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Surface-sulfonated Diamond Powder for Solid Acid
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The surface of diamond powder (DP) was sulfonated via
a covalent modification method using 1,3-propanesultone, for
the fabrication of a new class of solid acid material. X-ray pho-
toelectron spectroscopy (XPS) and diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy studies confirmed
successful introduction of sulfo groups on the DP surface. The
optimal condition for the preparation of sulfonated DP (S-DP)
was investigated in terms of acid amount on the surface. The
S-DP exhibited solid Brgnsted acid properties in pure water
and catalytic activity toward the formation of ethyl acetate.

The development of surface-sulfonated solid materials is
important, because these materials can be utilized as solid acid
catalysts and proton-conducting materials for fuel cells, which
are closely related to environmentally conscious processes. As
substrates for such materials, relatively chemically inert silical*?
and carbon materials®*> have been investigated as sulfonated
solid acid substrates, as well as perfluoro polymer constituting
Nafion®. As a catalyst, the solid acid material itself is required
to be insoluble in the reaction media, which guarantees reusabil-
ity of the catalyst and a pollution-free production process.®’” As a
proton-conducting material in a fuel cell, dimensional stability,
in addition to thermal and chemical stability, is desirable for
long-term durability with respect to the performance of the
fuel cell.! Diamond should be one of the best materials to meet
the above requirements, owing to its extremely high mechanical,
thermal, and chemical stability. However, to the best of our
knowledge, there have been no attempts to employ diamond as
a substrate material for a solid acid. In contrast to the chemical
inertness of the bulk, a diamond surface can be chemically modi-
fied by various methods including wet®-19 and dry'!~-!3 processes.
Thus, the surface of diamond powder (DP) was sulfonated via
a covalent modification method using 1,3-propanesultone (PS)
(Scheme 1). The sulfonated DP obtained was found to exhibit
solid Brgnsted acid properties and catalytic activity toward the
formation of ethyl acetate.

DP (Micron+ SND, Element Six, nominal particle size
<500nm) was successively washed with aqua regia and 30%
H,0, for 30 min at 60°C to remove any contaminants and to
oxidize the surface, and then with pure water, 2-propanol, and
acetone. 0.25 g of the oxidized DP (O-DP) was then added to
20mL of a PS/toluene solution at a given concentration, and
the suspension was refluxed at 100°C for a given time. After
washing with toluene and drying, sulfonated DP (S-DP) was
obtained. The amount of acid on the DP surface was estimated
by neutralization titration of the DP suspension in pure water.
0.2 mM NaOH was titrated into 30 mL of pure water containing
0.1 g of DP sample, and the pH was monitored under the stirred
condition. The solid acid catalytic properties of DP were
estimated using ethyl acetate formation as a model reaction. A
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Scheme 1. Surface sulfonation of the diamond powder.
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Figure 1. XPS spectra of (a) the S-DP sample, and the (b) S 2p
peak of S-DP. The sample was fixed on indium foil.
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Figure 2. DRIFT spectra of the (a) O-DP and (b) S-DP samples.

Kubelka-Munk

given amount of DP sample was added to a mixed solution of
0.25 mol ethanol and 0.25 mol acetic acid, and the suspension
was stirred in a screw-cap bottle sealed with Teflon tape at
70°C. The amount of ethyl acetate produced was analyzed by
gas chromatography.

Surface sulfonation of DP was characterized using X-ray
photoelectron spectroscopy (XPS) and diffusion reflectance
infrared Fourier transform (DRIFT) spectroscopy. In an XPS
spectrum of an O-DP sample, only C 1s (284eV) and O 1s
(532¢eV) peaks were observed. After reaction with PS, a new
peak assigned to S 2p appeared at 168.5 eV, which can be clearly
observed in the narrow scan (Figure 1). This indicates the
surface immobilization of sulfur-containing species on DP.

Figure 2 shows DRIFT spectra of O- and S-DP. In addition
to adsorption bands for C=0 (1720-60cm~!) and C-O-C
(1030-1280 cm™1),'1* which are also shown for O-DP, new
bands appeared for S-DP. Absorption bands at 1046 and
1129 cm™~! were assigned to the SO, asymmetric and symmetric
stretching modes of the sulfonic acid groups combined with
trace water, respectively.5 On the other hand, the bands at 924
and 1400cm~! can be assigned to S-OH and S=O stretching
modes of the undissociated sulfonic acid groups, respectively.'’
These results indicate that sulfo groups were successfully intro-
duced onto the DP surface by reaction with PS. This reagent is
considered to react with OH groups'? on the DP surface, while
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Figure 3. Neutralization titration curves for (a) O-DP and (b)
S-DP suspensions. 30 mL of pure water containing 0.1 g of DP
sample was neutralized by the addition of 0.2 mM NaOH.

various other types of oxygen-containing functionalities such as
C=0 and C—O-C should also be present on the O-DP surface.’
Thus, absorption bands assigned to these groups were also
observed for the DP sample after reaction with PS.

The amount of sulfo groups on S-DP was estimated using
neutralization titration. When 0.1 g of O-DP was added to
30 mL of pure water, the pH of the suspension was 4.7. Suspen-
sions containing S-DPs prepared under various conditions
always had lower pH values (3.4-4.3) than that of O-DP. In
addition, the titration curve showed sigmoidal behavior, which
indicates that S-DP can act as a solid Brgnsted acid based on
the sulfo groups on the surface (Figure 3). Although the reason
why the equivalence point of the titration curve was around 5—
6 is still unclear, however, such behaviors were exhibited for
other samples. Perhaps dispersion condition of the sample during
titration could be related to the behavior. In order to determine
the optimal conditions for the preparation of S-DP, the PS con-
centration and reaction time for the sulfonation reaction were in-
vestigated. The amount of Brgnsted acid was tentatively defined
from the inflection point of the titration curve as the equivalence
point. When 0.1 M PS was used, the acid amount was increased
as the reaction time increased, and the behavior can corresponds
well to a pseudo-first-order reaction with 7= 13h and was
almost saturated at 48h.'® The relatively slow reaction rate for
sulfonation may indicate that the immobilization of sulfo-con-
taining groups is due to covalent bond formation rather than
physisorption. The PS concentration used for the preparation
of S-DP was also investigated. After a 48-h treatment, the acid
amount increased as the PS concentration increased from 0.1
to 1.0M and became almost constant up to 2.0 M.'® The acid
amount of the S-DP sample prepared with 1.0 M PS was estimat-
ed to be 0.072mmol g~!, which corresponds to the surface
coverage of 1.6 x 10" cm™2 from the specific surface area of
DP measured by BET method (27 m?g~!). This coverage is
roughly 10% of the surface carbon atoms on diamond.

Finally, the solid acid catalytic properties of S-DP were es-
timated using the esterification of ethanol and acetic acid as a
model reaction. Figure 4a shows the amount of ethyl acetate pro-
duced as a function of reaction time in the presence of 0.5 g of
DP. By comparison, it was found that the reaction rate was great-
er for a solution containing S-DP than that for O-DP. Figure 4b
shows the amount of ethyl acetate produced after 6 h of reaction
as a function of the DP amount in the reaction solution. For the
reaction solution containing O-DP, the amount of ethyl acetate
produced was substantially constant and was similar to that
obtained without any catalyst. This result indicates that the
O-DP does not exhibit catalytic activity for esterification. On
the other hand, the amount of ethyl acetate produced was linearly
increased with the amount of S-DP added to the solution. Thus,
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Figure 4. (a) Amount of ethyl acetate produced as a function of
reaction time in the presence of 0.5 g of (O) O-DP and (@) S-DP.
The reaction solution was a mixture of 0.25 mol ethanol and
0.25 mol acetic acid. (b) Amount of ethyl acetate produced as
a function of the amount of DP in the reaction solution. The
reaction time was fixed at 6 h.

it can be concluded that S-DP can act as solid Brgnsted acid
catalyst for esterification. The catalytic activity was, however,
still rather weak comparing to Nafion®.!¢ Thus, improvements
in the acid amount and strength by other types of surface mod-
ification method are now under study. Stability of the surface
sulfo group in water is also needed to be improved because the
surface S/C ratio estimated by XPS was reduced from 0.013
to 0.004 after ultrasonication in pure water for 30 min. However,
the S-DP sample used for esterification (6h) still exhibited
catalytic activity in the repeated experiment under an identical
condition without significant reduction in the amount of
produced ethyl acetate (290%).'® Combined with confirmation
by DRIFT spectra, the sulfo groups on S-DP exhibited sufficient
stability during esterification reaction.

This work was supported by CLUSTER (the second stage)
of the Ministry of Education, Culture, Sports, Science and
Technology, Japan, and the Kurata Memorial Hitachi Science
and Technology Foundation (2007). The authors are grateful
for the help of Prof. Hironori Arakawa and Prof. Atsushi Shono
for BET and GC measurements, respectively.

References and Notes

1 H. Munakata, H. Chiba, K. Kanamura, Solid State Ionics 2005, 176,
2445.

2 J.J. Smith, I. Zharov, Langmuir 2008, 24, 2650.

3 M. Hara, T. Yoshida, A. Takagaki, T. Takata, J. N. Kondo, S. Hayashi,
K. Domen, Angew. Chem., Int. Ed. 2004, 43, 2955.

4 K. Nakajima, M. Hara, S. Hayashi, J. Am. Ceram. Soc. 2007, 90, 3725.

5 H. Yu, Y. Jin, Z. Li, F. Peng, H. Wang, J. Solid State Chem. 2008,

181, 432.

J. H. Clark, Acc. Chem. Res. 2002, 35, 791.

T. Okuhara, Chem. Rev. 2002, 102, 3641.

8 W. Yang, O. Auciello, J. E. Butler, W. Cai, J. A. Carlisle, J. Gerbi,
D. M. Gruen, T. Knickerbocker, T. L. Lasseter, J. N. Russell, L. M.
Smith, R. J. Hamers, Nat. Mater. 2002, 1, 253.

9 T. Kondo, K. Honda, D. A. Tryk, A. Fujishima, J. Electrochem. Soc.
2005, 152, E18.

10 T. Nakamura, T. Ohana, M. Hasegawa, Y. Koga, Jpn. J. Appl. Phys.
2007, 46, 348.

11 T. Ando, M. Nishitani-Gamo, R. E. Rawles, K. Yamamoto, M. Kamo,
Y. Sato, Diamond Relat. Mater. 1996, 5, 1136.

12 J. B. Miller, Surf. Sci. 1999, 439, 21.

13 T. Kondo, H. Ito, K. Kusakabe, K. Ohkawa, Y. Einaga, A. Fujishima,
T. Kawai, Electrochim. Acta 2007, 52, 3841.

14 T. Ando, S. Inoue, M. Ishii, M. Kamo, Y. Sato, O. Yamada, T. Nakano,
J. Chem. Soc., Faraday Trans. 1993, 89, 749.

15 L. Grosmaire, S. Castagnoni, P. Huguet, P. Sistat, M. Boucher,
P. Bouchard, P. Bebin, S. Deabate, Phys. Chem. Chem. Phys. 2008,
10, 1577.

16 Supporting Information is available electronically on the CSJ- Journal
Web site, http://www.csj.jp/journals/chem-lett/index.html.

AN e

Published on the web (Advance View) June 28, 2008; doi:10.1246/c1.2008.828



