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Abstract

Polymer-silica composites were synthesized by resorcinol-formaldehyde polymerization in the presence of uniform size silica particles.
After carbonization and subsequent removal of the silica template, these polymer-silica composites turned into nanoporous carbon xerogel
with high surface area and large pore size. By controlling the initial pH of the carbon precursor solution, nanoporous carbons with different
textural properties could be fabricated. As the pH of the reaction mixture was decreased, the pore size of nanoporous carbon increased becaus
the aggregated silica particles, i.e., larger templates, were generated in low pH condition. Although the pore size of nanoporous carbon was
increased with decreasing pH, the templating effect was reduced with decreasing pH, leading to the formation of significant microporous carbon
framework in carbon xerogels. For DMFC application, the PtRu (1:1) alloy was supported on nanoporous carbons and activated carbon by a
formaldehyde reduction method. It was revealed that the textural properties of carbon supports played important roles in the metal dispersion
and DMFC performance of the supported PtRu catalysts. The support with large pore size and high surface area (especially, meso-macropore
area) was favorable for high dispersion of PtRu catalyst and easy formation of triple-phase boundary. Microporous framework, resulted from
the destruction of structural integrity, was insufficient for high dispersion of PtRu species. The catalysts with higher metal dispersion and
structural integrity showed higher catalytic activities in the methanol electro-oxidation and the DMFC performance test.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction volume than the carbon xerogel, the preparation procedures
are much more complicated. In other words, carbon xerogel
Porous carbon materials have been extensively investi-can be more easily prepared and has an economic advantage,
gated in many fields of science and technology due to their although its textural properties are inferior to those of car-
pronounced textural properties and an inert nature in an ex-bon aerogel, since a drastic surface tension can be induced
treme pH conditiorf1-4]. High surface area and large pore between vapor-liquid interfaces during the drying of poly-
volume made them suitable for an adsorbent of a pollutant meric compound carbonized, resulting in the collapse of the
[2] and a substrate of catalytically active mdel. Typical pore structurg7]. Recently, the templating method has been
examples of these porous carbons are aerogel and xerogesuccessfully applied for the preparation of porous materials
carbons that made from polymerizable hydrocarbons suchsuch as silicd8], aluming[9] and carbon xerog¢l0-12] In
as resorcinol and formaldehyB,6]. Although the carbon  particular, the carbon xerogels prepared by this method were
aerogel has exhibited better textural properties such as relafound to have excellent textural properties such as high sur-
tively large pore size with high surface area and large pore face area and large pore volume, often together with regular
pore size. There have been many studies for the preparation
* Corresponding author. Tel.: +82 2 880 7438; fax: +82 2 888 7205. and application of nanoporous carbon xerogel fabricated by
E-mail addressjyi@snu.ac.kr (J. Yi). atemplating rout§l0-14] It was reported that a nanoporous
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carbon could be prepared using colloidal silica as a templateing silica particles (R—F-silica composite) were cooled to
and the resulting carbon material exhibited higher adsorption room temperature. Nanoporous carbon xerogels (NCs) were
capacity for bulky dyes than the commercial activated carbon finally obtained by the pyrolysis of R—F-silica composite at
[13]. It was also reported that the highly ordered nanoporous 800°C, followed by the selective etching of silica compo-
silica could be templated into a nanoporous carbonwith an ex-nents. The prepared NC was denoted as NC-pH value. For
cellent nanoporosity, leading to an enhanced electrochemicalexample, NC-5 represents the NC prepared from a reaction
property[15]. The excellent pore properties such as high sur- mixture with pH value of 5.
face area with large pore size allowed these kinds of material Prepared NCs were used as a support for PtRu alloy cat-
to be a good support for catalysts for use in the polymer elec- alysts. The PtRu-NCs (60 wt.% metal loading with 1:1 al-
trolyte fuel cell, where carbon supported Pt-based catalystsloy ratio) were prepared by a modified formaldehyde reduc-
with high metal loadings are required for the desirable power tion method reported in a literatuf@7]. In a typical pro-
density. For example, Joo et §l6] prepared a nanoporous cedure, NC was suspended in an appropriate amount of de-
carbon by an ordered silica templating method and tested as donized water and then metal precursorsBitCl-xH»O and
catalyst support for a fuel cell. Th¢y6] pointed out thatthe  RuCk-xH»0, Fluka) were added. After the pH of the reac-
ordered pore structure with high surface area were favorabletion mixture was adjusted to be 12 using 1M NaOH solu-
for high dispersion of Pt particles, which led to an excellent tion, excess amounts of formaldehyde were added to reduce
catalytic activity of Pt-nanoporous carbon catalyst. Another metal ions with vigorous magnetic stirring. The reaction mix-
report[14] demonstrated that a porous carbon, which was ture was heated up to 9C and kept at this temperature
fabricated using silica particles as a porogen, could serve asfor 5h. NaNG was slowly added into the solution in or-
a support for a finely dispersed catalyst with high metal con- der for the sedimentation of metal nanopatrticles on the car-
tents, leading to an excellent catalytic performance in direct bon support. The resultant black precipitate was washed with
methanol fuel cell (DMFC)14]. large amounts of water, and it was then dried at X2®or
In this work, nanoporous carbon xerogels were prepared overnight.
by sol—gel polymerization of resorcinol and formaldehyde in
the presence of silica particles and subsequent carbonization2.2. Characterization
followed by selective etching of silica particle. Pore proper-
ties of the prepared carbon materials were extensively inves- Crystalline phases of the prepared catalysts were
tigated with a variation of pH of the initial precursor solution. identified by X-ray diffraction with Cu I& radi-
The prepared carbons were finally used as a support for PtRuation (XRD, M18XHF-SRA, MAC/Science). Nitrogen
alloy catalyst for DMFC, and the effects of pore properties adsorption—desorption isotherms were obtained with an
on the DMFC performance were examined. ASAP-2010 (Micromeritics) apparatus. The pore size dis-
tribution was determined by the BJH method applied to the
adsorption branch of the Nisotherm. Pore sizes and mor-

2. Experimental phologies of the prepared samples were investigated by trans-

mission electron microscopy (TEM, Joel, JXA-8900R) and
2.1. Preparation of carbon supports and supported field emission scanning electron microscopy (FE-SEM, JSM-
catalysts 6700F).

The cyclic voltammograms were obtained using a con-

Nanoporous carbon xerogels (NCs) were synthesized us-ventional three-electrode system with saturated calomel and
ing colloidal silica particles (Ludox HS 40 with an average platinum gauge as a reference and a counter electrode, re-
particle size of 12 nm, Aldrich) as a template by polymer- spectively. The reference electrode was prepared by coating
ization of resorcinol (Junsei) and formaldehyde (35wt.% a small amount of catalyst ink on disk-type graphite. Prior to
aqueous solution, Aldrich) as a carbon precursor, followed coating with catalyst ink, the graphite surface was polished
by subsequent carbonization and removal of silica particles. by alumina paste and washed with de-ionized water. Cyclic
NapCOs (Aldrich) was used as a polymerization catalyst for voltammograms were obtained at room temperature at a scan
carbon precursor and the molar ratio of the catalyst to resor-rate of 20mV st in 0.5 M H,SQOy solution containing 1 M
cinol was fixed at 1:50. In a typical synthesis, an aqueous CH3zOH (EG & G 263A Potentiostat).
mixture containing resorcinol and formaldehyde (molar ratio
of 1:2) was added to the silica colloidal solution. The pH ofthe 2.3. MEA preparation and single cell test
reaction mixtures was adjusted with 1 N HjlOr NH,OH
(35 wt.% aqueous solution, Aldrich) to obtain mixtures with The membrane electrode assembles (MEAs) were fabri-
pHvaluesof1.5,5and 9. The reaction mixtures were sealed incated according to the method described in literatili&@4 9]
a closed vessel and stirred vigorously withol8&s solution Both sides of electrode were composed of a carbon paper and
for 2 h atroom temperature, until viscous slurries with a color a carbon-supported catalyst layer. The anode contained the
of light brown were obtained. The slurries were cured &85  prepared PtRu-NCs with a metal loading of 3 mg<&yand
for 72 h, and resultant resorcinol-formaldehyde gels contain- the cathode contained the commercial 40 wt.% Pt/C cata-



lyst (Johnson Matthey) with a metal loading of 4 mgcm
Nafion-117 membrane was used as solid electrolyte, which 7004
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was pretreated by boiling with 3 wt.%J@, for 3 h and then

in 0.5 M H,SOy solution. The anode-membrane-cathode was

assembled by hot-pressing at £ZDfor 2 min. Two molar of
methanol solution was fed to the single cell with an effective
area of 5crA. The fuel cell system was operated at°?5
and the methanol feed rate was controlled to be 1.0 mtthin

using masterflex pump (Cole-Parmer Instrument Co.). On the

cathode side, dry oxygen was fed at a rate of 500 mithin

3. Results and discussion

3.1. Textual properties of supports and supported

catalysts

N> adsorption—desorption isotherms and pore size dis-

tributions (PSDs) of NCs are shown Figs. 1 and 2re-
spectively. All the NCs exhibited a sharp capillary conden-
sation at high relative pressure, which could not found in
the isotherm of activated carbon (AC). The NC-9 showed larger than 50 nm. The MNadsorption—desorption isotherm of
the type IV isotherm with H2 hysteresis loop that is a typical NC-5 showed an intermediate feature between NC-1.5 and
characteristic feature of mesoporous materials, while NC-1.5 NC-5. These results were well supported by the pore size dis-
exhibited type Il isotherm indicating the existence of pores tribution of NCs, as shown iRig. 2 Relatively narrow peak

600+

5004

400+

3004

Volume adsorbed (cm3/g)

2004

100 +

~—#--NC-15 Ty
4--NC-5 i
---y---NC-9

gmanpanE—a-u snss—aarkivdl
]

-

Fig.

T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Pg)

1. N\, adsorption—desorption isotherms of carbon supports.

0.6 - 0.6
| |
] w'e
0.5 l\R AC 0.5+ NC -1.5 o Uy,
J . H
0.4 n 0.4 | w \
i !
0.3 4 .i 0.3 r .
] =
02 ] % 0.2
0.1 E 0.1
& l
T 00 "N mg- g w00 n
5]
- T r T T T
]
2 I 10 100 | 10 100
2 08-
; u 1.2 [
£ 074 -fﬁ\. \
NC -5 g 10 NC -9 -
0.6 :
- | ]
.l { 0.8 u
s
| n
0.5 -l J‘ m -
h e 0.6 - )
/ | e "
0.4 o .' ﬁ ' o
ﬁ k u 0.4 i .
0.3
T T T — T T 0.2 T T
I 10 100 1 10 100

Pore size (nm)

Fig. 2. Pore size distributions of carbon supports.
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of PSD appeared at ca. 40 nm and ca. 50nm for NC-9 and  , ]
NC-5, respectively. On the other hand, NC-1.5 showed broad
bimodal PSD center at around 50 and 90 nm. Silica colloidal ~ 2007 __  pipiac
particles used in this work as a pore generator have an av- §‘° 1804 e PtRU-NC-1.5
erage particle size of ca. 12 nm. Therefore, large pore size £ 4. PtRu-NC-5
observed for NC-1.5 and NC-5 samples is unusual. When g 1604 ---y-- PtRu-NC-9
the initial pH of colloidal silica solution is high as in the case E 140
of NC-9, silica colloids are stabilized at this pH value. How- & ]
ever, the stability of silica sol decreases with increasing the s %]
acidity of the solution, and subsequently, the aggregation of E 100
silica sol can occul 3,20} Therefore, large pores of NC-1.5 £ 30 A
and NC-5 may be understood in a manner that silica sols are 1 mﬂ/
aggregated one another with decreasing pH value of synthe- 907 vre T
h . . . : 1 '"VW _ahbdh
sis mixture, which leads to large size of template, and in the 20 "'-"“;;;,';j';;;*i{.,..»n
long run, large pore size. In addition, judging from the pore 2] PTTL i
size of NC-9, the aggregation of silica particles would be un- ] —
avoidable even in which the condition of the silica particles 0.0 0.2 0.4 0.6 0.8 1.0
are stabilized. Relative pressure (P/P)

Textural properties of supports and supported catalysts
are summarized ifable 1 BET surface area and microp- Fig. 3. Np adsorption—desorption isotherms of supported PtRu catalysts.
ore area of AC are highest, and the ratio of meso-macropore
area with respect to micropore area is lowest among supportF-ig. 4 shows the pore size distributions (PSD) of supported
materials. The BET surface area of NCs also reflects both catalysts. Compared to the PSDs showfim 2, the PtRu-
meso-macropores and micropores, indicating the generationNC catalysts exhibited slightly decreased pore sizes due to
of micropores was inevitable during the pyrolysis of R—F loading of the nanosize metal particle on the pore surface
polymer in the preparation of NC supptt4,21] The con- [14]. As listed inTable 1, surface area and pore volume of
tribution of micropore area to total surface area (BET surface the supports were significantly decreased after the support-
area) became significant as the pH of initial reaction mixture ing of metals. In particular, the contribution of micropore to
decreased. It is likely that the polymer framework without the textural properties became drastically decreased in the
template effect is generated with decreasing pH of reaction supported catalysts, demonstrating that the micropores were
mixture due to the formation of the large size silica template. blocked by or covered with metal species.

Since the micropores are originated from the polymer struc-

ture carbonized that eventually will be carbon framework, the 3.2. Morphological observation of pore structure and
higher portion of micropore in NC-1.5 can be attributed to pore size

the lower degree of silica templating effect.

Fig. 3 shows the N adsorption—desorption isotherms of Fig. 5shows the TEM images of NC supports. All the NC
supported PtRu catalysts. Compared to the isotherms showrsupports were found to have spherical pores. The trend of
inFig. 1, Nz isotherm of a supported catalystis very similarto pore size was well consistent with the result efisbtherms;
that of the corresponding support, indicating that basic pore the largest pore size was observed for NC-1.5 and the small-
structures of the supports are not altered upon metal loading.est for NC-9. These features of pore structure and size could

Table 1
Textural properties of supports and supported catalysts

SBETa (m2 g_l) Smicrob (m2 g_l) Sneso-macrg (m2 g_l) Sheso-macréSmicro Vmicrod (cm3 g_l) Vtotale (Cm3 g_l)

AC 901 759 142 0.187 0.38 0.48
NC-1.5 321 202 119 0.589 0.10 0.56
NC-5 467 164 303 1.84 0.081 0.77
NC-9 654 217 437 2.01 0.11 1.10
PtRu-AC 346 253 93 0.36 0.084 0.13
PtRu-NC-1.5 94 57 37 0.65 0.018 0.11
PtRu-NC-5 133 55 78 1.42 0.018 0.18
PtRu-NC-9 145 67 78 1.16 0.02 0.22

a BET surface area.

b Micropore surface area.

¢ Meso-macropore surface area.
d Micropore volume.

€ Total pore volume.
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Fig. 4. Pore size distributions of supported PtRu catalysts.
also be elucidated by FE-SEM images, as showFign6. It were observed. In particular, the characteristic peaks for pure

is noticeable that NC-1.5 shows both large size pores andPt (11 1) and (2 2 0) appearing at 39 #hd 67.45, respec-
large portion of non-porous framework. Compared to the tively, were shifted to the higher angle, for example, 40.30
other two NC supports, the NC-1.5 exhibited high degree and 68.4%, respectively, for PtRu-AC. These results indicate
of micropore area, generated from the polymer structure thatthat the face-centered cubic (fcc) structure of PtRu alloy is
was non-templated by silica particle. Therefore, it is likely dominant on the supported cataly22].

that the non-porous framework observed for NC-1.5 is es-  Average metal particle size of prepared catalysts was cal-
sentially microporous, because FE-SEM is not enough to re- culated according to the Debye—Scherrer equation as listed in
solve micropores of the NC-1.5. However, only asmall part of Table 2 The alloy metals on NC-5 and NC-9 are smaller than
non-templated framework was observed in the NC-5. Thesethose of on AC and NC-1.5. It has been generally accepted
results are well consistent withoNadsorption—desoroption  that physicochemical properties of the supported metal cat-

experimental results. alysts are affected by many factors such as preparation con-
ditions, metal loadings, and physical-chemical properties of
3.3. Alloy phase and metal particle size support (pore structure and surface propertjgs]. When

Fig. 7shows the XRD patterns of NC-5 support and sup- a2 o

ted catalvsts. As shown [ 7(a) two characteristic Average particle size calculated from the (220) position using the
por ysts. g. 1 Debye—Scherrer equativn
XRD peaks were observed at28nd 43 in the NC-5 sup-

port, suggesting that NC-5 support is not completely amor- Dxro (hm)
phous and contains a part of crystalline phj@4é. Both NC- i:ﬁﬂ:ﬁ‘é_l : 218
1.5 and NC-9 supports exhibited the same XRD pattern asp .o nc.5 o4
NC-5. PtRU-NC-9 22

] X_RD patter_ns Of_the supported al_loy CatalyStS are shown 75 D =(0.94.)/(Bcosdg), whereD is average particle size is X-ray wave-
in Fig. 7(b). It is noticeable that no diffraction peaks related |ength, g5 is (220) peak position, anB represents the FWMH value of

to pure Ru or Ru-rich hexagonal close packed (hcp) phaseradian scale.
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considering that the same preparation method and metal load
ing were imposed in all the catalysts in this study, it is ex-
pected that other factors affect in the formation of differ-
ent size metal particles on carbon support. In principle, it is

believed that both pore structure and surface properties of =

supports may affect in the formation of different size metal

particles. Surface properties of NC supports are expected§

to be almost identical, since R—F polymers produced from

the same precursor were carbonized in the same conditions.© 5
Despite of the same surface properties, however, it was ob-

served that PtRu-NC-1.5 showed larger metal particle size
than the other two NC-supported catalysts. In addition, the
some portion of mesopores of NC-5 and NC-9 disappeared
after metal loadingsHig. 2, Fig. 4, and Table J), indicat-

ing the pore blocking by metal particles. Although this may

cause a drastic decrease of surface area and pore volume, the

metal aggregation could be prevented by the role of small
pores as a barrier. Joo et §L6] reported the preparation
and application of porous carbon with high surface area and
uniform pore size. They16] observed that small and uni-
form pores of porous carbon could serve as an individual

Sources 145 (2005) 139-146 145
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Fig. 9. DMFC single cell performance of supported catalysts 4€75

oxidation begins at about 0.25V versus SCE for all the
catalysts tested in this work, which is typical for PtRu

nanoscale reactor or a barrier for metal aggregation, and werecatalyst in the methanol electro-oxidati¢?4,25] In ad-

very effective for the formation of finely dispersed metal par-
ticles with high level of metal contents. In our supported
catalyst system, the micropores of carbon support did not
effectively act as a barrier, and consequently, the metal ag-
gregation was prominent in the catalysts supported on AC and
NC-1.5 (these supports exhibited high portion of micropore
area). Additionally, it was found that the catalysts supported
on NC-9, which showed the highest value of meso-macropore
area, had the smallest metal particle size among the
catalysts.

3.4. Catalytic performance in half and single cell

Fig. 8shows the cyclic voltammograms of supported cat-
alysts for methanol electro-oxidation. The methanol electro-

PtRu-NC-9—___
=
s
-
b
]
=
S
PtRu-AC
I T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Voltage (V)

Fig. 8. Voltammograms of supported alloy catalysts for methanol electro-
oxidation in 0.5M HSQOy + 2 M CHzOH with a scan rate of 20 mVv$.

dition, the values of maximum current density at 0.5V
were different from one another, and decreased in the
order PtRu-NC-$ PtRu-NC-5>PtRu-NC-1.5 PtRu-AC.
What is interesting is that the activity trend is the same
as metal dispersion trend. The supported metal catalysts
on a reactive support such as alumina and titania retain
their uniqgue metal-support interaction, which are consid-
ered as a critical factor for the catalytic activif26,27]
On the other hand, carbons are known to be an inert sup-
port, and therefore, the interaction between metal and car-
bon would be very weak. It can be concluded, therefore,
that the metal dispersion on the carbon support rather than
metal—carbon interaction is a decisive factor determining the
catalytic activity in the methanol electro-oxidation in this re-
search.

Fig. 9 shows the single cell performance of supported
catalysts for direct methanol fuel cell (DMFC) at 7.
The open circuit voltages (OCVs) were 0.694, 0.697, 0.701,
and 0.709V for PtRu-AC, PtRu-NC-1.5, PtRu-5, and PtRu-
9, respectively. The maximum power densities were 64.5,
93.1, 110.3, and 121.4 for PtRu-AC, PtRu-NC-1.5, PtRu-
5, and PtRu-9, respectively. Since one kind of catalyst with
the same metal loading was coated on the cathode side,
the variations of OCV and maximum power density values
can be totally attributed to the performance of anode cata-
lysts, meaning the catalytic activity in the methanol electro-
oxidation. In this work, the trend for cell performance was
similar to that for methanol electro-oxidation activity. It is
inferred that the different dispersion of active metal parti-
cles was responsible for the variation in the catalytic activ-
ity of methanol electro-oxidation. In addition to the metal
dispersion, the pore size and the structural integrity of sup-
porting materials played an important role in the single cell
performance.
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