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We have used the matrix synthesis protocol of Ryad for the preparation of highly ordered cubic
mesoporous carbon (CMK-1) using mesoporous silid@NI-48) as a template, in order to prepare pal-
ladium-doped CMK-1. The carbon obtained has a lsigtiace area of 18004, a large porous volume
of 1.14 crig* and average pore diameter of 3.03 nm. Step-by{stepation of mesoporous carbon was
followed by X-ray diffraction, FTIR, N2 adsorptidesorption and TPD mass-spectrometry. The physical
data of CMK-1 are hardly changed by Pd incorporati€MK-1/Pd). Transmission electron microscopy
and Raman spectroscopy show that the frameworkeohighly ordered mesoporous carbon/Pd consists
of an aligned carbon phase with a graphite modeiamgThe potential application of CMK-1 and
CMK-1/Pd as sorbents for hydrogen storage is diseds

INTRODUCTION unique metal-support interaction resulting in quite

In recent years, much attention has been given _dlstlnct catalytic behavior. For example, carbon-Pd

to the synthesis and the physicochemical properti esmteractlons were discussed in terms of Pd particle

. ; . size distribution and geometry which, in turn, are
of mesoporous [1-6] and microporous [7, 8] materi elated to hydrogenation activity/selectivity [15].

als based on carbon. Carbon nanotubes as wel a‘I{:x erimental and theoretical investigations reveal
carbon mesoporous sieves are characterized by high P 9

values of the specific surface area and pore vglume (r:;)nérz\éerasgis (;?:jcfrzgln%rt:?:r:/::gitg:i;?/:sr%?‘e;arsgg-
a narrow pore diameter distribution, high thermal 9 pactty P

stability in an inert environment and high conducti mrzfse;r]il?/vsfkvt\;?ge?g dmnfgologgﬂg cggt:gr?i (I:thQ_el
ity. In view of the features these ordered mesopor- P b

: . were synthesized using MCM-48 sieve as matrix
ous carbon (CMK-1) can be used as applied materi- . .
als. Using mesoporous silica as a template is par- according to ref [2, 5]. CMK-1 formation was fol-

ticularly attractive due to the possibility of sttural lowed step-by-step. The effects of finely dispersed

. o L metallic palladium on the microstructure and prop-
order and diversity in achieving novel carbon nano- P brop

architectures. These materials have aroused consid-ertles of CMK-1 were also investigated. Potential

erable interest due to their important fundamental %prprl]'cg:(')onjnftggﬂﬁ';rgr:j?sgj\g;g Pd as sorbents
implications and industrial applications as a ptdén yarog 9 '

element of different electronic nanodevices, sepsor EXPERIMENTAL
components of selective catalysts and "containers" MCM-48 silica was prepared following a hy-
for the storage of hydrogen and methane [4—6]. drothermal synthesis procedure using sodium sili-

Controlling and functionalizing carbon nano- cate as the silica source [20]. The molar composi-
structures are key factors in defining their agplic  tion of the starting mixture for MCM-48 synthesis
tions. For example, various transition and noble was 1TEOS:0.54 NaOH:0.5 CTABr:11Q®1 After
metals can be supported by carbon nanostructureshomogenization of the mixture and hydrothermal
using the wet impregnation technique [9-14]. In- treatment in autoclave, the product was filtered,
deed, carbon with a graphitic structure involves a carefully washed in water, dried at ambient tem-
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perature and finally calcined in air at 823 K. Afte
template removal, the silica was impregnated with
an aqueous solution of sucrose and sulphuric acid
[2, 5]. 5 mg of MCM-48 was mixed with an aque-
ous solution prepared from 6.25 g of sucrose, 0.7 g
of H,SO, and 30 ml of HO. The resultant mixture
was dried for 5 h at 373 K and then at 443 K. After
this partial carbonization, the sample was blended
with a solution containing 3.75 g of sucrose, 0cf g
H,SO4 and 30 ml of ¥D. The resultant mixture
was dried again for 6 h successively at 373 and
443 K. The resultant powder was calcined and car-
bonized under vacuum in a quartz reactor at various
temperatures (973, 1173 and 1373 K). The blackish
composite was obtained in 50% ethanol. The sam-
ple was filtered, washed in ethanol and dried at
373 K. For Pd loading, 0.1 g of mesoporous carbon
was mixed with HPdCl] in acetone solution,
(Cpe=1.0009 mg/ml). The volume of solution was
varied depending on the degree of Pd loading re-
quired (1 and 5%). The mixture was stirred for 3 h
and dried until the acetone had evaporated. XRD
patterns were obtained with a GuKsource
(DRON-3 M diffractometer).The hydrogen adsorp-
tion capacity was measured with a volumetric device
100 mg of carbon sample were put in a cell immersed
in a Dewar vessel with liquid nitrogen (77 K) and
pure hydrogen was passed at atmospheric pressur
After 45 min the solid-hydrogen equilibrium was
reached and the sample cell was isolated. The -hydro
gen adsorption capacity was computed from the
amount of gas desorbed from the material at 313 K.
This experimental procedure avoids any error ilate
to temperature gradients between the different part
of the apparatus. The specific surface area arel por
size distribution of the mesoporous materials were
calculated from nitrogen isotherms at 77 K using
DFT model (Micromeritics ASAP 2000) [21]. Be-
fore starting this adsorption, the samples were out
gassed under vacuum at 423 K duringl8 hours.
FTIR spectra were obtained on a BRUKER IFS 66

removal of silica framework after carbonization
of sucrose impregnated in the pores of MCM-48.
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Fig. 1. XRD patterns for MCM-48 and ordered mesopor-
ous carbon synthesized with sucrose and MAEM-
silica: 1 — MCM-48 as synthesi2 — MCM-48,
calcined, 823 K3 — MCM-48, C1,H,,01,+H,SO,
at 433 K;4 —MCM-48 after vacuum chonizatior
at 1173K;5 — ordered mesoporous carbon

The sharp diffraction peaks (curte? show a
good correspondence to cub#3d symmetry im-
plying that the matrix is mesoporous MCM-48. The
product maintained the cubic structure without col-
lapse after calcination at 823 K demonstrating a
good thermal stability. The intensity change in the

RD pattern (lattice contraction and intencity joss
llustrated that channel systems separated by the
silica walls were statistically equally filled wittar-
bon (curve3, 4. Structure formed in these porous
systems is obviously disconnected and capable to
change their position with respect to one another
when the matrix is removed. When the silica walls
were destructed, produced CMK-1, a new reflection
corresponding of the (110) carbon networks forbid-
den for cubicla3d appears. This result shows
change of symmetry from cubi@3d to another
cubic structurel4,32 (curve 5), systematic trans-
formation to new ordered mesoporous structure.
The XRD of carbon material showed no patterns in

spectrometer. For TEM measurements, powders the region 2 greater than 10° indicating that the
and transferred to a JEOL 2000 electron microscope P TIR spectra confirmed XRD data of the sys-
operating at 80 kV. Changes in the amount of gas- fematic structural changes and show the possibility
phase products during sucrose carbonization were©f the checking feature of the forming CMK-1
recorded by temperature programmed desorption Structure and illustrate all reactions and processe
monitored by a MX-7304 mass-spectrometer. which pass in structure MCM-48 step by step
(Fig. 2). Calcination of mesostructured matrix at
RESULTS AND DISCUSSION 823 K (curve?) results in complete releasing of
Fig. 1 shows the X-ray diffraction patterns of porous structure of MCM-48 from template, disap-
as-synthesized and calcined MCM-48 and sys- pearance of the absorption band (¥ characteris-
tematic transformation of structure during the tic for the template molecules at 2800-3000'cm
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Fig 2. Infrared spectra registered after various st Fig. 3. Changes in the amount of gas phase proc
of MCM-48 treatment and CMK-1 formation: (calculated from MS data) during the reac
1 — as synthesized MCM-4& — calcined ¢ the sucrose carbonization for the ions wrifz:
823 K; 3 — after sucrose+$0Q,, 423 K treat- 1-15(CH 2;_2 - 17 (Og)_; 3-18 (H—’O+)f
ment;4 — reloaded sucrose, 433 ;- carboni- 4-27 (02'13_ )i 5~ 28(5_ ); 6~ 41(%"'5 );
zation in vacuum, 1173 Kg — final composite 7-44(CQ);8-48 (S0); 9-64(SQ)
after dissolved silica matrix Their liberation observed at all time heating,

When the template was removedc(Y vibra- especially it noticeably for ¥, CO. In case of

tion bands disappeared and absorption bands cor-CO,, we observed intensive take off at 473—-773 K
responding to oscillation of physically adsorbed with the maximum about 603 K. The basic proc-
water at 3420 and 1630 &were observed. ess of thermodestruction of sucrose from TPDMS
Carbonization result in the complete destruc- data begins at a temperature 450 K. Thus, at the
tion of structure of MCM-48 (curvB) and band at  low temperature main process of thermolysis are
1590 cni which characterizes the unsaturated car- dehydratation and insignificant release of the CO.
bon structures appeared in the spectra. After disso When the temperature increased, we detected
lution of the silicate matrix (curv@) only absorp- complex process which is linked with splitting of
tion bands with at 1590 and 1720 tufetected in the heterocyclic group and their destruction (CO
a spectrum that can testify to the completeness of release). Character of curves from m/z=48 and 64,
carbonization and formation of the carbon silica corresponding SO and $Cat 323-613 K testify
matrix resulted in appearance and increased of theto destruction of the sulfonate group.
band at 1590 cthwhich characterizes the unsatu- Interestingly, that according to TPDMS data
rated carbon structures. After removed of silica thermolysis not completed at 1023 K, such as we
frameworks remain only the absorption bands at detected noticeable release gfHand CO. Thus,
1590 and 1720 citthat characterized formation of we can state that for successfully completion of a
the mesoporous carbon remain in the spectrum. process of sucrose carbonization and formation of
After dissolution of the silicate matrix the ordered porous carbon structure, additional
(curve6) only absorption bands with at 1590 and treatment at a high temperature is necessary. A
1720 cnt detected in a spectrum that can testify to periodic nature of mesoporous carbon was also
the completeness of carbonization and formation of confirmed using Raman spectroscopy. In the visi-
carbon. The synthesis information concerning to ble Raman spectrum vibrational "graphite” mode
effect of the sucrose/sulfuric acid, calcinatiom+te appeared at 1582 and 1355Timands due to
perature and optimum amounts of sucrose can behighly oriented pyrolytic graphite.
used for control to obtain highly ordered mesopor- Concerning the porosity, for all materials ni-
ous carbon. With this purpose, we continuously trogen adsorption exhibits type IV isotherms (not
detected r changes in the gas phase by mass specshown here) presenting a sharp step at a relative
trometer. Special attention has been paid to the pressure of 0.3-0.4 attributed to capillary conden-
formation of the volatile products which appeared sation in the ordered mesoporous structure. The
at heating and carbonization sucrose in a vacuumresults of calculations are given in Table. Pore
with speed of heating 9.7 K/min in 303-1023 K. size analysis shows that both MCM-48 and
As evidently from Fig. 3, in this temperature CMK-1 are structurally microporous and meso-
range the basic volatile products of thermolysis of porous but the microporosity is much less impor-
sucrose are 0, CO and C@ tant for CMK-1. The average pore size and the
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total surface area increase from 2.12nm to
3.03nm and from 1310%g to 1801 rilg for "
MCM-48 and for CMK-1, respectively. For the
CMK-1/Pd samples, reduction of Pd with hydro-
gen does not change the textural/structural pa-
rameters significantly as compared with those of
CMK-1 (Table). The low angle XRD patterns of
CMK-1 with or without Pd are identical. The spe- 7
cific surface areas and volumes corresponding to ] 4
the different type of pores are roughly the same. S73K/2h | 1173K/2h  1173K/3h  1373K/2h | 1373K/3h
The average pore diameter has the same value _ TEmpersiura/Time sucrose carbonization
(3.11 nm) but this latter corresponds in fact to a Fi9- 4-Correlation between temperature/time car-
broader distribution of pore size which could re- ?eorglr?tag(;/?é;s;;c;gsi ;‘23 ;:ﬁg?gri C?g:;:ryed'f'
sult from a modification due to the influence of P

the solution used for Pd loading. Table. Surface areas, volumes anddépacity of the

Analysis of TEM images reveals that the size samples

distribution of palladium particles is quite narrow ample
(average size 2~7 nm) and that these latter are\\ MCM-48 CMK.1 PdCMK-1  PdCMK-1

partly dispersed within the matrix. Unfortunately, (Wt 19) - (Wt 5%)

1.4
1.2 %
1.0

0.6 o

H’ adsorbed, wt/%

TEM shows also some large particles; especially Syt 1308 1800 1794 1720

for CMK-1/Pd 5%.These can be detected also —_M79

with high-angle XRD, with a reflection character- Sm“'flfa 401 156 151 133

istic of metallic palladium at 39.7 degrees. Of Srewo

course, these large particles are located outside m?g 901 1577 1576 1522

the mesopores of car_bon network. _ Sigeros 6 67 67 65
Hydrogen adsorption measurement. First we m°/g

compared the results of the effective hydrogen C\r/];gt/b 1.16 1.15 1.12 1.09

storage by CMK-1 prepared at different tempera- Voo
tures and sucrose carbonization times. Hydrogen smijg 940  0.10 0.10 0.09
adsorption on these ordered carbon materials in- Ve

. . L 0.92 1.00 0.97 0.96
creases noticeably with the carbonization tem- snr/g
perature up to 1173 K (Fig. 4). \g'r:%‘;m’ 0.14 0.05 0.05 0.04
At higher temperature, further increase up to — m?q
1373 K has the reverse effect leading to a de- 1905 212 3.03 3.11 311

crease in hydrogen adsorption. These results show H, capac-
.. . . 0.51+0.021.80+0.04 2.07+0.05* 2.17+0.06*

that the conditions of CMK-1 synthesis have a iy, wt, %

great influence on the quantity of hydrogen ad- *related to the same amount of CMK-1.

sorbed by this material. The experimental data for Of course, during hydrogen adsorption there is
the hydrogen capacities of MCM-48 and CMK-1  the formation of3-Pd hydride of approximate for-
at 77 K and atmospheric pressure are presented inmula is Pd-Hes However, expressed in wt %, this
Table. The lowest value is obtained with MCM-48 Corresponding amount is neg||g|b|e This phe-
(0.51 wt. %) while the maximum hydrogen sorp- nomenon can be attributed to the spillover effect,
tion on CMK-1 is 1.80+0.04 wt. % at a carboniza- as was proposed in [22] It was shown in [23] that
tion temperature of 1173 K for 3 hourSimilar there is a|WayS edui"brium between, bHas, H
data were observed Gadiou et al. [17] in the case adsorbed on the Pd surface andHB-Pd hydride,

of ordered nanostructure carbons samples. The thjs latter form being at its maximum value when
amounts of adsorbed hydrogen, related to the the surface of the particle is saturated

same amount of corresponding CMK-1, are 2.07 He = (H) adsorbed- (H.) gas.

and 2.17 wt % for samples CMK-1 — 1% and 5%, Consequently, there is always exchange and de-
respectively. The corresponding increases of hy- sorption of H species to re-form fHjas or to diffuse
drogen adsorption due to this doping are ap- throughout the carbon structure as was shown éor th
proximately 15% and 20% (Table). case of Pt supported on silica and zeolites [34, 25
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CONCLUSION 9.

Matrix synthesis and transform during the for-
mation of three-dimensional structure of ordered me
soporous carbon were described. The formation
CMK-1 was checked by X-ray diffraction, FTIR, and
TPD mass spectrometry. It was shown that for suc-
cessfully completion of a process of sucrose cébon
zation the additional ageing at high temperature
treatment is the necessary criterion. Functiortadiza
of the ordered carbon by Pd nanoparticles resinted
increasing of adsorption of hydrogen but more sur-
prisingly thatsorptive capacity of floes not depend
on Pd concentration (1-5% addition the charac-
terization of this volume of narrow micropores can
be a good parameter for the evaluation of the Rydro
gen adsorption capacity of these new Pd doped and
native carbon material.
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Vel U KOMRO3ZUMHO20 MAMePUAna KOHMpOIUpo8a Memooamu peHmeeHoscko ougpakyuu, UK-cnexmpockonuu ¢
Dypve-npeobpazosanuem, HuzKomemnepamypuou aocopoyuu asoma u TII macc-cnekmpomempuu. Ycmanoeiero,
umo donupoganue 06pazyos nauladuem He NPUEOOUM K PA3PYULEHUIO CIPYKIMYDbl MAMPUYybl; CO2LACHO OAHHbIM
npoceenugaioufell INeKMpOHHON MUKPOCKONUU U CHEKMPOCKONUU KOMOUHAYUOHHO20 PACCEUBANHUs CMPYKMYPA Gbl-
COKOYNOPOOUEHHO20 ME30N0OPUCIO20 KOMRO3UMA COCHOUM U3 YNOPIOOUeHHOU YenepoOHol paszvl ¢ yyacmkamu
epaghuma u Hamouacmuy NAIIAOUS, UHKOPNOPUPOBAHHO20 8 ME30N0PAX MAmpuybl, d NOJLYYEHHble KOMHO3UMHbIE
006pasybl NOKA3LIBAION NOBBIULEHIYIO COPOYUOHHYIO eMKOCHb O 8000POOY.
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