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Introduction

Many industrid processginvolve the adsorptim and cata:
Iytic conversim of large hydrocarbons The ided carbona
ceots adsorbehor catayst suppot for thes application:
shoull hawe pores somewha wider than the dimensiors of
the hydrocarbos (i.e. same ten Angstrans). Furthemore,
the pore size distribution shout be narrav ard the volume
of othe pores (especialy micropore$ shoutl be small in
orde to favou the transpot and adsorptio of the large
hydrocarbons over other (espeqgyaaller) hydrocarbons
Unfortunatey, the® requiranent are nat fulfilled by the
widely useal activatal carbons However, mesoporos car-
bon molecula sieves with the desiral properties can be
produced by pyrolysis/carbaisation of hydrocarbams ad-
sorbel in a suitabk silica matrix. In a secoml step of the
synthesis the silica matrix is dissolvel in eithe sodium hy-
droxide or lydrofluoric acid [1,2].

In a previots investigation the pore structue of carbor
sieves synthesisd in two silica matrices was studiel by

low-pressue nitrogen adsorptio [3]. In addition to the
pore structure the surfa@ chemistry is also very important
for the adsorptim behaviour Therdore in the presen
work, the surfa@ chamistry of the carbm sieves was stud-
ied in detal by two spectroscopi methods electran spec-
troscopy for chemical anaysis (ESCA) ard statc secon-
dary ion mass spectroscop (SIMS). The combination of
these two techniqusis attractie since differert portiors of
the surfa® are studied Static SIMS only probes the first
atamic layer, wherea by ESCA, information on the surface
chamistry up to adeph of approximately 50A is obtained.
Thus by ESCA, in addition to the surface surface-neare-
gions are also studied.

It shoutl be mentioned tha the larges portion of the sur-
face of the carbm sieves is locatad in mese ard micro-
pores The oute surfae studied by ESCA ard SIMS rep-
resens therefoe only a small portion of the totd surface.
However, it was possibe to obtan information on the
graphitic orde of the mesopoe suiface from low-pressure
nitrogen adsorptim da@a [3]. The comparisa of the sur-

Table 1, $nthesis pamaeters & themesoporous carbamolecular sieves

Carbon sieves produced in a MG matrix

Carbon sieves produced in a/SB5 matrix

Sample Temperature [°C] Solvent for Sample Temperature [°C] Solvent for
Pyrolysis  Post-gyrolysis the matrix Pyrolysis Post-grolysis the matrix
heat-treanent heat-treanent
CMK-1F(A) 700 - HF CMK-3F(A) 700 - HF
CMK-1F(B) 900 - HF CMK-3F(B) 900 - HF
CMK-1F(C) 900 1100 HF CMK-3F(C) 900 1100 HF
CMK-1F(D) 1100 - HF CMK-3F(D) 900 1300 HF
CMK-1F(E) 900 1300 HF CMK-3F(E) 900 1600 HF
CMK-1F(F) 900 1600 HF
CMK-1Na(A) 700 - NaOH CMK-3Na(A) 700 - NaOH
CMK-1Na(B) 900 - NaOH CMK-3Na(B) 900 - NaOH
CMK-1Na(C) 900 1100 NaOH CMK-3Na(C) 1100 - NaOH
CMK-1Na(D) 900 1300 NaOH
CMK-1Na(E) 900 1600 NaOH

2 Under vaauum
® Under nitrgen



face spectroscopy and gas adsorption results allows on¢
estimate how representative the surface spectroscopic
sults are for the entire surface of the carbon sieves.

The carbon sieves were produced in MCM-48 and SBA-.
silica matrices, respectively, at different pyrolysis and pos
pyrolysis heat-treatment temperatures. An important d
ference between the two matrices is that in the case
SBA-15 the carbon sieves are a replica of the matri
whereas the structure of carbon sieves produced in MC
48 changes upon removal of the matrix [4].

Experimental Details

Materials

The carbon sieves were produced by pyrolysis of sucrc d

adsorbed in a MCM-48 and a SBA-15 silica matrix, re
spectively. Different pyrolysis experiments were pel
formed at temperatures ranging from 700 to 1100 @
Then, the carbon sieves were liberated by dissolving t
silica matrix in either hydrofluoric acid or sodium hydrox-
ide solution. Some samples were subsequently heat-tre:
at temperatures ranging from 1100 to 1600 °C. The s

thesis conditions of the mesoporous carbons are sumr

rised in Table 1. Detailed information on the synthesis
the MCM-48 [5] and the SBA-15 [4] silica matrices as we
on the synthesis of the carbon sieves [4,6] can be fou
elsewhere.

Electron spectroscopy for chemical analysis (ESCA)
An ESCALAB MK Il spectrometer (VG Scientific, East
Grinstead, UK) equipped with a Microlab system fror
Vacuum Generators (Hastings, UK) with non
monochromatized Mg Kradiation was used for the ESCA
experiments. The binding energy scale was corrected
referring the G peak in the & signal at 284.4 eV.
However, the corrections made were smaller than 0.05 ¢
The pressure during the experiments was lower thah 1
mbar. After removal of satellites and of a non-lineg
background from the spectra, a mixed Gaussian-Lorentz
product function was used to describe the shape of t
peaks [7]:

! ELJ' m(x - xg)?2 Eexp Ha-m)in2(x-x9)?H .
b2  H T H H

b2
where | is the intensityclis the maximum peak height, x is
the binding energy, xis the binding energy at the peak
centre, b is a parameter for the peak width that is nea
half the full width at half maximum (FWHM) and m is the
Gauss-Lorentz mixing ratio; with m = 0 a pure Gaussie
curve is obtained, whereas m = 1 gives a pure Lorentzi
curve.

The G peaks of the carbon spectra had an asymmet
shape. Their shape was described by an exponential 1
added to the high binding energy side of the peak [7]:

O =1 +(1-1)(1-TMR)e =7/ )

where I’ is the intensity of the asymmetric peak, TMR is

, the tail mixing ratio and ETR is the exponential tail ratio.

.A program developed at Université Laval was used to
.calculate the relative sensitivity factors for the
fdetermination of the elemental composition on the surface.
This program considers the Scofield photo-ionisation
-cross-sections, angular asymmetry factors, transmissions
and the electron mean free path in the calculation. The
surface area probed by ESCA was approximately 5 mm

Secondary lon Mass Spectroscopy (SIMS
A Vacuum Generator SIMSLAB equipped with a Wien-
itered AG61 ionisation ion gun and an MM12-12S
guadrupole mass spectrometer was used for the SIMS
experiments. The SIMS spectra were recorded usifig Ar
ions with a current density smaller than 1 nA F@nd an
senergy of 1 keV at a pressure lower thari P@. The total
“jon dose after recording the positive and negative SIMS
.gpectra at these settings was lower than 0.5%ddi®/cnd. It
_was shown previously that below an ion dose of 1.0% 10
ions/cnt no significant degradation of carbonaceous surfaces
takes place [8]. Thus, in the present work true static SIMS
spectra were obtained. The argon ion beam diameter was
4100 um, the scanned surface area was 16 emd the angles
of incidence and emission were 45 afidvidh respect to the
surface normal, respectively. The mass resolution was better
than 0.6 atomic mass units (amu) at 5 % peak height. The
powdered carbon sieves were placed in stainless steel sample
holders where they were only held by gravity.

Results and Discussion

y Surface Composition determined by ESCA

 The survey spectra of the carbon sieves showed in addition
‘to peaks of carbon and oxygen only small signals of silicon
and fluorine. As an example, the survey spectrum of car-
rEon sieve CMK-1F(C) is presented in Fig. 1. On the car-
-bon sieves liberated from the silica matrix with sodium hy-
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Fig. 1 ESCA Survey spectrum, sample CMK-1F(C)



Table 2, Elemental surface composition

Sample Element [atom %]

C o] Si F
CMK-1F(A) 95.4 4.1 0.2 0.3
CMK-1F(B) 96.3 2.9 0.3 0.5
CMK-1F(C) 93.6 4.6 11 0.7
CMK-1F(D) 94.2 4.4 0.6 0.8
CMK-1F(E) 99.0 0.7 0.3 a
CMK-1F(F) 99.1 0.8 0.1 a
CMK-1Na(A) 94.8 5.2 a a
CMK-1Na(B) 95.8 4.2 0.2 a
CMK-1Na(C) 95.4 3.4 1.2 a
CMK-1Na(D) 97.5 15 1.0 a
CMK-1Na(E) 99.7 0.3 a a
CMK-3F(A) 96.5 35 a a
CMK-3F(B) 97.0 2.4 0.3 0.3
CMK-3F(C) 98.2 15 0.3 a
CMK-3F(D) 99.2 0.7 0.1 a
CMK-3F(E) 100.0 a a a
CMK-3Na(A) 95.9 4.1 a a
CMK-3Na(B) 96.8 2.9 0.3 a
CMK-3Na(C) 97.1 2.5 0.4 a

2 Below the detection limit at reasonable acquisiti
time
droxide solution (series CMK-1Na and CMK-3Na) no :
dium was found. Fluorine was only detected on car
sieves liberated by dissolving the silica matrix in hydro
oric acid (series CMK-1F and CMK-3F), indicating tt
the fluorine originated from the hydrofluoric acid.
should be recalled that hydrogen, which is most prob
present on the carbon surface, cannot be detecte
ESCA.
The most important element on the surface was carbo
concentration ranged from 93.6 to 100.0 atom % (Tab
With increasing pyrolysis or post-pyrolysis heat treatr
temperature the surface concentration of non-carbon
ments decreased. This decrease can be explained
moval of thermally unstable surface functional groupg
-OH and -COOH). On the surface of one of the san
heat-treated at 1600 °C (CMK-3F(E)) no elements other
carbon were found.
The low oxygen concentration on the surface of the |
treated carbon sieves is an indication that the surface of
samples was well ordered with no or only a very small
centration of defects. This becomes evident by compe
with other carbonaceous solids. For activated carbons
observed that an important portion of the oxygen lost |

heat-treatment was re-adsorbed as soon as the heat-
activated carbon came in contact with the atmosphere [!
was assumed that surface defects were created duril
moval of the oxygen. These defects did not "heal" dt
the heat-treatment and acted as "active" sites for the |
sorption of oxygen. In the present investigation, the |
treated carbon sieves were in contact with the atmosphe
a considerable period of time prior to the spectroscopic
acterisation. The low surface oxygen concentration ol
heat-treated carbon sieves indicates, therefore, that the
only a small concentration of defects on the surface o
heat-treated carbon sieves, which could react with at
pheric oxygen.

ESCA Silicon spectra

The silicon detail spectra were recorded for two car
sieves (samples CMK-1F(B) and CMK-1F(C)). The
spectra showed a doublet with a binding energy (BE
approximately 102.7 eV for the 2ppeak (Fig. 2). This
BE is typical for silicon atoms in silicates and silica [1
The BE of silicon atoms with bonds to carbon atom:
considerably lower (101.0 eV, [10]) and no indication fc
peak at this BE was found in the spectra. It can there
be concluded that small quantities of non-dissolved s
were left on the surface of the carbon sieves, regardle
the dissolution was performed with hydrofluoric acid
with sodium hydroxide.

ESCA Fluorine spectra
On the surface of some carbon sieves, liberated fron
matrix by hydrofluoric acid, fluorine was found. The flu
rine spectra showed a peak with a BE of approxima
687.0 eV (Fig. 3). Peaks with such a BE were also
served in the spectra of fluorinated carbon blacks [

" The BE of inorganic fluorides is considerably lower
n
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Fig. 3 ESCA Fluorine 1s spectra, samples CMK-1F(

and CMK-1F(C); normalised to the same height Fig. 4a ESCA Carbon 1s spectra, samples CMK-1F(A) to

CMK-1F(F); normalised to the same height
684.0 eV) [10]. It seems, therefore, likely that during di
solution of the silica framework with hydrofluoric acid
carbon-fluorine groups were formed on the surface of so e CMK-1F(A)
carbon sieves. Surface fluorine concentrations of up to
atom % were found (Tab. 2). The quantification of el
ments in such a small concentration by ESCA conta
some experimental uncertainty. However, even when f
is taken into account, the surface fluorine concentration
the carbon sieves depended on the silica matrix used
their synthesis. Carbon sieves formed in MCM-48 cc
tained more fluorine on the surface as compared to sam
formed in SBA-15. This might be due to a different rea
tivity of the silica matrix with the hydrofluoric acid.

CMK-1F(D)

(00)

ow v

Intensity [-]

dad
T

CMK-1F(B) CMK-1F(E)

W

CMK-1F(C) CMK-1F(F)

ESCA Carbon spectra
The carbon spectra were fitted to six peaks: a peak r
carbon atoms with bonds to carbon and/or hydrogen atc 1< T T ST i i T I B T A Wt
(Ci, BE = 284.4 eV [12,13]); to three peaks for carbon ¢
oms with one, two and three bonds to oxygen atoms ( 280 285 299 295 285 290 295 300
Cs, Cy; C-OH, C=0, COOH, BE = 285.9, 287.4 and 288 Binding Energy [eV]
eV [12, 13]) and to twat- mtipeaks (G, G, BE =290.4 Fig. 4b ESCA Carbon 1s spectra, samples CMK-1F(A) to

and 294.4 eV, [14]). The £peak also contains a contribu CMK-1F(F); enlarged to 10 % of maximum
tion from carbon atoms with one bond to fluorine [11 height ’

The full width at half maximum (FWHM) of the Cpeak

was 1.0-1.2 eV, 2.& 0.2 eV for the G-C, peaks and 3.3
eV = 0.2 eV for the G and G peaks. The Cpeak had an
asymmetrical shape, whereas the other peaks were sym 2tArea C, peak + Area C, peak + 2[Area C, peak _

procedure, which links the area of these peaks to the sur-
face concentration of organic oxygen and fluorine:

rical (Figs. 4a and 4b). Total area of the carbon signal
The asymmetry of the {peak obtained by the fitting rou- Conc oxygen+ Conc fluorine
tine is strongly correlated to the areas of the peaks assic d ©)

to carbon — oxygen and carbon — fluorine groups-QJ). Conc carbon

The concentration of these groups depends of course 0 hene area of the Qpeak is multiplied by a factor of two be-
surface concentration of oxygen and fluorine. lItis thei - cayse this peak was assigned to —COOH groups, where one
fore possible to add the following constraint to the fittir  carpon atom is bonded to two oxygen atoms. Since the es-



cape depths of carbon, oxygen and fluorine are differe
has to be assumed that no concentration gradient exi
the volume probed by ESCA.

All carbon spectra were dominated by an intense, a
metrical G and a smallert— 11(Cs) peak. Such spect
are typical for carbonaceous samples with a graphite
polyaromatic surface such as carbon blacks [15] and
bon fibres [12,13]. There were small, but significant
ferences between the carbon spectra. Important infc
tion on the polyaromatic character of a carbon surface
be obtained from different peak parameters [16]. Witt
creasing polyaromatic character, the relative area ofit
- mpeak (G) increases [17], the {peak becomes mo
asymmetrical [18] and its FWHM decreases [19]. In
present work, all these parameters were used to de:
the polyaromatic character of the carbon sieve sur
The determination of the area of tme- T lpeak and th
FWHM of the G peak is straightforward, whereas there
several possibilities to describe the asymmetry of th
peak [12]. In the present work, the asymmetry of this
was described by the ratio of the peak area on the higl
low binding energy side of the peak maximumuy(A.). A
symmetrical peak has ansA\_ value of 1, whereas asy!
metrical peaks have largeryf\. values. The treatme
temperature had a pronounced effect on the carbon sg
For the samples of the CMK-1F series it can easily be
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Table 3, ESCA carbompsctra;peak area and fijtarameter of the {heak

Sample Relative peak area [%] Parameter of thee@k
C C, Cs Cs Cs Ce Asymmetry FWHM
Cc-C C-OH C=0 COOH n-md T T AnlAL [eV]
CMK-1F(A) 89.3 13 2.8 04 6.2 0.0 1.64 123
CMK-1F(B) 892 22 10 0.3 72 0.2 172 118
CMK-1F(C) 89.5 3.3 0.8 0.2 6.2 0.0 1.72 115
CMK-1F(D) 884 3.3 0.7 0.5 7.C 01 175 1.16
CMK-1F(E) 87.9 0.6 0.0 0.0 113 0.2 181 1.00
CMK-1FK(F) 87.8 0.6 0.0 0.0 114 0.2 1.83 0.95
CMK-1Naf(A) 87.6 19 31 0.7 6.€ 01 155 1.23
CMK-1Na(B) 89.5 2.0 11 04 71 0.0 1.59 1.16
CMK-1Na(C) 90.8 12 0.0 0.2 7.8 0.0 1.72 114
CMK-1Na(D) 90.6 0.6 0.0 0.0 8.t 0.3 1.72 105
CMK-1Na(E) 87.2 0.6 0.0 0.0 11.8 0.4 1.75 0.92
CMK-3F(A) 88.8 13 25 0.3 6.€ 0.3 1.66 122
CMK-3F(B) 892 2.0 0.7 01 7.7 0.3 1.74 118
CMK-3F(C) 90.5 1.0 0.0 0.0 8.2 0.2 172 111
CMK-3F(D) 90.0 0.6 0.0 0.0 9.2 0.3 1.79 1.04
CMK-3F(E) 892 0.0 0.0 0.0 10.€ 0.2 175 0.2
CMK-3Na(A) 88.9 15 25 0.5 6.7 0.0 1.59 1.18
CMK-3NaB) 89.5 2.0 0.6 0.2 72 01 169 117
CMK-3Na(C) 89.5 2.2 0.2 0.0 7.2 0.2 155 112




that the area of thet— il peak increased with increasing
heat-treatment temperature (Figs 4a and 4b and Tab.

Furthermore, the Cpeak became narrower and its asym
metry increased (Tab. 3, not easy to see in figures 4a a
4b). All these changes indicate an increasing polyaroma
character of the surface with increasing treatment tempe!
ture.

Even if the agreement between the three parameters, wh
describe the polyaromatic character of the surface, was re
sonably good the usefulness of the parameters was not

same. The three parameters are plotted in Figure 5 a:
function of the highest temperature used during the syntt

sis of the carbon sieves. The data indicate some scatter 1g

for the peak asymmetry (#A. value) and the area of the
- T peak. The FWHM data, on the other hand, gave
much smoother curve, indicating that for the samples stu

ied the FWHM is the most suitable parameter for the de¢

scription of the polyaromatic character of the carbon sie\
surface.

For a given treatment temperature, the FWHM in the ca -

bon spectra of samples produced in either a MCM-48 or
SBA-15 silica matrix and liberated with either hydrofluoric
acid or sodium hydroxide was very similar. This indicate
that the polyaromatic character of the carbon surface d
not or only very little depend on the silica matrix or on

how the silica matrix was dissolved. Since the structure « °

the silica matrix determines the structure of the carbc
sieve, it seems that the structure of the carbon sieve is r
very important for the polyaromatic character of its sur
face. The results indicate that the determining factor we
the treatment temperature.

SIMS spectra, negative ions
Static secondary ion mass spectroscopy (SIMS) was us
as a second surface spectroscopic method. In the SIMS
periment the sample surface is bombarded with high-e
ergy ions, causing the ejection of ions and neutral sp
cies. Which species are ejected depends on the chemi

nature of the sample surface. The SIMS spectra of carb -

naceous solids with a polyaromatic surfaaeg( carbon

blacks [8] and carbon fibres [20]) show intense peaks « °
C,H and G ions. These materials consist of graphene la\

ers. The most important contribution to theHC peak
arises from the edge of graphene layers, whereas most
the G ions originate from the interior of the graphene lay
ers. The ratio of the areas of these two peak$i(Cy) is
therefore a measure for the inverse size of the graphe
layer on the surface of the sample. A lowHZC; ratio in-
dicates large graphene layers or a high polyaromatic ch:
acter. This was confirmed by the SIMS spectra of refe
ence compounds. For polycrystalline graphite, the refe
ence compound for a large polyaromatic system;td/C,
ratio of 0.25 was found, whereas the spectrum of 3,4-be
zofluoranthene, consisting of five condensed aromat
rings, showed a £1/C; ratio of 2.20 (Tab. 4).

The SIMS spectra strongly depended on the pyrolysis al
the post-pyrolysis heat-treatment temperature during sy

Table 4, SIMS; ¢H/C; ratio (peak aren

)- Sample GH‘{CZ' Sample GH'{CZ'
q ratio ratio
> 3,4-benzo- 2.20 CMK-3F(A) 0.70
- flioranthene CMK-3F(B) 0.51
:h CMK-1F(A) 1.09 CMK-3F(C) 0.15
?é CMK-1F(B) 0.65 CMK-3F(D) 0.11
a CMK-1F(C) 0.48 CMK-3F(E) 0.07
” CMK-1F(D) 0.51 CMK-3Na(A) 0.74

CMK-1F(E) 0.06 CMK-3Na(B) 0.34
! CMK-1F(F) 0.11 CMK-3Na(C) 0.24
) CMK-1Na(A) 0.95 Rubber carbon  0.51

black, N539

' CMK-1Na(B) 0.58
CMK-1Na(C) 0.18 Conductive carbon 0.21

! CMK-1Na(D)  0.06 black, XC-72
CMK-INa(E)  0.04 Graphite 0.25
j
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Fig. 6 SIMS spectra, negative ions, series CMK-1Na;

normalised to the same height
e

thesis of the carbon sieves. As shown for the series CMK-
LNa in Figure 6, the relative intensity of theHCpeak (and
therefore also the £17/C; ratio) decreased with increasing
-temperature, indicating an increasing polyaromatic charac-
ter of the surface. However, this decrease was limited to
-temperatures below approximately 1100 °C. A heat-treat-
:ment at higher temperatures only had a very limited effect
on the GH/C; ratio (Fig. 7). This observation indicates
Ithat at approximately 1100 °C a “maximum polyaromatic
-character” of the outer carbon sieve surface was reached.
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of the surface is present in narrow mesopores. The ce
sieves represent a special cases, where information ¢
graphitic order of the mesopore surface can be obte
from low-pressure nitrogen adsorption data [3].

On homogeneous surfaces the adsorption potentials
adsorption sites are very similar. For very homogene
surfaces samples each layer of adsorbed nitrogen is fa
at the same relative pressure. Thus, in the correspol
isotherms €.g. of exfoliated graphite) steps are obsen
which correspond to the successive formation of the
ous nitrogen layers [21]. The nitrogen adsorption
therms of less homogeneous sampkeg.(graphitized car
bon blacks) only show the monolayer formation step [:
For more heterogeneous sampleg(non-graphitized car
bon blacks) the monolayer step cannot be observed i
isotherm. However, even for many of these material
monolayer formation peak can be found in the correspi
ing adsorption potential distribution (APD). Formally, t
APD may be regarded as a derivative of the adsorption
therm (logarithmic scale of the relative pressure). The
sition of the monolayer formation peak depends on
graphitic order of the surface. For graphitized car
blacks the monolayer formation peaks are located af
sorption potentials between 5 and 5.5 kJ/mol. With

Fig. 7 SIMS GH'/C; ratio (measure for the polyaromatic Créasing graphitic order3 the mon(_)layer formation pee
character of the outer surface) and position of the Shifted to lower adsorption potentials [22]. The APD
monolayer formation peak (measure for the order of POrous carbons show pore filling peaks which inter
the mesopore surface) as a function of the heat-With the monolayer formation peak. However, becaus

treatment temperature.

However, it is also possible that static SIMS fails to diff
entiate between samples with a very high polyaromrr
character. It can be seen in Fig. 6 that for the carbon ¢
heat-treated at temperatures above 1100 €@.&amples
CMK-1Na(D) and CMK-1Na(E)) the ¢ peak was ven
small. Thus, differences between different samples tre
at temperatures above 1100 °C are not easy to detect.
It is interesting to note that the,B/C; ratios of the carbo
sieves heat-treated above 1100 °C were lower as com|
to the poly-crystalline graphite and other compounds w
graphite-like surface such as rubber blacks and condu
carbon blacks (Tab. 4). Especially conductive car
blacks have a high polyaromatic character which fav
the electrical conductivity. This suggests that the outel
face of the heat-treated carbon sieves had an espe
high polyaromatic character.

The temperature dependence of th&l@C; ratio was very
similar for the different series of carbon sieves. This ¢
firms the conclusion from the ESCA study that the sil
matrix had no or only very little influence on the polyal
matic character of the outer surface of the carbon siev¢

Comparison of the surface spectroscopic with nitroger
adsorption results

It was already mentioned, that the outer surface (probe

SIMS and ESCA) only represents are very small portio

the total surface of the carbon sieves. The largest po

the special pore structure of the carbon sieves, this wa
the case for the samples studied in the present work [2
- was therefore possible to obtain information on
ic graphitic order of their surface from the position of !
vesionolayer formation peak in the APD. Since -
mesopore surface is much larger as compared to the
surface, the position of the monolayer formation peak
edends essentially on the graphitic order of the meso
surface. This allows the comparison of the graphitic o
of the mesopore surface (as studied by low-pressure 1
reden adsorption) to the graphitic order of the outer :
aface (as studied by SIMS) and to the outer surface plu
veregion near to the outer surface (as studied by ESCA).
n For the carbon sieves synthesised at 700 °C no mono
rsformation peak was observed, indicating a relatively
Jrgraphitic order of the surface. A monolayer format
illpeak at approximately 4.2 kJ/mol was found in the APL
the carbon sieves synthesised at 900 °C. With incree
synthesis temperatures (especially above 1100 °C)
1- monolayer peak was shifted to higher adsorption poter
1 (Fig. 7). This indicates an increasing graphitic order of
mesopore surface over the entire temperature range
ied.
As mentioned above, the polyaromatic character of
outer surface plus the region near to the outer surface
be characterised by the FWHM of the ESCA peak. The
byFWHM decreased with increasing synthesis tempera
)f this decrease was more pronounced for temperatures i
n1100 °C (Fig. 5). Thus, as it was the case for the meso
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surface, the polyaromatic character of the surface stud
by ESCA increased over the entire temperature range ¢
especially above 1100 °C.

The comparison with the temperature dependence of
SIMS GH'/C; ratio indicates that the development of th
graphitic character on the outer surface was different. |
already discussed above, the SIMZHQC; ratio strongly
decreased up to a temperature of 1100 °C and chan
only little upon further heating (Fig. 7). As discusse:
above, this suggests that 5100 °C the outer surface hac

already reached its "real” or detectable maximum polyar -

matic character. The good correlation between the nitr
gen adsorption and the ESCA results indicates that, at le
for the sample studied here, some information on the che
istry of the internal mesopore surface can be drawn frc
the ESCA results. However, there were differenct
between the outer and the mesopore surface.

ESCA Oxygen spectra

The oxygen spectra were fitted to four peaks (Fig. 8):
peak for oxygen atoms with two bonds to carbon ator
(Oy, C=0, BE =531.1 eV), a peak for oxygen atoms wit
one bond to a carbon atom,(@-OH, BE = 532.8 eV) and
to two peaks which could be due to adsorbed water a
oxygen, respectively (Pand Q, BE = 535.1 and 537.6
eV) [13, 23].

As mentioned above, the silicon spectra indicated the pri
ence of non-dissolved silicates on the carbon sieve surfa
The BE of oxygen atoms in silicates is approximatel
532.0 eV [24]. These oxygen atoms will therefore contrit
ute to the @ peak. This contribution can be estimated b
calculating the oxygen concentration in silica. Assumir
that all silicon atoms are present in silica (no organic sil
con compounds, as confirmed by the silicon spectra) a
that all silicon atoms are bonded to two oxygen atoms tl

CMK-1F(A) CMK-1F(D)

Intensity [-]

525 530 535 540525 530 535 540
Binding Energy [eV]

Fig. 8 Oxygen 1s spectra, series CMK-1F, normalised tc
the same height

dA Table 5, ESCA oygen gectra;peak area
. Sanple Relativepeak ared%o]
e o) O, Of 0; O
\ C=0 C-OH, SO C-OH |, o /(o
> CMK-1F(A) 31 56 46 8 5
d opmk-1FB) 23 61 4 9 7
CMK-1F(C) 11 75 28 7 5
CMK-1F(D) 13 74 46 8 6
.t CMK-1F(E) 18 68 - 8 6
- CMK-1F(F) - 55 30 37 7
' CMK-1Na(A) 32 57 57 8 5
' CMK-1Na(B) 22 63 4 9 6
CMK-1Na(C) - 72 2 10 2
' CMK-1NaD) - 71 -2 7
i CMK-INa(E) 5 76 76 16 3
CMK-3F(A) 30 57 57 5
i CMK-3F(B) 19 66 41 7
CMK-3F(C) 14 71 31 6 9
. CMK-3F(D) 15 66 38 14 5
2. CMK-3F(E) - - - -
CMK-3Na(A) 34 52 52 7
CMK-3Na(B) 20 64 44 7
CMK-3Na(C) 19 65 33 9 7

1 Estimated area of the®eak due to oxygen atoms with
, one bond to carbon , equation 5

concentration of oxygen in silica is two times the concen-
tration of silicon:

O siica= 2* Si total (4)
where Qic IS the concentration of oxygen in silica and
SieiS the total concentration of silicon (Tab. 2). In order
to obtain the contribution of “C-OH type” oxygen, the area
corresponding to these oxygen atoms is then subtracted
from the Q peak:

A (O,, C-OH)~ A(OZ,C-OH+SiOZ)-% (5)

total
where A(Q, C-OH) is the relative area of the,@eak due
to C-OH groups, A(@ C-OH + SiQ) is the relative area
of the G peak (Tab. 5) and g is the total concentration
of oxygen (Tab. 2). It should be mentioned that because of
the low surface concentrations of silicon this estimation is
a relatively rough approximation.
In all oxygen spectra the,@eak was more intense than the
O, peak. This was also the case when the contribution of
oxygen atoms in silicates was subtracted from thep€&ak
(Tab. 5). These data indicate that the surface concentra-



tion of C-OH type oxygen was higher than the concer
tion of C=0 type oxygen.

Conclusions

The outer surface of the mesoporous carbon molet
sieves has a graphite-like, polyaromatic character, sir
to carbon blacks or carbon fibres. Higher temperat
during pyrolysis or a post-pyrolysis heat-treatment
creases the polyaromatic character considerably. The
surface of carbon sieves heated to temperatures ¢
1100 °C has a more pronounced polyaromatic charact
compared to polycrystalline graphite, rubber carbon bl;
or conductive carbon blacks. Upon heat-treatment,
graphitic character of the mesopore surface also incre:
The structure of the silicate matrix used for the synthes
the mesoporous carbon has no influence on the pol
matic character of the surface. During dissolution of
silicate matrix in hydrofluoric acid, organic fluorine coi
pounds are formed on the surface of the carbon sieve
maximum surface fluorine concentration of 0.8 atom
was observed. Carbon sieves formed in MCM-48 ha
higher surface fluorine concentration as comparec
mesoporous carbon sieves formed in SBA-15. Furt
more, small concentrations of non-dissolved silicates
present on the surface of the carbon sieves. Dissolutic
the silica matrix in sodium hydroxide yields a less conta
nated carbon sieve as compared to dissolution in hydr
oric acid.
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