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Abstract

Nanoreplication strategy was used for the synth@sisesoporous ordered carbon
materials with various pore architectures and serfaompositions. Two different silica
templates (regular MCM-48 and hexagonal SBA-15)endlied with a carbon
precursor — poly(furfuryl alcohol) or sucrose —thg precipitation polycondensation or
incipient wetness impregnation, respectively. Femtiore, the resulting carbon
precursors/silica composites were carbonized abwstemperatures from the range of
650-1050 °C. It was shown that the carbon precuasdrmethod of its deposition
strongly influenced structural and textural paraeredf the final carbon material

determined by XRD, low-temperature Bidsorption and TEM. The specific surface
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area of the sucrose-based CMK-3 was ca. 45 % htgharthe poly(furfuryl alcohol)-
derived replicas. On the other hand, this effect nat observed for CMK-1 replicas.
The carbonization temperatures tuned up the coonfe@t+O moieties on the surface of
carbon replica calculated based on temperature-pmoged desorption (TPD) profiles.
Obviously, the concentration of C=0 functionalitigas correlated to the catalytic
activity in the oxidative dehydrogenation of ethgiizene (EB) to styrene. Nevertheless,
the CMK-1 replicas were more sensitive to the Ce@centration in terms of EB
conversion. Hence, we discussed carefully theabtbe pore geometry in the catalytic
performance of the studied carbon materials. F@IGNK-1 and CMK-3 carbon
replicas with comparable chemical and textural proes, but different pore structure,
the initial EB conversion varied considerably, td@ag 34.2 % and 21.6 %,

respectively, at 350 °C and EB/@tio = 1.0.

Keywords: ordered mesoporous carbon, CMK-1, CMK-3, oxidatlebydrogenation,

ethylbenzene

1. Introduction

A family of metal-free carbon catalysts has atedatvidespread interest, because
of remarkable catalytic properties and environmignfaendly character, which is in
agreement with the concept of green chemistry asthgiable development [1-3].
However, an implementation of these materials ¢oitkdustrial practice depends on a
development of adequately active, selective arfiestaatalysts. Nanostructured
carbons combining unique properties (i.e. high s$pexurface area providing a large

number of superficial active sites) and relatiely cost of production have drawn



much attention in this area [4-7]. In the case @fraporous carbons, mass transfer
limitations strongly influence diffusion of subgta toward active sites distributed
inside pores as well as evacuation of products tiwerpore system. This obstacle can
be overcome by using of carbon catalysts with wedlered mesopore structure [8]. The
ordered mesoporous carbons (OMC) are often prefmréae inverse nanoreplication
of a silica hard template providing a tool for aofitng uniform pore size and
architecture in a produced carbon replica. Theaserthemistry of carbon replica is
mainly affected by a type of carbon precursor amdhesis conditions [9]. The CMK-
type materials (e.g. CMK-1, CMK-3 and CMK-6, syrglzed using of MCM-48, SBA-
15 and SBA-16 silica templates, respectively) heenhost important representatives of
OMC [10-12].

The oxidative dehydrogenation of alkanes is ora@fmost promising reactions
catalyzed by carbon materials. For example, thdatie dehydrogenation of
ethylbenzene (ODH) enables to produce styrene3,;714], which is an important
monomer applied in the plastics and thermal ingalahanufacturing. In contrast to the
commercially used equilibrium-controlled dehydrogion of ethylbenzene, ODH
exhibits an exothermic heat effect and operate®bilitermodynamic limitations
(substantial conversions can be achieved evematielmperatures keeping high
selectivity to the desirable product). Carbon malercharacterized by the presence of
superficial carbonyl/quinone functional groups, exeected to be efficient catalysts of
ODH, because the above-mentioned surface spea@e&®ammonly identified as the
active sites in this reaction [4, 15, 16]. Thereforarious carbon-based catalysts (e.g.
soot, graphite, carbon nanofilaments [14], actidat@bons [16, 17], multi-walled

carbon nanotubes, onion-like carbons [18, 19], deamoonds [20]) were tested in



ODH. Among them, CMK-type materials showed a vétsaative catalytic activity [8,
21-23].

Since diffusion limitations can play a significante in the overall rate of
heterogeneous reaction, it should be expectedhbaierformance of CMK-type
catalysts in ODH is influenced not only by a tymel @amount of active sites present on
a surface, but also by a pore architecture of @aer carbon replica. However, no clear
evidences have been shown in the literature oretbiects, especially because the pore
structure of materials is so complicated that datens of diffusion related parameters
(e.g. tortuosity, Thiele modulus) is quite probléima-urthermore, the process proceeds
according to a very complex mechanism includingiglamxidation of carbon catalyst
by an oxidizing agent and a formation of carbonaseteposit. Nevertheless, the role of
diffusion limitations in the final performance oMK-type catalysts seems to be
interesting and should be clarified.

In this paper we present a comprehensive studgilofing texture and surface
chemistry of CMK-1 and CMK-3 carbon replicas by ibag synthesis conditions, i.e.

a kind of silica template and carbon precursor e @& carbonization temperature. The
prepared carbon materials were tested in ODH. &d#st of our knowledge, this is a
first attempt on the comparison of catalytic at¢yiaf different carbon replicas
synthesized by the same method. That allowed sslézt samples with similar textural
and chemical properties, but various in spatialcttire (CMK-1 and CMK-3 exhibit
regular and hexagonal symmetry, respectively) deoto investigate the extent of
diffusion limitations (related to different tortutsof the studied catalysts) during the

catalytic reaction.



2. Experimental
2.1. Synthesis of CMK-1 and CMK-3 carbon replicas

Required MCM-48 and SBA-15 silica templates wenetlsgsized using the
methods described earlier [22, 23]. The carbonyssers were deposited in the pore
system of mesoporous silicas by precipitation paiglensation of furfuryl alcohol (FA)
or incipient wetness impregnation with sucrose.tRerpoly(furfuryl alcohol) (PFA)-
derived replicas, the intended FA/MCM-48 and FA/SBAmass ratios were equal to
1.25 and 2.00, respectively. The selected masssratere verified by low-temperature
N, adsorption to be optimal for complete filling dlficza pores. Consequently, the
incomplete pore filling as well as deposition ofldanal amount of PFA on the
external surface of SiQwere strongly limited. An amount of 3 g of silitEmplate
(dried initially at 120 °C for 1 h) was dispersada round-bottom flask (250 mL)
containing a mixture of appropriate mass of FA¥8Aldrich) and water (the total
mass of FA and water mixture was equal to 100 k¢ flask was equipped with a
reflux condenser, placed onto a magnetic stirrdraantated (400 rpm) at room
temperature for 30 min. Then, HCI (35-38 %, Chemmas added as a
polycondensation catalyst at the HCI/FA molar rati®:1 and the temperature was
raised to 100 °C. The obtained slurry was stiritetthia temperature for 6 h. The
resulting PFA/silica composite was filtered, washatth distilled water and dried at
room temperature overnight.

For the sucrose-derived replicas, 1 g of silicaptieste (dried initially at 120 °C
for 1 h) was impregnated with a solution containifig2.87 g of water, 0.72 g of
sucrose (POCH) and 0.08 g of sulfuric acid (95-9%¥gma-Aldrich) in the case of

MCM-48, or (ii) 3.37 g of water, 0.85 g of sucramad 0.09 g of sulfuric acid in the



case of SBA-15. The obtained composites were placad oven at 100 °C for 6 h.
Subsequently, the temperature was raised to 1&h&iGhe samples were kept at this
temperature for the next 6 h. The procedure of @gpation and heating was repeated
once, with a solution containing: (i) 1.78 g of @et0.45 g of sucrose and 0.05 g of
sulfuric acid for MCM-48, or (ii) 2.05 g of wated,51 g of sucrose and 0.06 g of
sulfuric acid for SBA-15.

All obtained materials were carbonized in a tubiélanace at 650, 750, 850, 950
or 1050 °C for 4 h (with a heating rate of 1 °C/jriman inert atmosphere {N Finally,
the silica templates were removed by a treatmettt avb % HF solution at room
temperature for 1 h. The produced carbon replica \filtered, washed with distilled
water and ethyl alcohol (96 %, Avantor) and driedoam temperature overnight. The
procedure of silica dissolution was repeated once.

The CMK-1 and CMK-3 samples synthesized with suel(& and PFA are
denoted ag CMK-1_S,x CMK-1_PFA,x CMK-3_S andk CMK-3_PFA,

respectively (wherg is the carbonization temperature).

2.2. Characterization methods

Powder X-ray diffraction (XRD) patterns of syntreed carbon replicas were
collected with a Bruker D2 Phaser instrument u€ogka radiation {= 1.54184 A)
and a LYNXEYE detector in thebZange from 0.5 to 8.0° with a step of 0.02° arsd 1
counting time per the step.

Textural parameters were investigated on the loddtav-temperature nitrogen
adsorption-desorption isotherms collected at -X®@1Sing two sorptometers, i.e.

Micromeritics ASAP 2020 and a homemade fully auttedaquipment, designed and



constructed by the Advanced Materials Group (LM#ing commercialized as
N.GSorb-6 (Gas to Materials Technology). Prior toheaeasurement, a sample was
degassed in vacuum ($®a) at 250 °C for 6 h. Specific surface areaspand size
distributions were calculated using the Brunauernteti-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods, respectively. Vatidgetal pore volume (M) were
obtained from amounts of nitrogen adsorbed ativelgiressure of 0.97. Micropore
volumes (Micro) Were determined using the Dubinin-Radushkeviakhagqn, whereas
mesopore volumes ésg were calculated as differences betweegm\dnd Vicro-

Temperature-programmed desorption (TPD) measuremere performed to
determine a nature and total amount of oxygen-@angsurface functionalities. The
experiments were carried out by heating 100 mgsaraple placed in a U-shaped
microreactor from ambient temperature up to 100Qvith a heating rate of 10
°C/min) under a helium flow (50 mL/min). EvolvingdCand CQ were analyzed
quantitatively with an Omnistar Balzer MSC200 qugurie mass spectrometer after
calibration based on decomposition of calcium aea{€aGO,- H,0). The
deconvolution of CO profiles was performed by udimg multiple Gaussian function
with non-linear optimization procedure based onlteeenberg—Marquardt iteration
algorithm.

Transmission electron spectroscopy (TEM) was useastialize morphology of
produced carbon replicas. The images were collentadl OEL JEM-2010 microscope
equipped with an Oxford Inca Energy TEM 100 deteatal a Gatan Orius SC600
digital camera, operating at 200 kV. Prior to tkpeximents, the samples were

deposited on a copper grid with a carbon film suppo



2.3. Catalytic tests

The prepared CMK-1 and CMK-3 carbon replicas westetd as catalysts in the
oxidative dehydrogenation of ethylbenzene (EB)tyoesie in the presence of oxygen at
the molar ratio of @EB = 1:1. The reaction was carried out in a padked flow
microreactor with 50 mg of a sample placed ontaatg wool plug. The temperature
was measured with a thermocouple, protected byagzjoapillary inserted directly into
a catalyst bed. The gaseous reactants were fegginmass flow controllers (Brooks
4800) at a total flow rate of 50 mL/min (0.4 ml; @d 49.6 mL He). The EB vapor
was introduced into the flow of fHe mixture by passing it through a glass saturator
filled with liquid EB and kept at 25 °C. The prodsiof the reaction were sampled with
a pneumatic valve and transferred into a gas chiagreaph system (Bruker 450-GC)
via a heated line. The gas chromatograph was eedipjth three packed columns
(Porapak Q, Molecular Sieve 5A and Chromosorb W-¢tiPnected with two flame
ionization detectors (one of them directly connédtea catalytic methanizer) and one
thermal conductivity detector. Pictures of the sgsfor catalytic tests and the quartz
microreactor are presented in Fig. S1.

Prior to a catalytic run, a carbon replica was assgd at 200 °C in flowing He
(50 mL/min) for 30 min. Subsequently, the tempamtuas increased to 350 °C and
dosing of reactants begun. After 15 minutes of tonestream (TOS), a first sample of
outlet stream was injected to GC and the analyarsesl. The chromatographic analyses
were performed in 42 min intervals with a totaleiwf 7 h. The catalytic performance
was evaluated in terms of the following parameters:
Xeg= ((Feso—Fes) / (Fesd) x 100%

Yi = (Fi / Fes,0 x 100%



S = (Yi / Xegg) X 100%
whereXgg — conversion of EBFgg o andFgg — molar flow rate of EB in the inlet and
outlet streamsy; — yield ofi product,F; — molar flow rate of EB transformed into

product, andg — selectivity ofi product.

3. Resultsand discussion
3.1. Structural propertiesof carbon replicas

In order to verify structural properties of CMK-tbchCMK-3 carbon replicas, the
low-angle powder X-ray diffraction measurementseyeerformed. In the XRD
patterns of all CMK-1 replicas synthesized withrege and PFA precursors (Fig. 1A
and 1B) two distinct peaks, indexed as the (11d)(@t1) reflections im4,32 cubic
space group, are observed [24, 25]. Neverthelessttucture of CMK-1 carbon is
influenced by the type of carbon precursor usedtfi®PFA-based samples both
diffraction lines are relatively sharp and wellikls, whereas for the sucrose-derived
replicas they are much wider and less intense. Siggests that using the precipitation
polycondensation of FA the pore system of MCM-48llisd more efficiently and the
material retains more long-range ordering compéwaohpregnation with the sucrose
solution. The calculated values of lattice paramat@nd interplanar spacing;dare
summarized in Table 1. The determined structuredmpaters are similar within the
whole range of carbonization temperatures for tloease-based replicag@6.8 nm
and dip= 4.8 nm). In the case of the PFA-based matetiadse values are slightly
higher after carbonization at 650 °G &7.2 nm and do= 5.1 nm) and decrease with

raising carbonization temperatures to the levehébior the CMK-1_S series. It should



however be noticed that even for the carbon masetharmally treated at temperature
as high as 1050 °C, the structure of replica i3 prelserved.

The XRD patterns of the CMK-3 replicas (Fig. 1C dm) exhibit three
individual peaks, which can be indexed as the (1Q)0) and (200) reflections typical
of hexagonaP6mmspace group [26]. For both series of CMK-3, simdtiects as for
CMK-1 are clearly observed, i.e. (i) carbonizatiemperature does not influence the
specific structure, because all XRD patterns lomkparable; (ii) the type of carbon
precursor alters the structure uniformity. ForGMK-3_PFA replicas diffraction lines
are much narrower and more visible than for thecaeederived CMK-3 samples.
Additionally, the values ofg(= 8.7 nm) and @ (= 7.6 nm) are constant for the CMK-
3_S series, but become higher for the CMK-3_PFAm@asnespecially those carbonized
at lower temperaturesga 9.4 nm and @o= 8.1 nm) (Table 1).

It can therefore be concluded that penetratiorooép of silica template by the
carbon precursor is better during the precipitapiotycondensation of FA than for
impregnation with sugar also in the case of hexahBBA-15. It was shown that
during the initial step of precipitation polycondation, molecules of FA are easily
chemisorbed on silanol groups present on the slickace [27]. Consequently, these
adsorbed species can take part in polycondensatftienan addition of HCI resulting in
a growth of polymer chain from the wall to the erdf pore. When the process is
finalized, the whole mesopores are almost perfditidyg with the PFA chains, which
are additionally chemically bonded to the silicdls/éFig. 2A).

In the case of impregnation with the sucrose smtutihe interaction of sugar
molecules with the silanol groups is weaker. Tluusing evaporation of the solvent

and partial condensation of the carbon precurkersticrose-derived polymer rods are
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condensed in the centers of mesopores and voids tdahe silica walls are formed,
even after the second impregnation (Fig. 2B). Tésrdbed processes are similar for
both silica templates. However, the presence ofapmres in the SBA-15 silica walls
plays an additional role in stabilization of carlyeplica structure. It is most likely that
the carbon spacers distributed between the cadmmare more perfectly formed for
sucrose-derived CMK-3 compared to PFA-based CMKe8ause in the former case no
polycondensation initiator has to diffuse inside gore spacers and micropores are
filled more capably with the condensed carbon msmu Concluding, PFA, which
entirely fills the mesopore system, protects edfitly a SBA-15/PFA composite against
shrinkage during carbonization, but simultaneotsityns less stable carbon spacers
providing a more packed CMK-3 structure than theewved for the sucrose-derived
replicas (cf. Fig. 2A and 2B). In the case of thersse-based CMK-3, the voids formed
during heating between the carbon precursor ar silalls result in greater shrinkage
of the entire structure, even though the carboresgan micropores are better shaped.
These effects are confirmed by the lowgaad do parameters for the CMK-3_S
materials compared to the CMK-3_PFA ones. Moreabver pore sizes (Table 1) are
wider for CMK-3_S (~ 3.8 nm) than CMK-3_PFA (~ 3ith) despite the greater overall
shrinkage, therefore the sucrose derived carbosimadt have smaller diameter to
match the structural parameters, i&.dggo and pore diameter. This relationship is
illustrated in Fig. 2. The shrinkage of these kafichanostructures is a well-known fact,
but the influence of the carbon precursor on thisnq@menon is quite interesting [26,
28]. Furthermore, the presented discussion is ieeagent with the structural
parameters obtained for CMK-1, since there is fla@mce of micropores connectors in

the case of MCM-48 silica template. Because of thett the effect of lower diameter
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of carbon rods originated from sucrose is compeasaith a greater shrinkage and as a
result, the mesopore diameter is similar for boiKE1l_S and CMK-1_PFA replicas
(ca. 3.6 nm). All calculated parameters are conipanaith those reported elsewhere
for CMK-1 and CMK-3, however the number of papegarding furfuryl alcohol as a
carbon precursor is rather limited [21, 26, 29-34¢reover, the method of precipitation
polycondensation of FA is quite unique [22, 23].

To investigate deeper morphology of the studiedicap, the TEM micrographs
were taken. The images recorded for four sampkasrhlly treated at 850 °C are
depicted in Fig. 3. The presented results confirat for both CMK-1 and CMK-3
carbon replicas, the nanoreplication process regutt the formation of expected spatial
structure. Nevertheless, it can be found that #éimepdes produced using the sucrose and
PFA precursors differ in terms of structure unifagnThe arrangement and regularity
of carbon rods are significantly higher for the enatls derived from PFA, as
previously concluded from XRD. This effect is obast both for CMK-1 (Fig. 3A and
3B) as well as CMK-3 imaged in direction perpenticgFig. 3C and 3D) and parallel
(Fig. 3C’ and 3D’) to the pores. The recorded TEMnographs enabled us to
determine mean carbon rod diameters, which is6d4620 nm for 850 CMK-3_S and
850 _CMK-3_PFA, respectively. The differences betwtiee g parameters and
estimated diameters of carbon rod in both casesaqual to 2.3 nm that can be
interpreted as the distance between two adjacebocaods. The value obtained for
850_CMK-3_PFA is similar to the size of mesoporethe SBA-15 template,
confirming limited shrinkage of PFA during carboation discussed previously based

on the XRD results.
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3.2. Textural properties of carbon replicas

The textural parameters of the synthesized masenate investigated by low-
temperature Nsorption measurements. In the case of CMK-1 carbplicas, the
recorded isotherms (Fig. 4) can be assigned ttygreelVVa according to IUPAC, which
confirm the micro-mesoporous character of theseenads$ [32]. Moreover, the
hysteresis loop of type H4, typical of CMK-1 carbr@plicas [25], is distinguished for
all samples. The synthesized CMK-1 materials exhéatively high and comparable
specific surface areas, i.e. 1523-16 ”IgniPFA-based samples) and 1494-158&m
(sucrose-based samples). Only slight decreasese thalues is observed with
increasing carbonization temperature. The comparaiél pore volume of 0.9-1.0
cm’/g for all CMK-1 samples is also noticed. A substdrcontribution of Vpesoin the
total pore volume (~ 50 %) confirms the importasierof mesoporosity. The carbon
precursor does not influence significantly the aeat parameters of CMK-1 and only
slight differences in specific surface area areeoled between PFA- and sucrose-
derived replicas. It is noteworthy that spatialtegs of pores in CMK-1 is regular, but
guite complex. This material is not an exact repbt gyroid-type MCM-48 structure,
since transition into anothé&t;32 space group occurs during replication [24]. The
micro-mesoporous type IVa isotherms of both CMKefless (Fig. 5A and 5B) show
small hysteresis loops (type H4) in the range p§ p/0.4-0.6, which are typical of
CMK-3 mesoporous carbons [11].

As discussed for the CMK-1 samples, the carborupa@mperature has an
insignificant effect on the textural parametersh&f CMK-3 replicas. Nevertheless, the
textural parameters of CMK-3 materials obtainedhgslifferent carbon precursors vary

considerably, in contrast to CMK-1. The sucrosavaelr CMK-3 catalysts exhibit
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specific surface area of 1560-163@gn similar to those described earlier in the
literature [11, 33], and are higher than the samplesed on PFA (1020-1196/g).
The same trend is found for total pore volume,+.2.5 cni/g and ~ 1.0 ciitg for the
sucrose- and PFA-derived materials, respectivéig. dbserved differences can be
explained by two possible mechanisms. The most premis related to the nature of
carbon precursor. Simply, thermal decompositioauairose results in the formation of
more microporous material than in the case of PHAs assumption is confirmed by
the greater amount of nitrogen adsorbed in theapae-related region of isotherm
(p/po < 0.01). However, the differences are also disiimthe mesopore range (p/p
0.50-0.95), where the volume adsorbed increasesistently for the CMK-3_S series
in contrast to CMK-3_PFA demonstrating plateaueh®kgrzyniak et al. also reported
substantial differences in textural parametersiofese- and FA-derived CMK-3 (both
replicas were synthesized by impregnation) andaenetl the observed effects by
various behavior of both carbon precursors duregrhal decomposition [34].

Another reason of variations in the textural pararseof CMK-3 series is related
to the above-described presence of microporousemtors in the SBA-15 silica
template and the nature of silica-carbon precurderaction. Namely, the PFA-based
CMK-3 structure is more packed due to weaker PR#css, which can crush upon
heating, resulting in limited total pore volume.eBthough the sucrose-derived replicas
undergo the greater temperature induced shrinkagetioe composite, the resulting
carbon structure reveals the higher values of takparameters, including higher
mesopore diameters (cf. Table 1).

The above-discussed mechanisms are not valid ioabe of CMK-1, because of

similar textural parameters are achieved for bétA-Rand sucrose-based series. It is
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most likely that development of additional porosityCMK-1_S is blocked in gyroid-
type pore system by diffusion limitations in thartsport of gaseous decomposition
products - diameters of mesopores in MCM-48 arétiatelly more than two times
lower than in SBA-15 (cf. Table 1). Furthermore, XIResults show that no clear
differences are observed in shrinkage for the MGyedrbon precursor composites

filled with sucrose and PFA.

3.3. Surface composition of carbon replicas

The type and amount of functional groups formedhanentire catalyst surface
were determined by TPD. Herein, the discussiondsged on carbonyl/quinone
functionalities, since they are usually consideasdctive sites in ODH [4, 13, 15, 16,
35]. To estimate the content of C=0 functional grtthe complete deconvolution and
peak area integration were performed assuming deasition of carbonyls/quinones
into CO (mass line m/z = 28) with the highest isignin the temperature range of 775-
825 °C [4, 15, 36-39]. The recorded TPD profiles presented in Fig. 6, whereas the
results of quantitative analysis are summarizebainle 1.

It is evident that the overall amount of carbongifepne functionalities is higher
for the sucrose-derived samples. This effect caexipéained by a lower number of
oxygen atoms in FA precursor compared to sucrasadcharide), which partially
remain on the surface after carbonization. Furtloeenthe carbonization temperature
alters the surface composition of both CMK-1 andkKCBIcarbon replicas, i.e.
decreasing amount of C=0 functionalities is obsgriéne highest concentration of
these species is found for the samples carbonizedvaemperatures — 650 °C (for

CMK-3) and 750 °C (for CMK-1). These variations danaffected by associated
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changes in the specific surface area of the matettavever, the percentage decline of
surface area for all carbon replica series (showkig. 7) varies in the range from 4.5
% (for CMK-3_S) to 14.2 % (for CMK-3_PFA), and therface concentrations of
carbonyl/quinone groups differ much more, i.e. 3a8d 67 %, for CMK-1_S and
CMK-3_S series, respectively. This comparison satggehat thermal-induced
variations in the superficial atomic structure hawgch higher contribution in the TPD
results than those related to the surface arebigher temperatures, the rearrangement
toward the graphitic structure is more intenses tlower amounts of oxygen atoms
remain on the surface in the form of oxygen funwidies. Accordingly, at lower
temperatures, it is harder to remove non-carbonecatmms (like oxygen) and their
concentration on the surface is distinctly highdoreover, the correlations depicted in
Fig. 7 reveal that the CMK-1 samples are relativetye resistant to the decomposition
of carbonyl/quinone surface species with increasamponization temperature than

CMK-3.

3.4. Catalytic activity of carbon replicasin oxidative dehydrogenation of
ethylbenzene
3.4.1. Effect of carbonization temperature and carbon precursor

The catalytic activity of the produced replicas wescussed in terms of
conversion of EB and selectivity to styrene. Thaahperiod of 15 min. of TOS was
arbitrarily selected to represent steady statherstudied system at an insignificantly
modified catalyst surface. In Fig. 8A and 8B thiéahconversions of EB is presented
for all CMK-1 and CMK-3 catalysts, respectively. #an be seen, the best catalytic

performance among the CMK-1 replicas is achievest tve materials carbonized at
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750 °C, i.e. 38.3 % and 30.3 % for 750 _CMK-1_S @80 CMK-1_PFA, respectively.
A further increase in the carbonization temperatasellts in a gradual decrease in the
catalytic activity, to 26.5 % and 19.6 % for 105MIK-1_S and 1050 _CMK-1_PFA,
respectively. The similar effects are found for @dK-3 replicas, however in this case
the highest EB conversion is noted for the catalgatbonized at 650 °C. Interestingly,
the catalytic activity of 750_CMK-3_S and 750_CMKFFA decreases only slightly.
The type of carbon precursor does not change theteff continuous decrease of
catalytic activity, neither for CMK-1 nor CMK-3 répas. However, the EB
conversions are generally lower for all samplegtam the PFA carbon precursor in
comparison to their sucrose-based counterpartedier to investigate the effect of
declining catalytic activity with increasing carbpation temperature, the surface
concentration of carbonyl/quinone groups was coegparith the initial EB conversion
(Fig. 9A and 9B). Clear correlations for both sw&roand PFA-based replicas are seen
within the whole range of carbonization temperauvehich confirm previous findings
for other nanocarbons [40]. The presented restdts@nsistent with the commonly
accepted ODH mechanism, which involves a redoxecytiereby an EB molecule
reacts with two adjacent carbonyl/quinone grougb@oduces a styrene molecule.
Finally, the formed hydroquinone groups are re@adiby gaseous oxygen with®
evolution [4, 13-16, 35, 41-43].

The slope of linear fit for the CMK-1 samples igglar than for the CMK-3 ones,
regardless of the type of carbon precursor. It khtherefore be concluded that the
catalytic activity of CMK-1 is more sensitive toetlc=0 surface concentration
compared to CMK-3. In other words, the slighter fiodtion of surface chemistry is

required to change the initial catalytic activify@VIK-1.
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Considering the selectivity to styrene, presemelig. 8C and 8D, more than
95% of EB is converted to the desirable product allesamples. Minor differences
between the catalysts synthesized using both cartemursors are realized, with a
superior effect noticed for the PFA-based materiethe most important by-product
formed in ODH is CQ since the selectivity to CO, benzene and tolugtawver than 1
% over all samples.

Gradual clogging of pores by carbon deposit, mateft by decreasing specific
surface area and total pore volume, is observég edsorption isotherms for samples
collected at different stages of the reaction,atalifferent time on stream (15, 60, 240,
390 and 780 min). The results for 850 CMK-1_PFA 880 _CMK-3_PFA, chosen as
representative samples, are demonstrated in FAgah@ 10B. The formation of carbon
deposit begins to be suppressed after 4 h of meatithe. The observed consecutive
changes in the catalyst surface influence the teng catalytic performance. The
conversion of EB and selectivity to styrene verB@S are presented in Fig. S2 for the
most active samples from each series. As can lvg #e2EB conversion decreases
gradually for all samples, reaching a plateau afée6 h of TOS. On the other hand, the
selectivity to styrene is kept at relatively higlvél during the whole catalytic run. It is
most likely that aromatic hydrocarbons, especistyyene, modify the surface of carbon
catalyst blocking in a consequence the pores. iesult, the surface and texture of

catalyst are completely different after 6 h TOS paned to the fresh material.

3.4.2. Effect of pore structure

The relationship between catalytic activity andace composition reveals that

the CMK-1 samples are more active in ODH than tMKE3 ones, despite the lower
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concentration of surface carbonyl/quinone functiiea. The differences in the pore
architecture between CMK-1 and CMK-3 might playgngicant role in the observed
phenomenon. To investigate the influence of stmatfieatures on the catalytic activity,
two samples synthesized with the same carbon @ec(sucrose) and presenting
comparable Vi, Sser and carbonyl/quinone surface concentration weoseth, i.e.
650_CMK-1_S and 950 _CMK-3_S. These samples exthibifer = 1546 ni/g and
1559 nf/g, as well as C=0 surface concentration equalld G=0O/nm and 0.16
C=0/nnf, respectively. The different carbonization tempewes for these samples do
not play a significant role, because the textusmbmeters are not influenced by this
factor within the series. Furthermore, graphitizatis negligible in both cases. Taking
into account the foregoing similarities as welpastulated mechanism of ODH, the
chemical vicinity on the surface of both carbonlicgpis reasonably alike for the EB
molecules. Because of that fact, only pore strectamains an important factor
diversifying these materials. Nonetheless, fora6@ CMK-1_S and 950 CMK-3_S
replicas the initial EB conversion is 34.2 % and6Zb, respectively. The higher slope
for the CMK-1 samples in Fig. 9A and 9B indicatesttthe surface functional groups
are utilized more efficiently than for the CMK-3nsples. We explain this fact by an
easier accessibility of active sites on the CMKufface for the reactants as well as an
easier evacuation of styrene from the pore sysidns. supposition is supported by
comparing the activity paramet@fumol - g~ - SY:

a=(Xep- Feo /W

where:Xgg — EB conversionkgg o— molar flow rate of EB in the inlet strealV,—

initial catalyst mass. For 650 CMK-1_S thearameter is equal to 1.78, whereas for
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950 CMK-3_S -1.11. The former value is also highan that described previously
for activated carbon (1.47) [16] and carbon nanesul®.80-1.12) [19].

The differences in the catalytic activity of bo#lexted carbon materials with
comparable physical and chemical properties, tarédnt 3D structure, may be
considered as adequate premises to formulate hggistbn the role of diffusion
limitations. The lack of hard evidence in the fasfipure mathematical calculations
does not have to be disqualifying. At first glanites quite complicated architecture of
CMK-1 should be detrimental for the catalytic pregesince the tortuosity of this
material might be greater (many possible pathwéysadecules migration).
Nevertheless, it is most likely that the compliciateut regular pore structure of CMK-1
carbon replica favor reactants and products diffusiompared to the hexagonal pore
arrangement in the CMK-3 replica, which is rathemtcadictory finding. A reasonable
explanation of this fact may be that CMK-3 possgsstatively long pores, in which
migration of molecules is straitened in perpendicdirection between consecutive
hexagonally-arranged carbon rods. This parametebeamportant from the point of
view of distribution of particles in a catalyst b8dhe spatial arrangement of the catalyst
particles in a reactor is stochastic, thus thelygatgerformance of CMK-3 can be
sensitive to the orientation of these particlesais the direction of gas flow. In this
regard, the structure of CMK-1 is more resistarthte parameter, since it exhibits the

regular symmetry.

4. Conclusions

Mesoporous ordered carbons with different poreitectures (regular and

hexagonal mesopore arrangement) were synthesizedroyeplication of silica
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templates (MCM-48 and SBA-15) using sucrose or BEAhe carbon precursor. The
deposition of PFA by the precipitation polyconddimsaresulted in more perfect pore
filling, because of the precursor molecules werigally chemisorbed on the silica walls
and the formed polymer chains grew towards theecemf pores blocking them
entirely. After the solvent removal, the mesopassained filled continuously in
contrast to sucrose, which formed voids betweerttimelensed carbon precursor and
silica walls. The pore filling influenced the bel@vof the carbon precursor/silica
composite during carbonization. Significantly largarinkage took place in the case of
sucrose-derived materials.

On the other hand, the carbon spacers preseng IGNMK-3 structure were more
stable after the deposition of disaccharide, whlichnot demand the addition of
initiator. That resulted in the formation of widaesopores and more expanded surface
areas in the final replicas. Furthermore, duringodeposition the carbon precursor
generated microporosity, which accompanied mesa@jggrobtained by the replication
effect. The higher micropore volume was found Fer sucrose-derived CMK-3
materials compared to the PFA-derived ones. Iicése of the CMK-1 samples
diffusion limitations caused that this effect wasd distinct.

The decomposition of sucrose resulted in higherwantsoof surface C=0
functionalities as well. Nevertheless, the conagrn of these species was strongly
influenced by the carbonization temperature. It foasd that the content of C=0
functional groups was straightly correlated toithgal activity of the produced replicas
in ODH, confirming the redox mechanism of this teat Additionally, the CMK-1
carbon replicas appeared to be more active compartbeé analogous CMK-3 catalysts

despite to the lower concentration of C=0 speciesiclered as the active sites. The
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observed phenomenon was related to the pore astiiriée The regular pore
arrangement in CMK-1 obviously favored the diffusiaf reactant molecules during the

catalytic process.

Acknowledgements

This work was supported by the Polish National Sm@eCentre (grant no.
2013/09/B/ST5/03419), MINECO (Project MAT2016-80285and Generalitat
Valenciana (PROMETEOII/2014/004). The research eagsed out with the
equipment purchased thanks to the financial supgddhte European Regional
Development Fund in the framework of the Polisholation Economy Operational
Program (contract no. POIG.02.01.00-12-023/08)aSkdn Jarczewski received funds
from the Polish National Science Centre in the fofra doctoral scholarship (grant no.

2016/20/T/ST5/00256).

References

[1] P.T. Anastas, J.C. Warner, Green Chemistryofjnand Practice, Oxford
University Press, New York, 1998, p.30.

[2] X. Liu, L. Dai, Nat. Rev. Mater. 1(16064) (2010-12.

[3] D.S. Su, J. Zhang, B. Frank, A. Thomas, X. Wahdarankowitsh, R. Schldogl,
ChemSusChem 3 (2010) 169-180.

[4] P. Serp, J.L. Figueiredo, Carbon materialscialysis, Wiley, New Jersey, 2009,
pp. 75-78.

[5] L. Liu, Y-P. Zhu, M. Su, Z-Y. Yuan, ChemCatChéh{2015) 2765-2787.

[6] F. Rodriguez-Reinoso, Carbon 36(3) (1998) 135-1

22



[7] D. Chen, A. Holmen, Z. Sui, X. Zhou, Chin. Jat@l. 35 (2014) 824-841.

[8] D.S. Su, J.J. Delgado, X. Liu, D. Wang, R. S| L. Wang, Z. Zhang, Z. Shan, F-
S. Xiao, Chem. Asian. J. 4 (2009) 1108-1113.

[9] M. Enterria, J.L. Figueiredo, Carbon 108 (2018)102.

[10] R. Ryoo, S.H. Joo, S. Jun, J. Phys. Chem.38(1099) 7743-7746.

[11] R. Ryoo, S.H. Joo, M. Kruk, M. Jaroniec, AdWater. 13(9) (2001) 677-681
[12] W. Guo, F. Su, X.S. Zhao, Carbon 43 (2005)723929.

[13] F. Cavani, F. Trifiro, Appl. Catal. A 133 (199219-239.

[14] G. Mestl, N.I. Maksimova, N. Keller, V.V. Rodts, R. Schlégl, Angew. Chem.
Int. Ed. 40 (2001) 2066-2068.

[15] J.L. Figueiredo, M.F.R. Pereira, Catal. Tod&y (2010) 2-7.

[16] M.F.R. Pereira, J.J.M. Orfdo, J.L. Figueiredppl. Catal. A 184 (1999) 153-160.
[17] V. Zarubina, H. Talebi, C. Nederlof, F. KapteiM. Makkee, 1. Melian-Cabrera,
Carbon 77 (2014) 329-340.

[18] D.S. Su, N. Maksimova, J.J. Delgado, N. KelrMestl, M.J. Ledoux, R.
Schlogl, Catal. Today 102-103 (2005) 110-114.

[19] M.F.R. Pereira, J.L. Figueiredo, J.J.M. OrfRoSerp, P. Kalck, Y. Kihn, Carbon
42 (2004) 2807-2813.

[20] D. Su, N.I. Maksimova, G. Mestl, V.L. Kuznetsd/. Keller, R. Schlégl, N.
Keller, Carbon 45 (2007) 2145-2151.

[21] P. Janus, R. Janus, P.dowski, S. Jarczewski, A. Wach, A.M. Silvestre-Aib,
F. Rodriguez-Reinoso, Catal. Today 235 (2014) 20d.-2

[22] S. Jarczewski, M. Drozdek, A. Wach, B. DudekKustrowski, M.E. Casco, F.

Rodriguez-Reinoso, Catal. Lett. 146 (2016) 12311124

23



[23] P. Niebrzydowska, R. Janus, P.skawski, S. Jarczewski, A. Wach, A.M.
Silvestre-Albero, F. Rodriguez-Reinoso, CarbonZi B8) 252-261.

[24] M. Kaneda, T. Tsubakiyama, A. Carlsson, Y. &akto, T. Ohsuna, O. Terasaki,
S.H. Joo, R. Ryoo, J. Phys. Chem. B 106 (2002) 112%%.

[25] M. Kruk, M. Jaroniec, R. Ryoo, S.H. Joo, JyRhChem. B 104(33) (2000) 7960-
7968.

[26] M. Kang, S.H. Yi, H.I. Lee, J.E. Yie, J.M. Kilfhem. Commun. 8 (2002) 1944-
1945.

[27] K. Machowski, P. Kétrowski, B. Dudek, M. Michalik, Mater. Chem. Phy€5
(2015) 253-260.

[28] A.H. Lu, W. Schmidt, A. Taguchi, B. SpliethpB. Tesche, F. Schith, Angew.
Chem. Int. Ed. 41 (2002) 3489-3492.

[29] M. Lezanska, P. Pietrzyk, A. Dudek, J. Wtoch, Mater. Ch&imys. 149-150 (2015)
539-552.

[30] M.A. Kiani, H. Khani, N. Mohhamadi, J. Solidése Electrochem. 18 (2014) 1117-
1125.

[31] R. Janus, P. Natkaki, M. Wadrzyk, B. Dudek, M. Gajewska, P. Kwowski,

Mater. Today Commun. 13 (2017) 6-22.

[32] M. Thommes, K. Kaneko, A.V. Neimark, J.P. G¢iy F. Rodriguez-Reinoso, J.
Rouquerol, K.S.W. Sing, Pure Appl. Chem. 87(9-20)16) 1051-1069.

[33] S.H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, JyRhChem. B 106 (2002) 4640-4646.
[34] A. Wegrzyniak, S. Jarczewski, P. Birowski, P. Michorczyk, J. Porous Mater.
(2017) 1-10.

[35] M.F.R. Pereira, J.J.M. Orfdo, J.L. Figueiredppl. Catal. A 218 (2001) 307-318.

24



[36] J.L. Figueiredo, M.F.R. Pereira, M.M.A. Freital.J.M. Orféo, Carbon 37 (1999)
1379-1389.

[37] G.S. Szymaski, Z. Karphski, S. Biniak, A.Swiatkowski, Carbon 40 (2002) 2627-
2639.

[38] J-H. Zhou, Z-J. Sui, J. Zhu, P. Li, D. ChenCY Dai, W-K. Yuan, Carbon 45
(2007) 785-796.

[39] M.J. Lazaro, L. Calvillo, E.G. Bordejé, R. Mioér, R. Juan, C.R. Ruiz,
Microporous Mesoporous Mater. 103 (2007) 158-165.

[40] W. Qi, W. Liu, B. Zhang, X. Gu, X. Guo, D. SAngew. Chem. Int. Ed. 52 (2013)
14224-14228.

[41] G. Emig, H. Hofmann, J. Catal. 84 (1983) 15-26

[42] J.A. Macia-Agullo, D. Cazorla-Amoros, A. Lires-Solano, U. Wild, D.S. Su, R.
Schlogl, Catal. Today 102-103 (2005) 248-253.

[43] M.F.R. Pereira, J.J.M. Orfdo, J.L. Figueiredppl. Catal. A 196 (2000) 43-54.

25



Table 1. Structural, textural and surface propemieCMK-1 and CMK-3 carbon replicas.

Lattice Mesopore Ca_rbonyl /
parameter  dny SgeT Viotal V micro Vmeso diametet quinone
=Y [nm] [m?/g] [cm®/g] [cm®/g] [cm®/g] [nm groups
[nm] [nmol/g]
MCM-48 7.8 3.2 1202 0.84 0.38 0.46 2.5 -
SBA-15 10.3 8.9 889 0.97 0.33 0.61 6.8 -
650 CMK-1_S 6.8 48 1546 1.02 0.47 0.55 3.6 427
750 CMK-1_S 6.8 48 1576 1.04 0.49 0.55 3.6 497
850 CMK-1_S 6.8 48 1528 0.99 0.47 0.52 3.6 449
950 CMK-1_S 6.8 48 1588 1.02 0.49 0.54 3.6 361
1050 CMK-1_S 6.8 478 1494 0.94 0.47 0.47 3.6 297
650 CMK-1_ PFA 7.2 59 1671 1.04 0.46 0.58 3.6 259
750 CMK-1 _PFA 6.9 49 1700 1.03 0.49 0.54 3.6 318
850 CMK-1 PFA 6.9 49 1629 0.96 0.45 0.47 3.6 233
950 CMK-1_PFA 6.8 48 1625 0.97 0.48 0.49 3.6 206
1050 CMK-1 PFA 6.8 478 1523 0.91 0.57 0.27 3.6 160
650 CMK-3_S 8.7 7% 1630 1.43 0.56 0.88 3.6 1108
750 CMK-3_S 8.7 7% 1591 1.48 0.54 0.93 3.6 749
850 CMK-3_S 8.7 7% 1599 1.54 0.56 0.98 3.8 629
950 CMK-3_S 8.7 7% 1559 1.50 0.54 0.96 3.8 427
1050 CMK-3_S 8.7 7% 1557 1.48 0.54 0.94 3.8 349
650 CMK-3 PFA 9.4 82 1187 0.99 0.39 0.60 3.3 521
750 CMK-3 _PFA 9.4 8h 1157 0.98 0.41 0.57 3.5 454
850 CMK-3 PFA 9.2 8% 1128 0.97 0.40 0.57 3.5 379
950 CMK-3 PFA 9.2 8 1078 0.95 0.37 0.58 3.5 199
1050 CMK-3_PFA 9.1 78 1019 0.90 0.36 0.54 3.4 153

a— dzn; b- leO; C— d_]_l(), d-— BJH,e— TPD.
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Figure captions

Fig. 1. Low-angle X-ray powder diffraction patterdlected for the CMK-1_S (A), CMK-

1 PFA (B), CMK-3_S (C) and CMK-3_PFA (D) replicaarbonized at various
temperatures.

Fig. 2. Postulated carbon precursor interactioh wilica template walls for PFA (A) and
sucrose (B) in the process of nanoreplication.

Fig. 3. TEM micrographs taken for 850 _CMK-1_S (8%0 CMK-1_PFA (B), 850 _CMK-
3_S perpendicular (C) and parallel (C’) to the pp850_CMK-3_PFA perpendicular (D)
and parallel (D’) to the pores.

Fig. 4. Low-temperature Nsorption isotherms of the CMK-1_S (A) and CMK-1 A°(B)
carbon replicas carbonized at different temperatusatherms were equally shifted (with
a step of 100 cifg) to make graph more readable.

Fig. 5. Low-temperature Nsorption isotherms of the CMK-3_S (A) and CMK-3 A°(B)
carbon replicas carbonized at different temperatusatherms were equally shifted (with
a step of 100 cifg) to make graph more readable.

Fig. 6. TPD profiles of CO evolution for the CMK-& (A), CMK-1_PFA (B), CMK-3_S (C)
and CMK-3_PFA (D) replica series carbonized atedédht temperatures.

Fig. 7. Induced decline (%) in theg and carbonyl/quinone surface concentration for all
carbon replica series at a given carbonization &atpre.

Fig. 8. Initial conversion of EB and selectivitystyrene for CMK-1 (A, C) and CMK-3 (B,
D) carbon replicas.

Fig. 9. Relation between initial conversion andate concentration of carbonyl/quinone
functional groups for sucrose derived (A) and PFefinded (B) carbon replicas.

Fig. 10. Changes ofgSr and et for 850 CMK-1_PFA (A) and 850 CMK-3_PFA (B) with

increasing time on stream.
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Highlights

- Porefilling influences shrinkage of carbon precursor/silica composite

- Sucrose-derived materials reveal larger shrinkage during carbonization

- CMK-1 ismore active in oxidative dehydrogenation compared to CMK-3

- Regular pore arrangement in CMK-1 favors diffusion of reactant molecules

- Superficial C=0 functionalities are utilized more efficiently for CMK-1



