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ABSTRACT: Mesoporous carbon composite thin films
(<500 nm) containing cobalt and vanadium oxide were synthe-
sized by triconstituent self-assembly using Pluronic F127 as
template, phenol-formaldehyde oligomer (resol) as carboniz-
able precursor, and cobalt (or vanadyl) acetylacetonate (acac) O~
for the metal source. The ordered mesostructure of the o 800°C
composite films was confirmed by both X-ray diffraction "¢ Resol »
(XRD) and transmission electron microscopy (TEM). During S

pyrolysis at 800 °C to carbonize the film, the d-spacing
decreases significantly because of uniaxial contraction; however
addition of Co/V content leads to a decrease in the contraction
from approximately 68% to 50%, which indicates the Co/V
mechanically strengthens the framework. The decrease in contraction also leads to an increase in the average pore size by as much as
60%. Nanoparticles are found to be dispersed within the continuous carbon framework from both high resolution (HR)-TEM and
scanning transmission electron microscopy (STEM); small sub-2 nm particles are observed in all cases for V containing films, while
particles greater than 10 nm are found at high Co contents. In addition to these structural changes, the electrical conductivity of the
mesoporous carbon film can be increased from 22 S/cm to approximately 40 S/cm by adding 10 wt % of either Co(acac); or
VO(acac), in the precursor solution. The conductivity decreases as the organometallic content is further increased, but still remains
quite conductive (19.6 S/cm for 50% VO (acac),). The addition of the transition metals also greatly enhances the electrochemical
performance because of their pseudocapacitance. Even after 500 cycles, the composite films maintain a specific capacitance 2 i high as
113 F-g~ ' (for Co) and 159 F-g~" (for V) in comparison to the neat carbon, which is initially approximately 22 F-g~'. These
materials exhibit favorable electrochemical properties for potential energy storage applications such as insertion batteries and
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B INTRODUCTION

Ordered mesoporous carbon materials have garnered signifi-
cant attention because of their attractive properties such as
electrical conductivity, chemical 1nertness, high surface area,
uniform pore size, and biocompatibility."* These properties have
led to proposed use of mesoporous carbons as catalyst supports,®
sensors, electrodes,® adsorbents for water remediation,6 and
active materials for energy storage’ as examples. Ordered meso-
porous carbon powders have been historically synthesized by
nanocasting where a sacrificial (typically, silica) hard porous
template is filled with the carbonizable precursor and then the
template is dissolved after carbonization to yield an inverse
replica.® More recently, soft templating approaches have been
introduced that provide a more direct route to mesoporous
carbons through organic—organic self-assembly.”'® These soft
templating approaches can also be applied to fabricating meso-
porous carbon films." "'

There have been multiple routes developed to modify carbon
to increase its functionality and/or performance especially for
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electrochemical applications.”>~'® For example, triconstitute
self-assembly to form an ordered mesoporous carbon-silica
nanocomposite where the silica is subsequently removed yields
significant improvements in the electrochemical performance by
increasing the Brunauer—Emmett—Teller (BET) surface area
(from 650 to 2390 m’/ g) in comparison to an analogous soft
templated carbon.'” Alternatively, the carbon can be doped with
nitrogen, phosphorus, or boron to significantly increase the
electrochemical capacitance.'>*° Similarly, incorporating metal
oxide nanoparticles into the carbonizable precursor provides an
alternative route to improved electrochemical performance.>'**’
However, the long-term electrochemical performance of these
mesoporous carbon based materials for reversible Li storage
appears to be limited in comparison to alternatives such as
hollow, carbon coated SnO, nanoparticles.22 The increased Li
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capacity of some transition metal oxides, such as TiO,, MnO,,
Sn0,, and V,0s, in comparison to carbon makes these metal
oxides highly attractive for Li insertion battery electrodes.”> >’
However, their low electrical conductivity limits charge transfer
and hence performance. Furthermore, the charge—discharge
reversibility of bulk metal oxides is generally low because of
the large volume changes that lead to pulverization of the active
material upon successive cycling.”® Addition of porosity in the
material to enable expansion does provide some improvement in
the cycling stability for Li battery applications,” but additional
improvements in cyclability occur when the metal oxide is coated
with a thin carbon layer because carbon can function as a physical
buffering layer for large volume change through the so-called
cushion effect.”® These results would suggest that mesoporous
carbon composites could provide a route to high performance
anodes for Li battery technology.

However, there are few reports of such mesoporous nano-
composite materials.”"***' For example, Patel et al. illustrated
that the electrochemical pseudocapacitance of disordered meso-
porous carbon can be dramatically improved by the addition of
MnO, nanoparticles.”’ Ordered mesoporous nanocomposites
with well-defined geometry and pore size could provide im-
provements in the ion transport and surface area, which in turn
would lead to improved performance. Ordered mesoporous
carbon—sulfur materials prepared by infiltration of sulfur into
the micropores have exhibited high performance for Li/S battery
applications."> Recently, Aksay and co-workers reported surfac-
tant assembled graphene-tin oxide nanostructures that exhibit
near theoretical specific energy density for Li insertion, as the
electrochemical properties of the nanocomposites can be im-
proved by increasing the conductivity of the electrode materials
with graphene and by stabilizing the electrode structure with a
good electric contact between SnO, and conductive graphene
during the charge—discharge process.>> However, this synthesis
can be quite challenging because of multiple length scales of the
building materials, while triconstituent self-assembly to synthe-
size mesoporous nanocomposites is quite facile.'"® This self-
assembly approach can also be applied to the assembly of
carbonizable oligomers, metal alkoxides (sol—gel), and surfac-
tants/block copolymers templates to yield ordered mesoporous
materials with discrete metal oxide and carbon domains within
the pore wall.'®*° For the carbon-titania nanocomposites formed
by triconstituent self-assembly, modest reversible capacities are
reported,®® but to achieve a high capacity for Li battery applica-
tions alternative metal oxides are required. One potential diffi-
culty in extending this triconstituent assembly approach is
controlling the interactions between the carbonizable oligomer,
metal oxide sol, and templating agent. For some transition metal
oxides such as tin oxide, it is difficult to even obtain an ordered
structure for the pure material without complex processing.”
Alternatively, metal salts have been utilized to form nanoparticles
within carbon aerogels,34 but these salts could interfere with self-
assembly of the surfactant, which may lead to disordered carbon
framework or decrease the porosity. Recently, Zhao and co-
workers have demonstrated that ordered mesoporous carbon-
MgO composites can be synthesized using magnesium nitrate,
but the MgO nanoparticles can be larger than the pore walls and
extend into the pores especially at high loadings.®

Alternatively, thermolysis of organometallic compounds is an
effective route to synthesis of carbon coated metal nano-
particles,”” but these are typically isolated large nanoparticles.
The carbon shell and morphology of the nanoparticles are dependent

upon the ligands and their carbonization. By proper selection of
organic ligands on cobalt, thermolysis and controlled oxidation
leads to carbon coated cobalt particles with excellent Li storage
properties.”” One such ligand is acetylacetonate (acac), which
has also been utilized in controlling condensation rates for mixed
metal oxides formed by sol gel chemistry.***” This stability of metal
(acac) should provide a wide processing window for incorporating
transition metals into ordered mesoporous carbons.

In this work, the triconstituent synthesis method for fabrica-
tion of ordered mesoporous carbon composites is extended to
include cobalt and vanadium oxides by using Co(acac); and
VO(acac), as precursors. Evaporation induced self-assembly
(EISA) of low-molecular weight phenolic resin (resols),***’
commercially available triblock copolymers (Pluronic F127)
and metal (acac) is utilized to form highly ordered mesoporous
carbon composite thin films after pyrolysis at 800 °C. The porous
morphology of the films is investigated by X-ray diffraction,
transmission electron microscopy (TEM), and ellipsometric
porosimetry. Additionally, the electrical and electrochemical
properties of these films are examined as a function of composite
film composition. These results illustrate the versatility of the
triconstituent assembly approach for fabrication of ordered
mesoporous carbon composites with potential applications in
catalysis, energy storage, and sensing.

B EXPERIMENTAL SECTION

Materials. A triblock copolymer surfactant, Pluronic F127 (M,, = 12
600 g/mol, PEOos-PPO-(-PEO (s, BASF), was used to template the
carbon-based composite mesostructures. Sodium hydroxide (NaOH,
Aldrich), phenol (Aldrich), and formaldehyde (37 wt % in H,O) were
used to synthesize the resol precursor.*® Cobalt(IIl) acetylacetonate
(Co(CsH,0,)3, 98+%, Strem Chemicals, Inc.) and vanadyl acetylace-
tonate (VO(CsH,0,),, 98%, Strem Chemicals, Inc.) served as cobalt
oxide and vanadium oxide precursors, respectively. Sodium sulfate
(>99%, Aldrich) was used as received and utilized as the salt in the
electrolyte for electrochemical measurements.

Sample Preparation. Resol precursor was prepared by the
polymerization of phenol and formaldehyde under a basic environment
as described previously.*® Following synthesis, the resol was dissolved in
tetrahydrofuran (THF) at 30 wt %. Mesostructured polymer-resins
(similar to FDU-16)*® were templated by using triblock copolymer F127
with molar compositions of phenol/formaldehyde/NaOH/F127 =
1:2:0.1:0.006.>® For preparing nanocomposite film, Co(acac); or VO-
(acac), was added into resol and F127 in THF solution with fixed molar
ratio of resol/F127 = 1:0.006. To maintain the same thickness range for
all the films, all the solutions are diluted to 10 wt % of solids (i.e., F127 +
resol + Metal(acac)). Silicon wafers were cleaned in piranha solution for
20 min at 90 °C and used as substrates. Films were prepared by spin-
coating at 4000 rpm for 45 s on clean silicon wafer. The films were aged
at room temperature for 1 h, and subsequently the resol is thermo-
polymerized at 120 °C for 24 h to solidify the network. These as-made
films are denoted as FDU16-am (pure carbon) and CM-X-am, where M
represents the metal included in the composite and X lists the weight
percent of M(acac) in the as-made (am) film. The pluronic template
was removed thermally by pyrolysis in nitrogen. Mesoporous poly-
mer composite films (CM-X-350) were obtained after pyrolysis at
350 °C for 3 h using a heating rate of 1 °C/min, whereas mesoporous
carbon composites (CM-X-800) were obtained after carbonization
at 800 °C for 3 h, with heating rates of 1 °C/min below 600 °C, and
S °C/min above 600 °C.

Characterization Techniques. X-ray diffraction (XRD) was
performed in a 6/20 geometry using Cu Kot source (Panalytical X'Pert
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Table 1. Porosity, Conductivity, and Chemical Compositions of the Mesoporous Carbon/Carbon—Cobalt Composite Films

sample -800 °C M(acac) (g) resol (g) F127 (g)
FDU16 0.00 0.40 0.20 23
CCo-10 0.05 0.50 0.25 35
CCo-20 0.10 0.40 0.20 29
CCo-33 0.10 0.20 0.12 25
CV-10 0.05 0.50 0.25 30
CV-20 0.10 0.40 0.20 31
CV-33 0.10 0.20 0.12 24
CV-50 0.10 0.10 0.06 20

porosity (%)

Co / V* (wt %) conductivity (S/cm) C/M?/HF (molar ratio)

0.0 22 1/0/0.12

4.7 42 1/0.01/0.056
17.5 32 1/0.045/0.5
25.3 26 1/0.07/0.2
2.9 41 1/0.007/0.08
112 38 1/0.03/0.11
20.0 33 1/0.06/0.22
36.5 20 1/0.14/0.41

“Based upon only C, Co, V, and H content while neglecting oxygen. M = metal (either Co or V). ‘Determined from RBS measurements of the

thin films.

PRO) with angle of incidence, 6, varied from 0.25 to 1.5°. A parallel plate
collimator (PPC) was used in combination with an incident beam
optical module to provide an X-ray beam with very low divergence.
Rutherford back scattering (RBS) was performed to obtain the ele-
mental composition of the samples using IBeAM (Ion Beams for
Analysis of Materials) facility at ASU with 1.7 x 10° tandem electrostatic
accelerator sample analysis end stations. Elastic recoil detection (ERD)
analysis was used to quantify hydrogen content.

Film thickness and the optical properties of the films were quantified
using a UV—visible—NIR (240—1700 nm) variable angle spectroscopic
ellipsometer (VASE M-2000, J.A. Woollam Co. These data provide a
route to the optical properties of the films based upon the Cauchy model
with an Urbach adsorption for the as-made films and films after pyrolysis
at 350 °C, while an oscillator model based upon multiple Gaussian
functions was used for films after pyrolysis at 800 °C. Ellipsometric
porosimetry (EP) was utilized to provide the pore size distribution and
the porosity of the pyrolyzed films using the same M-2000 instrument.
Toluene (Aldrich) was utilized as the probe molecule. The change in
refractive index of films during the pore filling/emptying provides vapor
adsorption/desorption isotherms as a function of toluene partial
pressure.**** Assuming all pores were filled and neglecting the minor
film swelling, the film porosity (P) was estimated from the refractive
index of the film using the Bruggemann effective medium approximation
(BEMA).* To quantify the pore size distribution (PSD), the radius of
mesopore, 1, was calculated as the sum of the Kelvin radius and the
thickness of the absorbed layer prior to capillary condensation.***' Each
isotherm was fit to an arbitrary function based upon a series of Gaussian
and Sigmoid functions** to provide a smooth curve for differentiation to
estimate the population of pore sizes.**

TEM and scanning TEM (STEM) were performed on cross sections
of the films using JEOL 2010F microscope operating at 200 keV. TEM
cross-section samples were prepared by manually polishing, dimpling,
and then ion-milling. First, the film-wafer was broken into 2 pieces that
were glued together, face-to-face, to protect the film from the mechanical
sample preparation. The thickness of the center of the bonded wafers
was decreased to under 10 ym by polishing and dimpling processes. Ion
milling was used to further decrease the thickness until a small hole was
sputtered in the center of the glue line. TEM images were obtained along
the glue line of the two films where the samples were properly thinned
for transmission measurements. During STEM measurements, elemen-
tal analysis was performed for select samples using electron energy loss
spectroscopy (EELS) to determine binding of the metal centers.
Additional characterization of the binding of the Co and V was perfor-
med using X-ray photoelectron spectroscopy (XPS, Microtech, Fisons
Instruments).

The electrical conductivity of the films was determined using a four-
point probe system (SP4-4004STES, Lucas Laboratories). The current
was sourced (Keithley 6221 AC and DC Current Source) across pins 1

and 4, while the potential was measured across the inner pins using an
Agilent UI251A Digital Multimeter (DMM) according to typical
protocols. The conductivity was corrected for the film thickness using
typical geometric arguments.* Electrochemical measurements were
carried out in a three electrode cell with a Pt wire counter electrode
and Hg/Hg,SO, reference electrode using a CHI630 electrochemical
analyzer (CH Instruments Inc.). Molybdenum was sputtered onto the
silicon substrate to serve as the current collector for electrochemical
measurements. Electrochemical tests were conducted in 1 M Na,SO,
at ambient temperature with aqueous potentials referenced against

Hg/ngS 04.

B RESULTS AND DISCUSSION

Morphology of Mesoporous Polymer/Carbon—Cobalt
Composite Films. Mesoporous carbon—cobalt oxide composite
films are synthesized using resol and Co(acac); as precursors
with Pluronic F127 as the templating agent. Table 1 shows the
formulations utilized to synthesize these mesoporous composite
films. As the Co(acac); content in the as-made films is increased
from 10 to 33 wt %, there is a corresponding increase in the final
Co concentration in the carbonized films based on RBS results.
One difficulty in fully quantifying the film composition is
interference in the oxygen signal from the native oxide of the
silicon wafer because of the film thickness being insufficient to
fully adsorb scattering from the buried interface. For this reason,
only the carbon, cobalt, and hydrogen content is reported; for the
films described previously the Co content increases from 4.7 to
25.3 wt % when only considering element C, Co, and H. As the
cobalt is oxidized to CoO (as determined from XPS and EELS
measurements; see Supporting Information for these data), this
calculation overestimates the cobalt content, but underestimates
the noncarbon content of the composite. Nonetheless, the addition
of Co(acac); to the casting solution provides a simple route to
incorporation of heteroatoms in mesoporous carbon films.

To determine if the templated pore structure is preserved with
the addition of Co(acac); to the precursor, XRD is initially
utilized as a screening tool for the ordered structure. For the as-
made films, only a single diffraction peak is observed except for
CCo-33 am., which does not show any evidence of an ordered
structure (Figure 1A). The lack of higher order reflections may
result from the limited contrast in electron density between
phenolic resol and surfactant in the as-made film; the addition of
the Co(acac); is expected to only slightly increase the contrast if
segregated to the hydrophilic domain. A single diffraction peak
for the as-made films is consistent with prior results for thicker
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Figure 1. XRD profiles of mesoporous nanocomposite films: (a) FDU16, (b) Co-10, (c) Co-20, and (d) Co-33 for (A) as-made films, (B) films

pyrolyzed at 350 °C, and (C) films pyrolyzed at 800 °C.

Table 2. d-Spacing from Primary Diffraction Peak and Cal-
culated Contraction of Carbon-Cobalt/Vanadium Compo-
site Films

d-spacingfrom  d-spacing after pyrolysis  contraction

sample as made (nm) at 800 °C (nm) (%)
FDU16-350 11.54 7.78 33
CCo-10-350 11.54 8.06 30
CCo-20-350 11.69 8.37 28
FDU16-800 11.54 3.72 68
CCo-10-800 11.54 4.89 S8
CCo-20-800 11.69 6.15 47
CV-10-800 10.97 5.40 S1
CV-20-800 10.09 4.95 S1
CV-33-800 11.10 4.89 56

films of resol-surfactant.*® After removal of the template at 350 °C,
two diffraction peaks are now observed for both FDU16-350 and
CCo-10-350 (Figure 1B); additionally, the intensities of the
primary peaks are substantially greater than the corresponding
as-made films as expected from the increase in contrast. For all
CCo-33 films, no diffraction peaks have been detected, which
indicate no long-range ordered mesostructure in these materials.

Changes in the mesostructure upon pyrolysis can be eluci-
dated from the position of the primary diffraction peak; the
primary peaks shift to larger 20 after removal of the template at
350 °C. This shift is indicative of a decrease in d-spacing from
contraction during the pyrolysis process. The d-spacing is
calculated using Bragg’s Law, 4 = 2d sinf, where 1 is the
wavelength (1.54 A for Cu Ka), d is d-spacing in angstroms
(Table 2), and 6 is the diffraction angle. From the d-spacings of
the as-made and mesoporous polymer composite films, the
contraction, C, is calculated as C = (dym — d350)/dam, while d
is the d-spacing for as-made films and dss is the d-spacing for
films pyrolyzed at 350 °C. Table 2 illustrates the difference in
contraction for the mesoporous polymer composite films from
the d-spacing. These contraction results show that addition of Co
tends to reduce the contraction of mesoporous ordered structure
films during pyrolysis at 350 °C.

Carbonization of the film at 800 °C results in further contrac-
tion as evidenced by the primary diffraction peak shifting to even
larger 260 (Figure 1C). However, it can be easily observed that
this shift is decreased as Co concentration increases, indicating a
larger d-spacing and lower contraction. Thus, the contraction is
significantly decreased as Co concentration increases, similar
effects result from adding SiO, into the film*’as quantified in
Table 2. This compositional dependence of the d-spacing suggests
that Co is distributed within the carbon framework.
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Figure 2. Cross-section TEM micrographs of mesoporous nanocom-
posite films after pyrolysis: (a) FDU16-350, (b) Co-10-350, (c) Co-20-
350, (d) FDU16-800, (e) Co-10-800, and (f) Co-20-800.

To examine the mesostructure in more detail, TEM is utilized
as shown in Figure 2. In agreement with the previously discussed
XRD results, micrographs of FDU16-350 (Figure 2a), CCo-10-
350 (Figure 2b), and CCo-20-350 (Figure 2c) films exhibit a
highly ordered mesostructure after pyrolysis at 350 °C. In all
cases, the mesopores appear to be nearly spherical in nature and
distributed on a near cubic lattice. Further pyrolysis of these films
to carbonize the phenolic resin at 800 °C indicate the highly
ordered mesoporous structure is stable as shown in the micro-
graphs of FDU16-800 (Figure 2d), Co-10-800 (Figure 2e), and
CCo0-20-800 (Figure 2f). One difference is for the CCo-20-800
film where the bottom layer of the film is only slightly porous,
while the near surface has large domains of regular pores
(Figure 2f). Also examining the mesopores in detail, an obvious
distortion of the pores is observed to an asymmetric elliptical
shape with the pore dimension significantly smaller through the
thickness of the film. Additionally, the pore size is significantly
decreased in comparison to films pyrolyzed at 350 °C. The short
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Figure 3. HR-TEM of (a) Co-10-800 and (b) Co-20-800 films. For the
Co0-20-800 film, the micrograph shows the lattice fringes from CoO
nanoparticle.

axis of the mesopores increases from 1.8 nm for FDU16-800 to
3.6 nm for CCo-10-800, which is consistent with the d-spacing
changes determined from XRD. During pyrolysis process at
800 °C, all the components in the precursor are “soft” organic
compounds for FDU16-800 and a large contraction (68%) is
observed. However for carbon cobalt composites, the presence of
rigid CoO that forms from the decomposition of Co(acac),
appears to effectively reduce the framework shrinkage (58% for
CCo-10-800 and 47% for CCo0-20-800), and hence the meso-
pores derived from degradation of F127 maintain a larger pore
radius than FDU16-800." This contraction can also be clearly
observed from the cross-section TEM images. For example, the
CCo0-20-350 film that is 478 nm thick (Figure 2c) decreases to
183 nm upon carbonization (Figure 2f). This fractional thick-
ness decrease (60%) is much larger than expected from the
decrease in d-spacing determined from XRD. The lack of
mesopores in the lower fraction of the film could explain this
discrepancy as collapse of the mesostructure would lead to a
decrease in the film thickness, while not impacting the location
of the primary diffraction peak that results solely from the
ordered mesoporous regions. In addition to the mesopores,
nanoparticles are also clearly visible in the micrographs for
CCo-10-800 (Figure 2e) and CCo-20-800 (Figure 2f). For
CCo-10-800, the nanoparticles are distributed throughout the
film with the nanoparticle size less than 20 nm. Conversely for
CCo0-20-800, very large particles are observed that are greater
than 80 nm in some cases. This suggests that the cobalt particles
ripen during the carbonization process and could provide an
explanation for the lack of ordered structure at high Co(acac);
loadings.

To further investigate the structure of these films, HR-TEM is
employed. When examining the local structure of the ordered
mesoporous region, HR-TEM illustrates small nanoparticles
(1—2 nm) within the carbon framework (Figure 3a) of Co-10-
800 film. These nanoparticles within the carbon framework are
likely responsible for the decreased contraction in comparison to
FDU16-800 film. Figure 3b shows a HR-TEM micrograph of a
larger particle in Co-20-800 film; the micrograph shows ran-
domly oriented lattice fringes in the darker area, but the bright
area surrounding the dark nanoparticle also illustrates randomly
oriented lattice fringes as well. Additionally, the live Fast Fourier
Transform pattern also displays a ring diffraction pattern (inset
in Figure 3b), which illustrate the polycrystalline structure of
the particle. We hypothesize that the particles are carbon/
cobalt oxide core—shell crystalline nanocomposites. This struc-
ture is consistent with the direct pyrolysis of Co(acac);

Figure 4. STEM micrograph of Co-10-800 film. The bright spots are
Co, darker area is carbon and black areas are pores.

at 800 °C that yields a carbon/Co oxide core—shell structure
nanocomposites.47

To further investigate the structure of the Co-10-800 film as
the nanoparticles are difficult to visualize in the HR-TEM
micrographs, z-contrast STEM has been utilized to investigate
the nanoparticles distribution as illustrated in Figure 4. The
contrast in the system is based on the atomic number with lighter
areas associated with larger atomic numbers; in this case, the
bright white spots are attributed to Co-based nanoparticles.
Although there are a few aggregated particles (approximately
10 nm in diameter) in the film, most nanoparticles are dispersed
throughout the wall framework as sub-1 nm particles based upon
the micrograph. The is a significant difference in the distribution
and size of the cobalt oxide nanoparticles between the Co-10-800
and Co-20-800; although the total cobalt content is larger for Co-
20-800, there appear to be significantly more small nanoparticles
for Co-10-800 based upon TEM and STEM micrographs.

Pore size distribution and porosity play a vital role in mechan-
ical, thermal, and chemical properties of the porous films and
their feasibility to be used in microelectronic technology.*”**
The ellipsometric porosimetry (EP) method is a powerful
technique to characterize the mesopores in thin films, which
utilizes adsorption/desorption isotherms of the changes of
refractive index caused by the various partial pressures of an
organic solvent around a film.*” Figure 5a shows the adsorption/
desorption isotherms of Co-10-350 film, which is a typical type-
IV isotherm with an H,-type hysteresis loop. These isotherms are
representative of those obtained for the mesoporous carbon
composite films examined; adsorption/desorption isotherms for
the other composite films are presented as Supporting Informa-
tion. The Kelvin equation is then utilized with the EP data to
estimate the pore size distribution (PSD) of the films. The pore
size distribution of Co-10-350 calculated from the desorption
isotherm is shown in Figure Sb.

Similarly, Figure 6a shows the pore size distribution for all the
polymer-Co films after the removal of template at 350 °C; a
narrow distribution is found for all films as would be expected for
a templated synthesis. The average pore radius increases from
approximately 2 to 3 nm when Co(acac); concentration in-
creases in the precursor film from 0 to 20 wt %. This increase in
the average pore size is consistent with the decreased contraction
determined from XRD, which would be expected to lead to larger
pore size and higher porosity. The corresponding carbonized
films also show a marked increase in the average pore size at
larger Co concentration. Because of further contraction from
pyrolysis at 800 °C, the average pore size of all the carbon-Co
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Figure S. (a) Toluene adsorption and desorption isotherms (a, ¢, ¢, and g)
in mesoporous nanocomposite films as determined through the changes in
the refractive index (4 = 632.4 nm) of the Co-10-350 film as a function of the
adsorbate (toluene) relative pressure. Closed symbol lines are for the
adsorption process and the open symbol lines are desorption isotherms.
(b) Pore size distribution of Co-10-350 film calculated by the Kelvin
equation using desorption isotherms.
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Figure 6. Pore size distributions of (a) polymer-Co films and (b)
carbon-Co films.

films (Figure 6d) is approximately 1 nm smaller than correspond-
ing mesoporous polymer composite films (350 °C).
Morphology of Mesoporous Polymer/Carbon—Vanadium
Composite Films. To investigate the applicability of this tricon-
stituent assembly to other organometallics, similar materials are
synthesized with VO(acac), substituting for Co(acac);. The
composition of the vanadium containing mesoporous composite
films is shown in Table 1. Similar to carbon—cobalt films, the
ordered structure of the films is examined using XRD. All as-
made films of the carbon—vanadium-based nanocomposites
exhibit a single diffraction peak that is similar to the vanadium
free analogue (FDU16 a.m. film) when the VO(acac), concen-
tration is lower than 50% as shown in Figure 7a. Removal of the
surfactant template results in a shift in the primary diffraction
peaks to larger 20. As the pyrolysis temperature is increased, the
films contract further as evidenced by the shift in the primary
diffraction peak (Figure 7b). The compositional dependence of
the contraction and d-spacings are tabulated for both vanadium
and cobalt-based composite films in Table 2 for polymer and
carbon composites, respectively. Both CV-10-350 and CV-20-
350 films contract (30% for CV-10-350 and 28% for CV-20-350)
less than FDU16-350; this is consistent with increasing mechan-
ical rigidity of the porous framework from the incorporation of
vanadium (or cobalt as discussed in the prior section). However,
CV-33-350 film has a slightly larger contraction than FDU16-
350; this could be a result of long-range order loss with high
concentration of VO(acac), in the film as CV-50-am does not
appear to be ordered. After pyrolysis at 800 °C (Table 2), the
increase in contraction for the composite films from the 350 °C s
reduced in comparison to pure carbon. Both CV-10-800 and CV-
33-800 films exhibit a single diffraction peak at relatively low 20
that corresponds to a d-spacing of 5.4 nm (26 = 1.635°) and

4.9 nm (26 = 1.805°), respectively. This suggests that addition of
V into the carbon film significantly reduces the framework
contract from stresses developed during carbonization process.

To confirm the ordered mesoporous structure suggested from
the XRD profiles, the films are examined using TEM for a real-
space image. The polymer-vanadium films show a highly ordered
mesoporous structure similar to polymer-cobalt films after
pyrolysis at 350 °C (Figure 8a and 8b). However, it is interesting
that after pyrolysis at 800 °C for 3 h, the ordered mesostructure
appears to be more wormhole-like, than a near cubic arrange-
ment of isolated mesopores (Figures 8c and 8d). However, it
would be highly unusual for a high temperature transition in the
mesostructure to occur between 350 and 800 °C that could pro-
vide an explanation of the differences in the apparent mesos-
tructures in the TEM micrographs shown in Figure 8. Unlike the
carbon—cobalt oxide mesoporous composite films, the vana-
dium-based analogues do not show any large nanoparticles (or
aggregates). To investigate the morphology of the films in most
detail, z-contrast STEM has been utilized. Figure 9 illustrates the
mesostructure of CV-10-800 as determined from STEM. The
cross section shows most nanoparticles are small (<S5 nm, bright
spots) and distributed within the carbon framework. Interest-
ingly, the pores in the sample (dark spots) appear to actually be
organized on a lattice as expected for a near cubic structure. The
ordered structure of carbon—vanadium carbonized may appear
to be wormhole-like in the TEM image because of the scattering
and reflection of electrons from vanadium oxide nanoparticles
that could be randomly distributed in the framework.

For PSD in carbon—vanadium films, CV-10-350 film exhibits
the largest average pore radius (2.7 nm, Figure 10a) among all the
polymer-V composite films, which is supported by XRD results
that CV-10-350 film has the smallest contraction. Corresponding
to XRD results, CV-20-350 and CV-33-350 films maintain about
the same pore size as pure FDU16-350 film. However, after
pyrolysis at 800 °C (Figure 10b), from PSD results, all the
carbon-V films show a larger pore radius (1.4 nm for CV-10-800,
1.6 nm for CV-10-800, and 1.5 nm for CV-20-800) than FDU16-
800 (1 nm), which is also consistent with contraction results that
carbon-V films contract much less than pure carbon films.

Electrochemical Performance of Mesoporous Carbon
Composite Films. Ordered mesoporous materials generally
exhibit high specific surface areas, which are attractive for electro-
chemical applications. One issue in many cases is the poor
electrical conductivity of the active material that necessitates
addition of conductive filler such as carbon black."® To first assess
any electrical conductivity limitations of the mesoporous com-
posite films, a four-point probe test has been used, and relatively
high conductivity is found for all the films. As shown in Figure 11,
the conductivity of the carbon film can be increased by addition
of 10 wt % of either Co(acac); or VO(acac), into the precursor
solution, The conductivity increases from approximately 22 S/
cm for the pure mesoporous carbon film (in agreement with
previous studies for FDU-16 carbonized at 800 °C)***® to
approximately 40 S/cm. Addition of more organometallic de-
creases the electrical conductivity, but both Co-33-800 film (26
S/cm) and V-50-800 (20 S/cm) are comparable in conductivity
to the neat carbon, FDU16-800. Interestingly, the conductivity of
the cobalt-based composites decreases more at equivalent orga-
nometallic loading in comparison to the vanadium-based com-
posite films; the size of nanoparticle inclusions in the meso-
porous films may be important to electrical conduction as the
cobalt nanoparticles are larger. Previous studies of nickel oxide

2874 dx.doi.org/10.1021/cm2002429 |Chem. Mater. 2011, 23, 2869-2878



Chemistry of Materials

401 A

t’)o I
= 30 2
a e 9

o
=20 °
Z 2
2 < 2
3 10 S
£ =
0 E
1.0 2.0 1.0
20

20

. 254 C
%20 .JLmo d
8 15 c
Z10 )
g 5
E
0
20 30 10 20 30
20
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Figure 8. Cross-section TEM micrographs of mesoporous nanocom-
posite films: (a) CV-10-350, (b) CV-20-350, (c) CV-10-800, and (d)
CV-33-800.

nanoparticles showed a significant increase in electrical conduc-
tivity for S nm nanoparticles in comparison to larger nano-
particles;*” this enhancement was attributed to an increase in the
defect density of the oxide. A similar effect is likely responsible for
the enhanced conductivity of the cobalt oxide and vanadium
oxide—carbon mesoporous composite films. Additionally, there
may also be some enhancement in the conductivity from the
formation of a graphitic shell around the nanoparticles as
suggested by the HR-TEM micrograph shown in Figure 3b.
The graphitic shell is evidenced by its lighter fringes surrounding
the much darker crystalline CoO particle. Nonetheless, all the
mesoporous composite films exhibit relatively high electrical
conductivity that should facilitate electrochemical processes.
To examine the (pseudo)capacitive properties of the films,
cyclic voltammetry measurements are utilized for all the Co—C
and V—C carbonized films at 100 mV s~ using 1 M aqueous
Na,SO, for the electrolyte. Figure 12 illustrates the cyclic
voltammograms for the composite films; the profiles are rela-
tively flat and rectangular, which is typical for electrochemical
double-layer capacitors.'”*" Even at relatively fast rates (100 mV/s),
the capacitance of the films is appreciable. To quantify the capa-
citance of the films for direct comparison, the mass of films is
estimated from the film area exposed to the electrolyte, film
thickness and the film porosity using the density of graphite (2.27
g/ cm?). This calculation overestimates the mass of the film as the
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Figure 9. STEM micrograph of CV-10-800 film. The bright spots are
vanadium, the darker area is carbon, and the black area are pores.
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Figure 10. Pore size distributions of (a) polymer-V films and (b) carbon-V
films.

density of the amorphous carbon is generally between 1.8 and
2.1 g/cm’; thus, the capacitance for the films reported here is a
conservative estimate. By assuming that the rate of electron
transfer between the materials and the solution is negligible, we
can calculate the capacitance of the films as C = dQ/dV, where C
is capacitance, Q is the charge, and V is the potential.43 For the
pure mesoporous carbon film (FDU16-800), a capacitance of 22
F/g is observed for the first cycle. This capacitance agrees well
with the capacitance for a mesoporous carbon powder with
similar porosity and pore size (28 F/g at 2 mV/s).”! The addition
of the organometallic precursors can significantly increase the
capacitance of the films; this is expected through the added
pseudocapacitance of both cobalt oxide*® and vanadium oxide.®'
For the cobalt-based films, the first cycle capacitance increases
significantly with the added nanoparticles to 116 F/g for CCo-
10-800 to 125 F/g for CCo-20-800. This capacitance is actually
larger than a pure Co;0, film (74 F/g).*° This enhanced
capacitance is likely a result of both the accessibility of the cobalt
oxide in the mesoporous carbon framework and the electrical
conductivity imparted by the continuous carbon framework.
Interestingly, the capacitance of the film actually decreases
with further increases in the cobalt content, which also corres-
ponds to a loss in the ordered mesostructure (see Figure 1).
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Major differences in these films are the ordered mesoporous
framework (disordered at high Co(acac); loadings and the size of
the cobalt nanoparticles (increases at higher loadings), which
might adversely impact the electrochemical performance. To
further decouple the impact of nanoparticle size and film pore
structure, the vanadium-based composite films can be examined
as the nanoparticle size is relatively independent of VO(acac),
loading in the precursor film. Interestingly, the initial capacitance
of the films increases steadily as the vanadium content is
increased CV-10-800 (55 F/g), CV-20-800 (64 F/g), CV-33-
800 (150 F/g), and CV-50-800 (215 F/g). The combined results
from the CV and CCo films suggest that the nanoparticle size
may be a critical parameter for the capacitance of these mesopor-
ous composites as the capacitance increases with increasing
organometallic loading for the CV films that contain small
nanoparticles, but there is an apparent optimum for the CCo
films, which corresponds with a significant increase in the size of
the CoO nanoparticles within the film. This increased capaci-
tance for the smaller nanogarticles is consistent with results for
hydrated RuO, powders;>” the size dependence is attributed to
surface utilization and mass transport limitations. We hypothe-
size similar origins to the observed capacitance behavior of the
mesoporous carbon composite films as the mesopores should
provide minimal transport limitations at the scan rates examined.

In addition to the initial capacitance of the films, the cyclic
performance is critical to any electrochemical energy storage
application. Figure 13 illustrates the capacitance for the different
mesoporous carbon composite films for S00 charge/discharge
cycles. For FDU16-800 and Co-10-800, the specific capacitances
are stable around 22 F/g and 115 F/g, respectively, for these
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Figure 13. Cycle performance of (A) C—Co films and (B) C—V films.

500 cycles. Conversely, the specific capacitance of Co-20-800
decreases rapidly to 83 F/g (maintains 66% of initial capacitance)
after S cycles, but then only decreases slightly further to 78 F/g
(maintains 62%) after S00 cycles. Further increasing the cobalt
content results in a similar severe and rapid decrease in specific
capacitance. For example, the capacitance of Co-33-800 de-
creases from 99 F/g to 72 F/g after only 2 cycles; interestingly,
this capacitance is not stable with a further decrease in capaci-
tance down to 40 F/g through 500 cycles. The capacitance loss is
typically attributed to irreversible reactions of electrolyte with
adsorbed impurities on the surface of the electrode. However,
this instability is most pronounced for the higher Co (Co(acac); >
10% in precursor) loadings and suggests that the structure of the
metal oxide is primarly responsible for the loss in capacitance. For
carbon—vanadium carbonized films (Figure 13b), the lower
capacitance films (FDU16-800, CV-10-800, and CV-20-800) are
nearly invariant with electrochemical cycling. However, the capa-
citance of CV-50-800 drops from 215 to 160 F/g (maintains 74%)
and CV-33-800 drops from 150 to 103 F/g (maintains 69%) after
only 10 cycles. However, the capacitance of these films is only
slightly decreased upon further cycling (up to S00 cycles).

An unusual observation from these electrochemical measure-
ments on the mesoporous carbon composite films is that the
specific capacitance does not necessarily always increase with the
pseudocapacitive metal oxide content. For the vanadium-
based composites, there is a direct correlation between specific
capacitance and vanadium content. Conversely for carbon—
cobalt films, the average specific capacitance actually decreases
with cobalt content. One major difference in these sample sets is
the dispersion and size of the metal oxide nanoparticles. There is
limited aggregation of nanoparticle in the carbon—vanadium
films with the V distributed relatively uniformly in the film.
However, for the carbon—cobalt films, higher Co concentration
leads to larger (or aggregated) particles, and a nonuniform texture
is observed in these films. Thus similar to traditional heterogeneous
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catalysts, good dispersion of small nanoparticles might be ideal for
electrochemical applications based upon these limited results.
Additional work that systematically varies the nanoparticle size in
a conductive framework would be useful to understand the
relationship between nanoparticle size and electrochemical perfor-
mance. Nonetheless, these ordered mesoporous carbon composite
films appear to possess attractive electrical and electrochemical
properties for energy storage applications.

Il CONCLUSIONS

Ordered mesoporous carbon composite films are synthesized
using triconstituent self-assembly of resol (carbon precursor), an
acac-based organometallic (metal oxide precursor) and Pluronic
F127 (structure directing agent). The ordered morphology is
confirmed using X-ray diffraction and TEM for both vanadium
and cobalt containing composite films. There exists an upper
limit for the organometallic content to maintain an ordered
mesostructure that is precursor dependent. The size of the
nanoparticle inclusions in the carbon framework is also depen-
dent upon the organometallic precursor. For Co(acac)s, small
isolated nanoparticles are observed at low loading (10 wt %), but
much larger aggregates/nanoparticles are observed at higher
loadings(20 wt %). Conversely, small dispersed nanoparticles
are observed for all compositions examined when using VO-
(acac), as the organometallic precursor. These morphological
differences appear to significantly impact the electrical and
electrochemical properties of these films. The electrical conduc-
tivity increases initially with the introduction of either V or Co to
10 wt % of the organometallic in the precursor film, but then
decreases with further loading down to approximately the same
conductivity as the initial pure carbon film at the highest VO-
(acac), and Co(acac); loadings examined. However, the con-
ductivity of the films remains greater than 20 S/cm for all films
and thus, electrical resistance should not be a limiting factor in
electrochemical measurements. The capacitance of the mesopor-
ous films is more strongly dependent upon the choice of
organometallic precursor. As the concentration of VO(acac), is
increased in the precursor films, the composite carbon film
capacitance is increased. There is a decrease in the electroche-
mical stability of the capacitance as VO(acac), content is
increased beyond 20 wt %; but even after 500 cycles, the
capacitance is still greatest for the highest V content film.
Conversely, the capacitance of the Co—C composite films is
greatest for the 10 wt % Co(acac); film. This result suggests that
the small dispersed nanoparticles are most effective for increasing
the capacitance of carbons.
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