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Porous materials with high surface area have shown
promise in fuel cells,' catalysis,” photovoltaic’ and sensor
applications.* These high surface area materials can be
synthesized using sol-gel chemistry,” soft templating® and
hard templating approaches.” Although many useful
semiconductors have been obtained by these methods,
synthesis of high surface area zinc oxide (ZnO) has been
somewhat limited. Zinc oxide (ZnO) is an important I[I-IV,
n-type semiconductor material with a wide band gap of
AE,,, = 3.37 eV with an exciton-binding energy of 60 meV.
It also possesses interesting optical properties (i.e.
transparent conducting film) as well as piezoelectric
properties.® These novel properties of ZnO have led to
applications in catalysis,” UV-light emitting diodes,"
lasers,’ gas'> and bio-sensors.” Another interesting
application of ZnO is its use in photovoltaic solar cells.
Previously Cao et al.'"* and Yang et al."” have successfully
utilized aggregated nanocrystallites and nanowires of ZnO
respectively, to fabricate efficient dye-sensitized solar cells
(DSC). Although these examples proved the usefulness of
ZnO in such application, the low surface areas in both
systems limited the conversion efficiency of solar energy to
electrical energy.

Numerous attempts at achieving high surface area ZnO
have been made, including surfactant templated methods.
Although surfactant driven synthesis of ZnO has been
successful in synthesizing nanostructured ZnO, the internal
surface areas were not accessible due to the presence of the
structure directing agents.'® Other examples of high surface
area ZnO were achieved by sol-gel processing'” and hard
templating methods.”®  As a hard template material for ZnO,
activated carbon aerogels (ACAs) show a great potential due
to their high surface area (1000-3000 m® g), thermal
stability, mechanical robustness and high electrical
conductivity.” Therefore, having ACAs as theunderlying
structure coated with ZnO will not only produce high surface

area ZnO, but may yield improved electron transfer property.
Herein, we report the synthesis of high surface area ZnO-
carbon composite using ACAs as templates for the
deposition of ZnO using sol-gel chemistry.

The ACAs are prepared through carbonization and
thermal activation of organic aerogels derived from
resorcinol and formaldehyde, as previously described.” As
seen from Figure 1A, the microstructure of the ACA
template is composed of interconnected sub-micron-sized
carbon particles that define a continuous macroporous
network. The high surface area of the ACA arise from the
micro- and small mesopores formed within the carbon
particles during thermal activation. One of the key aspect of
this structure is the continuous macropore network that
allows for uniform infiltration of ZnO sol-gel solution
throughout the ACA architecture. The ZnO sol-gel solution
was prepared by addition of propylene oxide to a methanolic
solution of zinc nitrate hexahydrate.'” In this reaction,
propylene oxide acts as an acid scavenger, driving the
formation of zinc hydroxide through hydrolysis and
condensation of hydrated zinc ions. Monolithic ACA parts
were then immersed in the sol-gel solution mixture under
vacuum to allow for complete infiltration of the aerogel
porosity.  Evacuation of the system was continued to
concentrate the sol-gel solution through evaporation of
methanol and induce deposition of Zn(OH), on the internal
surfaces of the template. Complete drying of the mixture
under vacuum resulted in fully coated ACA composite
material. It is important to mention that the use of methanol
as the solvent for the sol-gel solution is essential for wetting

200 350 500 650 800 950

Intensity

2‘0 3‘0 4’0 5‘0 6‘0 7‘0 8‘0
20
the carbon framework of ACA.

Figure 1. A) SEM micrograph of ACA taken with JOEL7401-F with
SEI detector at 5 KV. B) TGA analysis of a) as-made ZnO-ACA, b)
ZnO-ACA thermally treated at 250 °C and c) pure ACA, performed
with Shimadzu TGA-50 with flowing air at 20 sccm/min with heating
rate of 10 °C/min. C) X-ray diffraction pattern of ZnO-ACA thermally
treated at 250 °C taken with Scintag PAD-V X-ray diffractometer with
Cu K( radiation at 40 kV and 30 mA. * denotes peaks from carbon.



The thermogravimetric analysis (TGA) of as-prepared
composite material (Fig. 1B-a) shows multiple events
occurring from room temperature (r.t.) to 450 °C. The initial
weight loss from r.t. to 100 °C can be attributed to the loss of
adsorbed methanol and water, followed by dehydration and
crystallization of different polymorphs of Zn(OH),. A
variety of phases can potentially form from the hydrolysis
and condensation of Zn(I) ions, including amorphous
Zn(OH),, the «, &, or ¢ phases,” as well as a salt adduct,
ZnS(OH)g(NO3)2-2HZO.21 For the propylene oxide induced
sol-gel chemistry used to make the composite material, the
expected phases of zinc hydroxide are the ¢ and the nitrate
adduct. As shown in Figure 1B-a, annealing of the
composite at 250 °C converts all of the deposited Zn(OH), to
ZnO as evidenced by no significant weight loss. The
crystallinity of the ZnO on the ACA framework is confirmed
by X-ray diffraction (XRD). The XRD diffraction pattern for
the composite after thermal annealing at 250 °C (Fig. 1C)
shows well-defined peaks that correlate with those expected
for crystalline ZnO (zincite, PDF# 36-1451, hexagonal, a=
3.2498, c= 5.20661, P63mc, space group=186) with no trace
of Zn(OH), peaks.

The crystallinity of the deposited ZnO is also evident from
SEM micrographs taken from a cross section of the annealed
composite. As shown in Fig 2A, the surfaces of the ACA
template are clearly coated with crystalline and well-faceted
ZnO nanoparticles, and the coating appears to be uniform
throughout the ACA framework. A higher resolution SEM
image of the composite (Fig. 2A inset) shows that the
coating is comprised of randomly oriented ZnO crystallites
that are 10-50 nm in size. The intimate contact, apparent in
the SEM images, between ZnO crystallites and the
continuous carbon framework should yield favorable
electron transport properties in these composite
architectures. The uniformity of the ZnO coating within the
ACA template was determined using energy dispersive X-
ray spectroscopy mapping (EDS). As seen in Figure 2B, the
EDS maps show that carbon, oxygen and zinc are uniformly
distributed throughout the ZnO-ACA composite. This
observation confirms that the sol-gel solution fully
penetrated the internal porosity of the monolithic ACA
template during infiltration. The ZnO content in this
composite was determined by TGA to be 60 wt % (Fig.1B-
b). By decreasing the concentration of Zn(NO;), in the sol-
gel reaction, we were also able to prepare composite
materials with lower ZnO content. SEM analysis of a ZnO-
ACA composite with 20 wt % ZnO showed that the surface
looked very much like that of the starting template,
suggesting that the ACA is coated with a very small
crystallites of ZnO. Closer examination of the surface by
TEM (Fig. 3A) shows that the template is indeed evenly
coated by ZnO nanoparticles (diameters ~5 nm) that are
significantly smaller than those seen in the 60 wt %
composite.

The BET surface areas of the 60 and 20 wt % ZnO-ACA
composites are 439 and 1515 m’ g respectively. Both
values are significantly lower than that measured for the

starting ACA (2600 m” g'). Since the intrinsic surface area
of the ZnO crystallites is significantly lower than that of the
ACA substrate, a decrease in gravimetric surface area would
be expected following deposition of ZnO within the ACA,
especially at these high loading levels. The fact that the
surface areas of the composites decrease with increasing
ZnO loading supports this contention. In addition, the ZnO
coating likely plugs much of the micro- and small mesopores
that populate the ACA framework, also leading to a drop in
surface area. Nevertheless, the surface areas of these ZnO-
ACA composites are significantly higher that those reported
for other porous ZnO nanostructures.”
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Figure 2. A) SEM micrograph of ZnO-ACA thermally treated at 250 °C
with inset showing higher resolution micrograph. B) SEM and EDS
analysis of ZnO-ACA (250°C) probing carbon, oxygen and zinc using
Oxford Inca EDS system.

From the TGA data, we also observed rapid weight loss at
~380 °C (Fig. 1B-b) in these composites that can be
attributed to oxidation and burn-off of the carbon template.
While the uncoated ACA is typically stable up to ~600 °C
(Fig. 1B-c), the presence of the ZnO nanoparticles
apparently catalyzes carbon burn-off at lower temperatures.
Based on this observation, we attempted to prepare pure ZnO
replicate structures through thermal removal of the ACA
template from these composites. Interestingly, after thermal
annealing of 20 wt % loaded sample at 450 °C, the
remaining ZnO replica retains the same general
microstructure of the original ACA template (Figure 3B).
Examination of the replicate structure by TEM shows that
the ZnO nanoparticles ripen during template removal (Figure
3B-inset). Apparently, this ripening leads not only to larger
crystallites (diameters ranging from 20-40 nm), but also



stronger connections between adjacent particles that allow
the structure to hold together after the ACA template is
removed. However, the amount of ZnO replica structure
produced via thermal annealing process produced only a few
milligrams per reaction, too small of an amount for BET
analysis. Template removal from composites containing 60
wt % ZnO produced material with minimal porosity, likely
due to ripening effects of larger ZnO nanoparticles during
thermal annealing.

Figure 3. A) TEM analysis of ZnO-ACA (20 wt% loaded) sample
showing uniform distribution of ZnO nanoparticles in a ACA particle.
TEM measurementswere made on a Philips FEG CM300, operating at
300 kV using copper grids with lacey formvar. B) SEM micrograph of
ZnO-ACA after thermally removing carbon by heating the sample at
450 °C. Inset, TEM micrograph of B) showing ZnO nanoparticles (20-
40 nm) without carbon framework.

In summary, we demonstrated the synthesis of novel ZnO-
ACA composites that exhibit high surface areas and well-
crystallized ZnO nanoparticles. These materials are prepared
by coating Zn(OH), particles using sol-gel chemistry on the
internal porosity of high surface area ACA templates. The
sol-gel coatings are uniform throughout the ACA structure.
Thermal treatment of the as-prepared composite material
resulted in the formation of well-faceted ZnO nanoparticles
that completely cover the carbon framework. The surface
areas of the ZnO-ACA composites can be controlled through
the ZnO loading and can range from 1500 m* g (20 wt %
ZnO loading) to 400 m* g (60 wt % ZnO loading). We also

demonstrate that the ACA can be removed thermally to yield
ZnO nanostructures that retain the original porous network
architecture of the template. The high surface area of ZnO-
ACA composite materials, along with intimate contact
between ZnO and the electrically-conductive carbon
framework, make these materials viable candidates for a
variety of applications. In addition, the synthetic approach
presented here is general and can readily be applied to the
fabrication of carbon composites with other semiconductors.
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