. 

It is demonstrated that the EMSI with charge transfer at the interface between Pd NPs and 

carbon support is promoted through the formation of Pd-S bond where Pd and thiol-S play the 

role of electron donor and acceptor, respectively. Detailed studies reveal that during the 
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catalyst preparation, the thiol groups on the surface of TOCF are able not only to serve as 

anchoring sites for active metal at Pd-support interface, but also migrate to the surface of Pd 

NPs and then exist as the adsorbed ligands to form the thiol-based SAMs, which can be 

enhanced in the case of lessening metal loading with high atomic ratio of sulfur to palladium 

in the catalyst. The presence of thiol ligands on the surface of Pd NPs cannot result in the 

steric effect on the hydrogenation selectivity but leads to the poisoning effect on the catalytic 

activity, which can be weakened in the presence of high palladium concentration, i.e. 

Pds/TOCF, in the sample. The unique electronic configuration of Pd NPs with high electron 

depleted Pd
δ+

 in Pds/TOCF catalyst, which is derived from the electron transfer from Pd atom 

to thiol-S of carbon support, increases the hydrogenation selectivity of C=C bond even under 

drastic conditions such as low reactant concentration and high metal active sites. We believe 

that our synthetic approach can be further extended to produce a series of thiolated carbon 

materials. Meanwhile, this study provides an important insight into how surface thiol groups 

of carbon support control the catalytic performance of metal NPs.  
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Conclusion and perspectives 

1. Summary 

In the quest for novel structured carbon materials for heterogeneous catalysis we explored the 

potential of commercial carbon/graphite felt (CF/GF) as hierarchical supports for catalytic 

applications. The hierarchical structure of the CF/GF is originated from the presence of 

entangled carbon microfilamentous forming a macroscopic shape with a large fraction of 

voids. Depending to the final graphitization treatment these carbon-based materials display 

different surface reactivity as well as porosity which can be finely tuned through chemical 

and/or thermal treatment. The surface modification/functionalization allows one to prepare 

carbon-based support with controlled surface reactivity acting as anchoring site for metal 

nanoparticles while keeping the macroscopic shape of the material unchanged for downstream 

applications. The macroscopic shaping allows an easy recovery of the catalyst, especially for 

liquid-phase reaction, and also to avoid problems linked with catalyst loss during the filtration 

process.  

The aim of the work described in this thesis deals with the exploration of the potential 

of GF and CF monolith as metal-free catalyst for gas-phase oxidation reactions and as catalyst 

support material, notably for palladium, for liquid-phase hydrogenation reactions, and the 

influence of the surface functionalization on the final catalytic performance. Due to their 

chemical inertness with low wettability, a prerequisite for the use of these carbon-based 

materials consisted to activate the origin ones through different chemical processes. Therefore, 

the commercial GF and CF were functionalized by a series of chemical treatment processes. 

The physical and chemical properties of the supports and catalysts were investigated by 

different characterization techniques, including XPS, Raman, TPD-MS, TEM, N2 adsorption 

and desorption, SEM, ICP-AES, TGA, H2-TPR, H2-TPD and ATR-FTIR.  

The as-synthesized carbon-based catalysts were evaluated with two probe reaction: 

gas-phase partial oxidation of hydrogen sulfide into elemental sulfur and liquid-phase 

selective hydrogenation of α, β-unsaturated cinnamaldehyde. The relationship between the 
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catalysts properties and the catalytic performance has been established and discussed.  

 

2. Concluding remarks 

Chapter 3 focused on the effective surface activation of commercial GF by using the 

gaseous HNO3 treatment, and its influence on the formation of defects decorated with 

oxygenated functional groups was determined by Raman, TPD-MS and XPS, respectively. A 

highly porous graphite structure was also observed on the surface of the dense graphite 

filamentous after the gaseous acid treatment, exhibiting a remarkable increase of the specific 

as well as effective surface area. The abundant oxygenated groups and structural defects as 

well as high surface area decreased the thermal stability which was proven by TGA. The 

as-synthesized carbon material can be used as a metal-free catalyst in the selective oxidation 

of H2S present in industrial waste effluents. The experiment results revealed that the acid 

treated GF containing the defects decorated with oxygenated groups performed relatively high 

and extremely stable desulfurization activity as a function of time on stream compared with 

the un-activated one. The high desulfurization performance should be attributed to the 

presence of structural defects on the filamentous carbon wall which were decorated with 

oxygenated functional groups which could cooperatively play the role of active sites for the 

selective oxidation of H2S into elemental sulfur.  

Chapter 4 aimed at the effect of the acid oxidation treatment on the catalytic 

performance of GF as support for Pd catalysts. Here, we firstly optimized the process of 

gaseous HNO3 treatment as reported in Chapter 3 by the introduction of argon flow to help 

the gas oxidizer to pass through GF efficiently and controllably. The oxygen functionalized 

GF samples were prepared using the gaseous HNO3 treatment and then used as supports for 

anchoring Pd NPs. The monolith palladium-based catalyst was then used as catalytic stirrer in 

liquid-phase hydrogenation of cinnamaldehyde due to its macroscopic shape and displayed 

excellent stability as well as complete recyclability. The surface defects decorated with 

abundant oxygenated groups as well as highly accessible porous structure generated from the 

acid treatment of carbon support were demonstrated to bring in the electron-deficient 
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high-valent Pd
δ+

 species on the metal NPs, indicating the formation of strong metal-support 

interaction with charge transfer at Pd-support interface. All of these enhanced the Pd 

dispersion and resistance to sintering and/or aggregation during both catalyst preparation and 

cycling tests, thus leading to the high and stable H2 dissociative adsorption in hydrogenation 

process.  

Chapter 5 is devoted to the synthesis of structured CF tailored with surface amino 

groups and nitrogen-doping for the preparation of Pd catalysts for selective hydrogenation of 

α, β-unsaturated cinnamaldehyde. The introduction of the nitrogen-containing functional 

groups on the carbon support during amination step using urea hydrothermal reaction was 

revealed to be related to the presence of surface oxygenated groups which were introduced 

during the gaseous acid treatment. The surface amino groups were further converted to 

N-doping sites of the graphitic framework using high temperature annealing process. The 

oxygenated groups, amino groups and N-dopants not only influenced the polarity of support 

surface, but also altered the anchorage of Pd NPs via the metal-support interaction. The effect 

of electronic structure of Pd NPs on the catalytic selectivity towards C=C bond was 

investigated in this work. According to the results the doping of the carbon framework with 

nitrogen atoms, which were generated during the annealing of the aminated support, provides 

anchoring sites for dispersing and stabilize Pd NPs on the catalyst surface leading to a high 

hydrogenation performance as well as long-term stability.  

In Chapter 6 we extended this work to the CF decorated with thiol groups, which was 

prepared by the thermal reaction between sulfur containing H2S gas and the acid treated CF 

synthesized according to the description reported in Chapter 5. The effect of the presence of 

oxygenated groups on the production of carbon-based support decorated with thiol groups 

was discussed. The supports decorated with different surface functional groups, i.e. thiols, 

containing Pd NPs were used as a model catalyst in the selective hydrogenation of α, 

β-unsaturated cinnamaldehyde. Detailed studies revealed that the thiol groups not only served 

as anchoring sites for active metal on the surface of support, but also participated as capping 

ligands on the surface of Pd NPs by the migration from support surface during the catalyst 

preparation. The thiol groups decorated the Pd NPs surface was at the origin of the poisoning 
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of the active metal sites leading to the low hydrogenation catalytic activity. However, it is 

worthy to note that this surface poisoning by sulfur species decorated the metal surface could 

be moderated by tuning the atomic ratio of sulfur to palladium through the modification of the 

Pd loading. The thiol-S could influence the electronic configuration of Pd NPs through the 

formation of Pd-S bond. Depending to the ratio between Pd and thiol one can modify the 

activity as well as the selectivity of the catalyst. In accordance with the discussion about the 

hydrogenation selectivity in Chapter 5, the presence of unique electronic structure of active 

metal phase helped to enhance the chemoselectivity towards C=C bond hydrogenation. 

 

3. Perspectives  

In summary, we have described in this thesis the potential of CF/GF monolith as 

metal-free catalyst and carbon support for gas- and liquid-phase reactions upon chemical 

functionalization process. The oxidized GF can be used as metal-free catalyst and displayed 

high activity in partial oxidation of H2S into elemental sulfur. The activated GF and CF, 

functionalized by different chemical methods, i.e. oxidation, functionalized or doped with 

other heteroelements such as N and S, were successfully used to support Pd NPs which 

displayed unique high catalytic performance in the selective hydrogenation of α, 

β-unsaturated cinnamaldehyde. Moreover, the macroscopic shape of these carbon-based 

materials provides low pressure drop along reactor bed for the gas-phase reaction and an easy 

recovery of the catalyst/product from the liquid-phase media, respectively. Therefore, this 

thesis can provide some strategies to rationally design monolith metal-free catalyst or carbon 

supported catalyst.  

However, there still remain a lot of works to do for the further development of these 

macroscopic carbon-based materials in the catalysis field. Some perspectives, which can be 

derived from the results obtained in this thesis, are summarized below.  

About the use of oxidized GF as metal-free catalyst for partial oxidation of H2S, the 

catalytic performance is confirmed to be related to the structural defects decorated with 

oxygen-containing functional groups according to the characterization results. But the 
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definition of active sites is still unclear due to the presence of various kinds of oxygenated 

groups. Thereby the detailed study will be continued on the qualitative and quantitative 

analysis of the active sites by using chemical titration or thermal treatment to remove or 

inhibit selectively these different oxygenated groups, in order to build up a direct relationship 

between these active sites and the desulfurization activity. The defects present on the support 

can also be used to anchor other metal-free catalysts, i.e. mesoporous nitrogen-doped carbon 

layer, to produce hierarchical metal-free catalysts with high catalytic performance, improved 

accessibility and easy recovery.  

The oxidized GF decorated with Pd catalyst displayed excellent stability in the 

liquid-phase hydrogenation of cinnamaldehyde at 80 
o
C, indicating its enhanced resistance 

towards sintering and/or aggregation during both catalyst preparation (thermal treatment) and 

catalytic cycling tests. The future study will be conducted on such oxidized GF, with surface 

defective structure, decorated with other active metals for other gas-phase reaction, especially 

for those operated at high temperature (under reductive or inert media) where sintering 

frequently occur. The interconnected and thermal conductive structure of the carbon felt can 

be also an advantage for operating as catalyst support in some exothermic reactions where the 

rapid and homogeneous dissipation of heat is of high interest.  

The anchorage of Pd NPs on the GF/CF surface has been demonstrated to be 

significantly improved by the introduction of heteroatoms-containing functional groups or 

heteroatoms-dopants, such as oxygen, nitrogen and sulfur. The optimization study will be 

continued with the aim to investigate the functionalization process step in order to increase 

the amount of anchoring sites on the carbon support. Moreover, the understand of interaction 

mechanism between active metal and anchoring sites will be further studied by the advanced 

characterization techniques, such as extended X-ray absorption fine structure (EXAFS).  

The future study will be also dedicated to the noncontact heating (i.e. electromagnetic 

induction heating) of GF/CF-based metal-free catalyst or catalyst support due to their 

electrical conductivity, which could provide targeted heat into the catalyst as well as 

extremely high reaction temperature regulation thanks to high heating rate, i.e. several 

hundred degrees per minutes. The targeted heating mode will help to understand the catalytic 
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process of endothermic or exothermic reaction, which will be conducive to solving the hot 

spot problem of the catalyst bed in order to improve the catalytic performance.  
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Zhenxin XU  

Development of new 
macroscopic carbon materials 

for catalytic applications 

 

Résumé 
De nos jours, les matériaux carbonés macroscopiques font face à un nombre croissant d'applications 
en catalyse, soit en tant que supports, soit directement en tant que catalyseurs sans métal. 
Cependant, il reste difficile de développer un support de catalyseur hiérarchisé à base de carbone ou 
un catalyseur utilisant un procédé de synthèse beaucoup plus simple. À la recherche de nouveaux 
matériaux carbonés structurés pour la catalyse hétérogène, nous avons exploré le potentiel du feutre 
de carbone / graphite du commerce (FC / FG).  

Le but du travail décrit dans cette thèse a été le développement du monolithe FG et FC en tant 
que catalyseur sans métal pour les réactions d’oxydation en phase gazeuse et en tant que support de 

catalyseur, notamment pour le palladium, pour les réactions d’hydrogénation en phase liquide, et 

leur rôle dans la performances de réaction de ces catalyseurs. En raison de leur surface de chimie 
inerte avec une mouillabilité inappropriée, une telle étude avait pour condition d'activer celles 
d'origine. Par conséquent, des FG et des FC modifiés bien arrondis ont été synthétisés avec des 
propriétés physico-chimiques adaptées par une série de procédés de traitement chimique, tels que 
l'oxydation, l'amination, la thiolation, le dopage à l'azote et au soufre. L’oxydation partielle du sulfure 
d’hydrogène en soufre élémentaire et l’hydrogénation sélective du cinnamaldéhyde α, β-insaturé, en 
tant que réactions sensibles à l’effet des propriétés du catalyseur sur l’activité et la sélectivité, 
combinées à des techniques de caractérisation, ont été choisis pour étudier l’effet de la matériaux 
carbonés sur le comportement catalytique.  

Mots-clés : Feutre de carbone / graphite macroscopique, oxydation, amination, thiolation, dopage 
azote / soufre, nanoparticules de palladium, interaction métal-support, oxydation / hydrogénation 
sélective, récupération du catalyseur. 

 

Résumé en anglais 
Nowadays, macroscopic carbon materials are facing an increasing number of applications in 
catalysis, either as supports or directly as metal-free catalysts on their own. However, it is still 
challenging to develop hierarchical carbon-based catalyst support or catalyst using a much simple 
synthesis process. In the quest for novel structured carbon materials for heterogeneous catalysis we 
explored the potential of commercial carbon/graphite felt (CF/GF).  

The aim of the work described in this thesis has been the development of GF and CF monolith 
as metal-free catalyst for gas-phase oxidation reactions and as catalyst support, notably for 
palladium, for liquid-phase hydrogenation reactions, and their roles in the reaction performance of 
these catalysts. Due to their inert chemistry surface with inappropriate wettability, a prerequisite for 
such a study was to activate the origin ones. Therefore, well-rounded modified GFs and CFs were 
synthesized with tailored physic-chemical properties by a series of chemical treatment processes, 
such as oxidation, amination, thiolation, nitrogen- and sulfur-doping. The partial oxidation of hydrogen 
sulfide into elemental sulfur and selective hydrogenation of α, β-unsaturated cinnamaldehyde, as the 
sensitive test reactions to the influence of the catalyst properties on activity and selectivity, combined 
with characterization techniques, were chosen to investigate the effect of functionalized carbon 
materials on the catalytic behavior.  

Keywords : Macroscopic carbon/graphite felt, oxidation, amination, thiolation, nitrogen/sulfur doping, 
Pd nanoparticles, metal-support interaction, selective oxidation/hydrogenation, catalyst recovery.  


