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[0 The supples will be sald or retained for use o non-Faderally sponsared activitles and the Recigeent will compensate DOE for its
share of the sales procesds (or estimate of current far market value). Atach a liat of the supplies and complete the following
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Final technical report for contract DE-FG02-08ER64624
Institution: University of South Dakota

PI: James Hoefelmeyer

Reporting period: 1/1/2011-3/31/2014

Introduction

The purpose of the project was to establish a catalysis research group in South
Dakota, to build the capacity and capabilities of this group due to limited available
research infrastructure in South Dakota, and to investigate key challenges in solar
energy utilization and hydrogen fuel cells.

The project was initiated in 2008 and was funded in two parts of ca $1M each. The
first award was issued in 2008 and concluded in 2010. The second award was
approved for 2011; however due to budget sequestration, the funds did not arrive
until the end of 2011 (nearly one full year into the project period). For this reason, a
no-cost extension was requested and granted with final project date of 3/31/2014.

Project Objectives

The proposal objectives are divided into two components: infrastructure building
and science.

Infrastructure building:

1. Develop a research cluster that addresses the following:

a. Research in a scientific field relevant to DOE

b. Multidisciplinary research cluster

c. Builds on existing state resources

d. Competitiveness and sustainability

e. Address a significant technological challenge

f. Potential for technology development and commercialization

2. Purchase key pieces of instrumentation to enable competitive research
3. Establish significant collaborations with DOE National Laboratories
4. Increase outside visibility of South Dakota research

Science:

Solar energy utilization requires conversion between forms of energy. Conversion
of light energy to chemical energy using photocatalysis and chemical energy to
electrical energy in fuel cells in tandem allows execution of a closed chemical cycle
that captures solar energy and delivers electrical energy for work. We pursued
several strategies to develop new photocatalyst materials and fuel cell catalyst and
support materials.



1. Photocatalysts for solar water splitting

a. synthesis of nanocrystal components

b. immobilization of hybrid nanocrystals in membranes

c. characterization of nanocomposite material with sum-frequency generation
spectroscopy

d. utilize ceramic capillaries as support of nanocomposite membranes

2. Electrospun carbon nanofelts as supports for improving performance of fuel cells
a. Preparation and Characterization of the Electrospun Carbon Nanofelt Made from
PAN and/or PVA Nanofiber Nanofelt Precursors

b. Fabrication and Evaluation of the Prototype Fuel Cells Made of the Electrospun
Carbon Nanofelt, Investigation on Durability (in-situ Oxidation/Degradation) of the
Prototype Fuel Cells

Results
Infrastructure building:

1. Aresearch cluster (named South Dakota Catalysis Group, or SDCG) consisting of
eight investigators from two SD institutions (U. South Dakota and SD School of
Mines & Technology) was formed. The cluster included faculty members from
chemistry, chemical engineering, and nanoscience with expertise in materials
synthesis and (photo)catalysis.

1a. The South Dakota Catalysis Group (SDCG) conducts research on advanced
catalytic materials for solar energy utilization, specifically, hydrogen production and
hydrogen fuel cells. The long-term vision of this project is to enable solar energy
utilization on large scales in a process that is economically attractive. Requisite to
this goal are photocatalyst materials for high-efficiency solar-to-chemical energy
conversion, materials for robust fuel cell catalysis, and industrial engineering that
produces devices through hierarchical assembly of nanostructures in a rapid and
low-cost process. The principle foci of the current SDCG efforts are: 1) the
development, through the application of nanotechnology, of a reactor in which a
photocatalyst uses sunlight to split water to hydrogen and oxygen, and 2)
development of improved supports and catalysts for fuel cells. The two foci
represent complimentary approaches to solar energy utilization. The end products
of the two research thrusts, photocatalyst and fuel cell, when used in conjunction,
allow production of electricity from sunlight, storage of solar energy as chemical
fuel, and zero net consumption of resources or production of atmospheric
emissions. The research of SDCG is closely related to the DOE mission, in particular,
Basic Research Needs in Solar Energy Utilization and Basic Research Needs in
Catalysis for Energy.

1b. The SDCG included faculty with backgrounds in physical chemistry, inorganic
chemistry, materials, (photo)catalysis, chemical engineering, polymers, organic
chemistry, and ceramics.



1c. The SDCG was envisioned at a time when state investments in research
infrastructure were rising. The Rounds administration in SD supported formation
of several Governor’s 2010 Research Centers, and was active in supporting SD
EPSCOR efforts to build infrastructure. The state also newly implemented PhD
programs in Materials Chemistry at U. South Dakota and Nanoscience at SD School
of Mines & Technology. Thus the SDCG could interact synergistically with the active
research investments at the state and federal level.

1d. In order that the SDCG become a sustainable research entity, it would have to
build research competitiveness and develop a funding strategy.

The SDCG used the DOE investment to support projects that have gained significant
traction. SDCG investigators have become increasingly successful in publication of
high impact research (over 50 publications from the group) and attracting external
funding. The synergy between SDCG activities and other research activities in the
state of South Dakota was surely instrumental in sustaining a high level of growth in
research productivity in SD institutions. In particular, South Dakota was awarded
an NSF RII Track 2 award (Photo-active Nanoscale Systems) and an NSF IGERT
award. SDCG investigators have been active contributors in those projects in
addition to DOE funded activities.

le. SDCG research addressed DOE Basic Research Needs as outlined in Basic
Research Needs in Solar Energy Utilization and Basic Research Needs in Catalysis
for Energy documents that address significant technological challenges.

1f. SDCG research has potential for technology development and commercialization.

2. SDCG has acquired several pieces of instrumentation to increase research
capacity, including: gas-chromatograph, fuel cell test station, high temperature
graphitization furnace, Langmuir-Blodgett trough, zetasizer, microbalance, total
organic carbon analyzer, gas sorption analysis, and photochemical reactors.

3. Several SDCG investigators have actively collaborated with DOE laboratories. The
relationships include user proposals at ORNL-CNMS, LBL-NCEM, and ANL.

4. SDCG investigators (and their work) are gaining attention. It was a key goal to
move the visibility of research outside state borders. Part of the strategy was to
develop collaborations outside of the state, including national labs. Investigators
have been active participants at national meetings of the American Chemical Society
and Materials Research Society and are publishing in leading journals.

Science:

1. Photocatalysts for solar water splitting.



New nanostructured photocatalyst materials have been developed that have ability
to absorb visible light, separate electrons/holes, and utilize charge-carriers on
separate catalytic sites. A method was devised to adsorb earth-abundant transition
metal ions on the surface of semiconductor nanocrystals that could lead to
numerous combinations of new nanostructured materials with potential application
in photocatalysis.

1a. synthesis of nanocrystal components

Facile Method to Attach Transition Metal Ions to the Surface of Anatase TiO2
Nanorods

A robust, low-cost method to attach transition metal ions directly to the surface of
anatase TiO2 rod-shaped nanocrystals with preservation of the host nanocrystal
morphology and phase was developed. The procedure has been optimized to
achieve quantitative control of metal ion loading on the surface of the nanorods.
The metal ion can be attached to the nanocrystal surface up to full monolayer
coverage, after which the surface becomes saturated and there is no further
addition.

TiO2 nanorods were synthesized in gram-scale quantities according to the
procedure reported by Hyeon.[14] The oleic acid stabilized anatase TiO2 nanorods
dispersed readily in non-polar solvents and were characterized with powder X-ray
diffraction (XRD), transmission electron microscopy (TEM), and UV-visible
spectroscopy (Figure 1). Powder XRD of the sample shows broadened diffraction
peaks, typical of nanocrystals, with reflections at 25.3°, 38.1°, 48.1°, 54.6°, 63.0°,
69.3° and 75.4° (20) that correspond to d-spacings of 0.350 nm, 0.236 nm, 0.188
nm, 0.169 nm, 0.148 nm, 0.135, and 0.125 nm, respectively. The peak at 25.3°(26)
corresponds to the (101) plane of anatase TiO2 (JCPDS file 21-1272). The (004)
reflection at 38.1 (260) shows high relative intensity and narrow linewidth, and is
evidence of elongation of the nanocrystal along the c-axis. TEM shows the presence
of rod-shaped nanocrystals (diameter = 3.3 # 0.4 nm; length = 43.3 + 7.6 nm). At
higher magnification, lattice fringes with separation of 0.35 nm were readily
apparent that arise from the {101} lattice planes (d-spacing = 0.351 nm; JCPDS file
21-1272). Nanocrystals viewed through [100] show intersection of lattice fringes
from (011) and (01-1) planes at an angle of 43°, in agreement with theory. The fast
Fourier-transform also revealed less prominent lattice fringes associated with the
(004) planes.



Figure 1. TiO2 nanorods were characterized with powder X-ray diffraction (top left;
JCPDS file 21-1272 for anatase shown for comparison) and transmission electron
microscopy. The scale bar = 50 nm (top right) and 5 nm (lower left). An FFT of the
boxed region in the high-resolution image is shown (lower right).

A brief description of the experimental procedure for metalation of TiO2 nanorods
is as follows. A flask was charged with a dispersion of TiO2 nanorods in hexanes,
oleylamine, and octadecene, heated to 120°C under vacuum to drive off volatiles,
and then cooled to room temperature. Under flow of N2, the desired metal chloride
hydrate was added. The contents were heated at an optimized temperature,
dependent on the metal, for 3 hours. Shorter reaction times or lower-than-optimum
temperatures led to less efficient metal loading; whereas, longer reaction times or
higher-than-optimum temperatures led to precipitation of nanocrystal aggregates
or bulk metal precipitate. The nanorods were recovered after five cycles of
precipitation with isopropanol, centrifugation, and redispersal in hexanes, in order
to ensure complete removal of any unbound metal ions. The synthesis was
reproducibly demonstrated for Mn+ = Cr(III), Mn(II), Fe(II), Co(II), Ni(II), and Cu(II).
Dispersions of metalated nanorods have colors that are characteristic of the metal-
ion; UV-vis absorbance spectra of the M"*-TiO2 nanorods are shown in Figure 2.
Powder X-ray diffraction and TEM data of the samples before and after the
metalation procedure are identical, indicating retention of the nanorod morphology
and crystal phase with no additional metal or metal oxide phases.
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Figure 2. UV-vis spectra (stacked with offset of 0.07 a.u.) and photographs of
metalated TiO2 NR dispersions in hexane.

The attachment of Mn+ onto the TiO2 nanorod surface is significantly influenced by
the ratio of oleylamine:metal. The metal chloride hydrate precursors are completely
insoluble in octadecene and the oleylamine solubilizes the metal salts. In solution,
the metals can adsorb onto the surface of the TiO2 nanocrystal. We show vide infra
that the adsorption behaviour follows the Langmuir adsorption model for a type |
chemisorption isotherm. At equilibrium, the rate of adsorption is equal to the rate
of desorption, and the equilibrium constant is equal to the ratio of the
adsorption:desorption rate constants. Both processes are dependent on oleylamine;
in the former it leads to elevated concentration of adsorbate in solution and in the
latter it can compete with surface Ti-O groups to coordinate the transition metal
ions. To determine the optimum oleylamine:metal conditions in which adsorption
efficiency is highest, we performed a series of experiments altering the
concentration of oleylamine while keeping a constant mole ratio of M:TiO2 well
below surface saturation coverage (see section 1.3 in SI). Elemental analysis of each
sample revealed the actual M:TiO2 ratio. Optimum conditions were found for all of
the metal ions, presumably at which the metals were effectively solubilised while
the equilibrium between metal ion in solution and the nanorod surface was not
shifted too far toward the former. However, we expect the rate constants for
adsorption and desorption to be dependent on the transition metal ion adsorbate.
Therefore, the equilibrium constant for the adsorption reaction is dependent on the
transition metal ion adsorbate. Itis probable that this is partially manifest in the
temperature dependence for adsorption of the transition metal ions onto the
surface of the TiO2 nanocrystals.



Using the optimized synthesis procedure, we set out to demonstrate the adsorption
behaviour of the transition metal ions on the surface of TiO2 nanocrystals. The
M:TiO2 mole ratio was adjusted from 0.01-1 and the nanorods recovered from each
synthesis (after five cycles of precipitation and redispersion to remove unbound
ligands and metals) were characterized using elemental analysis (Figure 3). In
particular, the cobalt system could be evaluated conveniently with UV-vis
spectroscopy in addition to elemental analyses. A plot of absorbance (590 nm)
versus theoretical Co:TiO2 mole ratio (based on moles Co added to moles Ti02)
shows linear increase up to ~0.1 after which the slope becomes zero indicating
saturation of the surface sites on the TiO2 with Co(II) (figure 3). We note that
reactions with Co:TiO2 above this limit give blue colored supernatant upon
precipitation of the nanorods with isopropanol, whereas, the supernatant is nearly
colorless below the saturation limit. Elemental analysis of the recovered Co(1I)-
TiO2 nanorods shows an identical trend to the UV-vis spectroscopic data. The data
indicate the adsorption of the metal ions to the surface of TiO2 nanocrystals exhibits
type I Langmuir adsorption kinetics. At the saturation limit, the average mass
fraction of cobalt in calcined samples was 0.118 (standard deviation = 0.011),
corresponding to a Co:TiO2 mole ratio of 0.181 (standard deviation = 0.018). Based
on geometric considerations, the surface site density for coordination of Co(II) to
the surface of TiO2 can be estimated (see section 1.6 in SI). The ratio of surface:total
Ti atoms, D, is 0.44. Based on the {101} surface, there are four Ti per unit plane.
Two of the Ti in this unit plane are 5-coordinate Ti (Ti5c) terminated by hydroxo
groups in an aqueous environment. Petsi et al found the most probable surface
bonding mode for the TiO2 surface and Co(II) is a TiO-TiO bidentate geometry.[8a]
Based on this finding, the theoretical ratio of Co:Ti for a saturated surface is D/2 =
0.22, which is in close agreement to our finding of Co:Ti = 0.18 in saturated samples.
We also note that the surface density of the Ti5c sites is 5.18/nm2, which is
consistent with the D/2 calculation.[16] The UV-vis absorbance and elemental
analysis data demonstrate that we can effectively titrate the surface sites of the Ti02
nanorods. Powder X-ray diffraction and TEM data establish that the integrity of the
TiO2 nanocrystal is not compromised and that no other crystal phases are formed,
even when the surface is saturated with Co(II) (Figure S16). The Langmuir
adsorption behaviour was observed for all of the metal ions with retention of the
Ti02 nanocrystal phase and morphology. We never observe the mole ratio M:Ti >
0.22. Two metal ions (Fe2+ and Co2+) closely approach this limit; whereas, Ni2+
and Cu2+ are well below this limit. This is most likely due to the weaker adsorption
of those metal ions to the TiO2 surface within the window of conditions in which
adsorption occurs, and we note that Ni2+ and Cu2+ tend to prefer coordination to
nitrogen bases rather than oxygen bases due to their larger ionic radii. Despite this
limitation, we show a highly versatile, facile, inexpensive route to add transition
metal ions to the surface of TiO2 nanocrystals with the ability to select the amount
of metal ion on the surface in the final product.
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Figure 3. Actual (from elemental analyses) versus theoretical Co:TiO2 mass ratio
and absorbance (Amax = 590 nm; see figure S15) versus theoretical Co:TiO2 mass
ratio (inset is the linear fit of the actual Co:TiO2 mass ratio up to the surface
saturation limit ~12%).

In conclusion, we have demonstrated unprecedented control of attachment of
transition metal ions to the surface of well-defined inorganic nanocrystals in non-
polar solvent analogous to solution atomic layer deposition. The method uses
inexpensive metal chloride hydrates, and allows variable loading of the nanocrystal
surface with Cr3+, Mn2+, Fe2+, Co2+, Ni2+, and Cu2+ to the point of saturation.
Attachment of transition metal ions directly to the surface of the nanocrystal could
allow for unparalleled new ways to self-assemble nanocrystals with coordination
linkers, form well-defined single-site coordination complexes on the surface of
nanocrystals, or potentially allow for unusual new monoatomic layer multi-shell
nanocrystals. The location of metal ions on the nanocrystal surface may prove
important in mediating electron transfer reactions that have relevance in
photocatalysis or power storage. We anticipate the method could be more generally
applicable to other nanocrystal compositions and morphologies, which will be the
subject of future work.

Ultra-stable CdS incorporated Ti-MCM-48 mesoporous materials for efficient
photocatalytic decomposition of water under visible light illumination

A state-of-the-art photocatalyst material that achieves total water splitting under
visible light conditions that consists of CdS and RuO2 supported on Ti/Si MCM-48
was reported (figure 4). This approach utilizes mesoporous Ti/Si MCM-48 as a host
material, and incorporate appropriate combinations of materials to achieve the
functionality necessary for water splitting. Overall water-splitting efficiency was
>2%; however, the quantum yield for hydrogen evolution (in the presence of
methanol as electron donor) in the CdS-Ti-MCM-48 material is <16%. The data
suggests that this material platform offers potential to outperform sophisticated



nanostructured catalyst materials such as Rh2-yCry03/[(GaN)1-x(Zn0O)x]
discovered by Domen and co-workers as the most efficient overall water splitting
catalyst., The advantage of our system is the inherent modularity and tunability of
the system.

Figure 4. CdS-RuO2-Ti-MCM48 photocatalyst material.

It was previously reported that MCM-48, with its interpenetrating 3-D pores,
favours mass transfer kinetics and high dispersion of CdS. However the drawback
was the lack of 02 generation and loss of CdS due to photocorrosion. In this work,
CdS was incorporated into Ti-MCM-48 and loaded with the RuO2 co-catalyst12-17
and we realize generation of both H2 and 02. Most importantly, our XPS results
indicate no loss of CdS after the reaction and production of H2 and 02 is sustained.

CdS incorporated into mesoporous materials have been studied before, but suffer
from the following drawbacks: synthesis of mesoporous materials that are quite
time-intensive (up to 7 days), and/or conducted at relatively high temperatures, use
of corrosive sulfides as sacrificial agents, use of a Pt co-catalyst, very low H2 yield
and absence of 02, lack of photostability studies, loss of CdS, and formation of CdO
after the reaction. To the best of our knowledge, this is the first report on CdS
incorporated into mesoporous silica that demonstrates visible light: (i) generation
of both HZ and 02 in the absence of the Pt co-catalyst, (ii) no photocorrosion of CdS
even in the absence of sulfides or sulfites, and (iii) mild conditions for preparation of
CdS-Ti-MCM-48 composites. Fig. 5 presents the low angle XRD patterns of all
studied samples.
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Fig. 5 Low angle XRD patterns of studied samples. The inset plot represents the
Ru02-CdS-Ti-MCM-48 sample.

A characteristic Bragg reflection due to cubic la3d symmetry can be perceived in all
samples. The strong peaks due to d211 and weak d220 reflections in the range of
2.5-3.5° demonstrate that the cubic phased mesopore structure was preserved after
incorporation of TiO2, RuO2, and CdS. Moreover, the peaks, due to d321, d400,
d420, and d332 in the interval of 4-6° indicate high ordered array of mesopores.
Compared to the Ti-MCM-48 sample, CdS-Ti-MCM-48 and RuO2-CdS-Ti-MCM-48
exhibited less intense peaks. The decrease in peak intensity can be ascribed to the
addition of CdS and/or RuO2 species that cause the lack of the scattering contrast
between the pores and pore walls. The high angle XRD patterns of the samples show
a broad peak at 20 near 22.5° due to bulk silica. The absence of peaks due to TiO2,
Ru02, and CdS suggests that these components are highly dispersed in MCM-48. In
addition, it is possible that the extremely small size of these species precludes its
detection limit of XRD. Nitrogen isotherms show a reversible isotherm of type IV
indicating the mesoporous nature. The pore size distribution of all the studied
samples exhibits a highly uniform material.

UV-Vis diffuse reflectance spectroscopy (DRS) is useful in evaluating the local
environment of Ti4+ and determining the particle size of CdS. Fig. 6 shows the DRS
spectra of all samples. In Ti-MCM-48, the strong absorption at ~210 nm is attributed
to the ligand to metal charge transfer from O2- to Ti4+ in tetrahedral coordination.
A broad shoulder at ~270 nm indicates the presence of a fraction of Ti4+ in
octahedral geometry. The absence of a peak near 330 nm suggests that no bulk TiO2
is formed in Ti-MCM-48. Also, the absorption onsets of all Ti-MCM-48 samples are
~350 nm. This indicates that the Ti species are highly dispersed in MCM-48.
Meanwhile, the position of adsorption onsets of CdS containing MCM-48 exhibits a
significant blue shift (~500 nm) compared to bulk CdS (~600 nm). The blue shift in
the CdS absorption onset is due to quantum confinement effects. The band gap
energy of the CdS species in CdS-MCM-48 and RuO2-CdS-Ti-MCM-48 is 2.46 eV and
the particle size of CdS is estimated to be ~3.4 nm from the Brus equation. Similarly,



the band gap energy of CdS in CdS-Ti-MCM-48 is 2.43 eV, and the particle size of CdS
is 3.6 nm. The particle size of CdS is larger than the size of mesopores in Si- and Ti-
MCM-48 materials. It is well-documented that small CdS clusters can agglomerate in
porous materials including MCM-48 due to quantum tunneling effects. Nitrogen
sorption (a decrease in pore volume from 0.76 to 0.66 cm3 upon loading CdS) and
DRS studies indicate that most of the CdS particles are embedded in the pores of
MCM-48 while a small portion of CdS deposited on the external surface of MCM-48
cannot be completely eliminated. X-ray photoelectron spectroscopy (XPS) is a
sensitive tool for investigating the surface chemical composition and oxidation state.
The XPS plots of CdS incorporated samples show peaks at 411.6 and 404.9 eV due to
Cd 3d5/2 and 3d3/2 with a separation of 6.7 eV which is typical of CdS. The S2-
2p1/2 and 2p3/2 peaks appear at 162.4 eV and 161.2 eV and support the formation
of CdS. The ratio of S2- to silica was determined to be 0.015 in the sample prior to
photocatalytic reaction.
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Fig. 6 Diffuse reflectance spectra of MCM-48 samples.

The photocatalytic H2 and/or 02 evolution rate and the apparent quantum yield
(AQY) are listed in Table 1. Ti-MCM-48 does not generate H2 and 02 under visible
light. In contrast, all the CdS containing MCM-48 photocatalysts exhibit a significant
amount of H2. Compared to the H2 production generated by the CdS-MCM-48
sample (0.22 mmol h-1 gcatalyst-1), CdS-Ti-MCM-48 gives a higher H2 evolution
rate (2.73 mmol h-1 gcatalyst-1). This remarkable increase in the photocatalytic
activity is mainly due to the presence of well dispersed TiO2 clusters that facilitate
transfer of electrons from the c.b. of CdS to TiO2 in CdS-Ti-MCM-48, thus
minimizing electron-hole recombination. Also, the valence band (v.b.) edge of TiO2
clusters is more positive than the v.b. of CdS and hence, holes in the v.b. of CdS
cannot diffuse to the TiO2 v.b. TEM images of CdS-Ti-MCM-48 and RuO2-CdS-Ti-
MCM-48 show the cubic phase is seen along with some dark contrasts. At high
magnifications one can see lattice fringes. Careful examination of the fringes
indicates the presence of Ru02 with a d200 spacing of 2.43 A. In addition, lattice



fringes due to CdS and TiO2 are also seen with a d101 spacing of 3.13 A and a d101
spacing of 3.54 A, respectively. As stated previously, the particle size of CdS
estimated from DRS studies is ~3.4 nm and the particle size of RuO2 estimated from
TEM studies is ~7.5 nm. Energy Dispersive X-ray Spectroscopic (EDS) studies show
the distribution of the various elements. In addition, EDS mapping results indicate
the close contact of RuO2 particles with CdS and TiO2. The fairly high dispersion of
titania in the silica support is also observed.

Table 1 Photocatalytic activities of MCM-48 materials

Sample H2 rate (mmol h-1 gcatalyst-1) 02 rate (mmol h-1 gcatalyst-1) AQY
Ti-MCM-48 0 0 0%
CdS-MCM-48 0.22 0 2.9%
CdS-Ti-MCM-48 2.73 0 36.3%
Ru02-CdS-Ti-MCM-48 0.26 0.13 3.5%

Interestingly, in RuO2-CdS-Ti-MCM-48, the stoichiometric ratio of H2 (1.56 mmol)
and 02 (0.75 mmol) was achieved by utilizing visible light in the presence of ethanol
after 6 h of irradiation. Alcohols such as ethanol have been employed as sacrificial
electron donors and higher H2 yields have been observed since they can be easily
photooxidized. We have detected acetaldehyde in our experiments (but have not
quantified them) since it is not the focus of our work. Surprisingly, in the presence of
a hole transfer agent, i.e. in Ru02-CdS-Ti-MCM-48, we also observe 02. Ru0O2 is a
very active catalyst for 02 evolution because of its low overpotential. In ethanolic
solutions, the holes produced in the v.b. of CdS can migrate to the surface of the
photocatalyst and oxidize ethanol and may also be trapped at the surface by RuO2 to
produce 02 and it seems that the trapping of the holes by Ru02 is fairly efficient in
our system since stoichiometric amounts of 02 were formed. Thus, the presence of
ethanol (sacrificial electron donor) and RuO2 (low overpotential for 02 generation)
help in the formation of both hydrogen and oxygen. In the presence of pure water
under identical conditions, Ru02-CdS-Ti-MCM-48 forms stoichiometric amounts of
H2 (0.72 mmol gcatalyst-1) and 02 (0.35 mmol gcatalyst-1) after 6 h of irradiation
indicating the role of RuO2 in generating 02 but with lower yields as expected.

To investigate the stability of RuO2-CdS-Ti-MCM-48, recycling studies were carried
out. Fig. 7 shows the photocatalytic H2 and 02 rate of RuO2-CdS-Ti-MCM-48 in
ethanol. The results indicate that RuO2-CdS-Ti-MCM-48 is extremely robust and its
photocatalytic activity is sustainable. However, RuO2-CdS-Ti-MCM-48 shows a
significant decrease in the H2 evolution rate (0.26 mmol h-1 gcatalyst-1) compared
to CdS-Ti-MCM-48. The decrease in H2 yield is probably due to RuO2 species that
also act as recombination centres of the photogenerated electron-hole pairs. Also,
the loading sequence of RuO2 is prior to CdS into Ti-MCM-48, and thus, the Ru02
clusters may preclude intimate contact between CdS and TiOZ2. In addition, the
higher absorbance of CdS-Ti-MCM-48 in comparison to RuO2-CdS-Ti-MCM-48 may
also be a factor responsible for enhanced hydrogen production in CdS-Ti-MCM-48.
In order to elucidate the photoinduced charge carrier transfer pathways in CdS-Ti-
MCM-48 samples, the electron paramagnetic resonance (EPR) study was carried



out. Irradiation of CdS by visible light leads to the production of electron-hole pairs.
As suggested previously, electrons promoted to the c.b. in CdS can be injected into
TiOZ2. EPR signals were monitored by irradiating the sample with visible light (cut
off filter 400 nm) in the presence of glycerol. The EPR spectrum of CdS-Ti-MCM-48
indicates the formation of Ti3+ (gLl = 1.958 and gll = 1.920), which is evidence for
electron transfer from CdS to TiOZ2. A strong signal near g = 2.004 is due to organic
radicals formed by the reaction of photogenerated holes with glycerol.23 A stronger
Ti3+ peak is found for CdS-Ti-MCM-48 compared to that for the RuO2 containing
sample as seen in the EPR plot. Hence, efficient transfer of electrons from CdS to
TiO2 is prevented and H2 production diminished. Most importantly, XPS studies of
CdS-Ti-MCM-48 samples do not show any loss of CdS after the photocatalytic
reaction (the ratio of S2- to silica in the spent catalyst remains to be 0.015) even
though the reaction was carried out in the absence of sulfides and sulfites as
sacrificial agents. Also, in the XPS plots of the spent catalysts, CdS shows peaks at
411.6 and 404.9 eV due to Cd 3d5/2 and 3d3/2 and S2- 2p1/2 and 2p3/2 peaks at
162.4 eV and 161.2 eV that indicate the retention of CdS. The intensities of Cd and S
in the fresh and spent samples remain virtually unchanged indicating the high
stability of CdS after encapsulation in the MCM-48 matrix. Our AAS results also
confirm the retention of CdS in RuO2-CdS-Ti-MCM-48 after long-term
photocatalytic reaction and indicate no loss of CdS. The generation of 02 also
indicates that the holes produced in the v.b. of CdS do not cause photocorrosion and
that oxidation of water occurs as suggested previously.
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Fig. 7 Photocatalytic water splitting over RuO2-CdS-Ti-MCM-48. Blue squares and
red circles denote H2 and 02.

b. immobilization of hybrid nanocrystals in membranes

The vision in this component was to immobilize heteronanocrystals into self-
assembled membranes; however, the preparation of inorganic nanocrystals became
the major focus of the work. A composite material with organic membrane and



inorganic nanostructures was never produced. However, this remains an important
goal in future work. Instead, membranes composed of TiO2 nanotube arrays were
prepared.

Synthesis of ordered mesoporous TiO2 thin-film was performed using Evaporation
Induced Self Assembly (EISA) and supercritical CO2 assisted infusion methods. In
EISA, a dilute solution containing Ti-butoxide, Pluronic123, HCI (38% in water), and
butanol was spin coated on a glass substrate. The coated substrates were aged for
24 hr in a controlled humidity environment at 25C. Films after aging were calcined
at 350C for 2 hr to remove the surfactant. In supercritical CO2 infusion method, a
glass substrate pre-coated with the Pluronic F108 surfactant film was loaded inside
a PARR reactor, and it was heated to 60C and pressurized to 3000 psi with CO2. At
these processing conditions, a known amount of Ti-butoxide followed by water was
injected into the reactor. As a result, solubilized portion of Ti-precursor in
supercritical CO2 was infused and hydrolyzed inside the solid surfactant film coated
on a substrate. After 1 hr, the reactor was depressurized and cooled down to room
temperature and the substrates were removed and calcined at 350C. The films
synthesized by both methods were characterized by SEM, AFM, XRD, BET surface
area, and ellipsometry. SEM images of TiO2 film prepared by EISA as shown in
Figure 8a&b reveal ordered mesoporous structure with 3D cubic and 2D hexagonal
pore ordering with the d-spacing of 18.50 nm and 18 nm, respectively as
determined by FFT analysis. AFM images as shown in Figure 8c &d represent the
scan area of 1000 nm?, which indicate highly ordered structure of the mesopores.
Figure 9a&b indicates partial pore ordering in the TiO2 thin-films synthesized using
supercritical CO2 assisted infusion. The smaller size pores as evident in SEM and
AFM images may provide mass transfer limitation for charge transport.
Consequently, experiments were performed to increase pore size using pore
swelling agent; for instance, 1,3,5 trimethyl benzene (TMB). From Figure 9c&d, we
can easily observe increase in pore volume and surface area for the TiO2 prepared
using TMB at different concentration levels. Crack free ordered mesoporous TiO2
thin films with different thickness were prepared using EISA method. Table 1
shows the thickness and refractive index (RI) of films with multiple spin coats
between with 5 to 35. Thickness and RI was determined by fitting optical constants
from experimental data obtained from a discrete wavelength ellipsometry with
Cauchy model. The film thickness ranges from 400 nm to 3100 nm depending on
number of layers coated and the average refractive index for these films was 1.5 as
determined by ellipsometry.



Figure 8: SEM and AFM images of ordered TiO2 film prepared by EISA (a: 3D cubic
pores, b: 2D hexagonal pores, c: Imm2 scan of highly ordered TiO2 film on glass
substrate, and d: film topography in 3D).
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Figure 9. SEM images of ordered TiO2 film prepared by supercritical CO2 infusion
method (a: surface topology, b: average pore size of 4 nm), c) N2 adsorption and
desorption isotherms of TiO2 prepared by EISA in presence of TMB and d) BET
specific surface area.

Efforts were made on the fabrication of double sided TiO2 nanotube membrane
using electrochemical anodization method. Double sided TiO2 nanotubes were
grown using Ti foil (25um thick, 99.7%purity) purchased from Alfa Aesar. Ti sheet
was degreased by sonicating sequentially in acetone, ethanol, and de-ionized water,
followed by drying in a nitrogen stream. Electrochemical anodization of titanium
was carried out at ambient conditions using a two-electrode system and a DC power
supply (Agilent Technologies, 0-60V). Degree of anodization of Ti metal was
controlled by limiting anodization voltage and H20 content in the electrolyte. For
anodization an organic electrolyte containing 0.3wt% NH4F and 2vol% water in
ethylene glycol was used. A platinum gauge electrode was used as a cathode in all
the experiments. After anodization, the sample was washed in water to remove the
impurities. The double sided TiOz nanotubes membrane was sensitized with 0.1 M
dilute aqueous salt solution of hexachloroplatanic acid and sonicated for 5 minutes



and finally annealed in argon environment containing 10 vol% H2z at 400°C for 1 hr.
The SEM image of annealed Pt/TiO2 nanotubes is shown in Figure 10A whereas SEM
image for the cross section of double sided TiO2 nanotube membrane is depicted in
Figure 10B. These images revealed tube length of about 17um on both side of
etched Ti metal foil.

Figure 10: SEM images of A) TiO2 nanotubes sensitized with Pt and B) cross
section of double sided TiOz nanotubes membrane.

1c. characterization of nanocomposite material with sum-
frequency generation spectroscopy

A nanocomposite material composed of organic membrane with oriented inorganic
nanocrystals was envisioned. Ultimately, such a material was not produced over the
course of the project, and therefore no SFG characterization was made.

1d. utilize ceramic capillaries as support of nanocomposite
membranes

A nanocomposite material composed of organic membrane with oriented inorganic
nanocrystals was envisioned. Ultimately, such a material was not produced over the
course of the project, and therefore was not deposited on ceramic capillaries as
outlined in the project proposal. A competing strategy; however, was to prepare
double-membrane TiO2 nanotube arrays (see objective 1b above).

2. Electrospun carbon nanofelts as supports for improving
performance of fuel cells



2a. Preparation and Characterization of the Electrospun Carbon
Nanofelt Made from PAN and/or PVA Nanofiber Nanofelt
Precursors

2b. Fabrication and Evaluation of the Prototype Fuel Cells Made of
the Electrospun Carbon Nanofelt, Investigation on Durability (in-
situ Oxidation/Degradation) of the Prototype Fuel Cells

In this proposed research, nonwoven fabrics made of electrospun polyacrylonitrile
(PAN) polyvinyl alcohol (PVA), and titanium carbide (TiC) based carbon nanofibers,
dubbed as Electrospun Carbon Nanofelt, with extremely high specific surface areas
(up to 2,200m?/g) and other desired morphological and structural properties (e.g.
high graphitic crystallinity) were investigated.

Preparation and Characterization of the Electrospun Carbon Nanofelt made from
PAN and/or PVA Precursors.

We investigated electrospinning in the controllable environment that involved
understanding the effects of environmental conditions (e.g. solvent vapor pressure,
temperature, humidity), as well as solution characteristics (e.g. viscosity,
conductivity, and surface tension coefficient) and process variables (e.g.
electrostatic field, flow rate, power and polarity of high voltage supply) on the
electrospinning process, and on the morphologies, structures and properties of PAN,
PVA and TiC nanofibers.

We studied the thermal processes (i.e., stabilization, carbonization, graphitization
and activation) on the properties of electrospun PAN and/or PVA based carbon
nanofibers, and identified the optimal conditions/procedures of the thermal
processes to prepare the electrospun carbon nanofelt with extremely high specific
surface areas and other desired morphological and structural properties (e.g. high
graphitic crystallinity).

We studied the treatment process to convert TiC nanofibers into extremely porous
carbon nanofibers. identify the optimal processing conditions to prepare the
electrospun carbon nanofelt with extremely high specific surface areas and other
desired morphological and structural properties (e.g. high graphitic crystallinity).



Figure 11 PAN based electrospun nanoflbers (left) nd P N based carbon
nanofibers (right).

Figure 12. PVA based electrospun nanoflbers (left) and PVA based carbon
nanofibers (right).

Figure 13. Continuous titanium carbide (TiC) nanofibers that possessed the
intriguing nanoribbon morphology with width and thickness being ~300 nm and
~40 nm, respectively, and contained TiC crystallites with sizes ranging from 5 nm to
30 nm were synthesized through electrospinning followed by carbothermal
reduction.

Electrospun TiC nanofibers were synthesized and woven into mats. The electrospun
TiC nanofibers in the form of overlaid fiber-mat could be an innovative precursor
for the development of carbide derived carbon (CDC) with exceptionally large pore
volume and specific surface area, which would be particularly useful for the
applications such as catalyst support, gas storage, super-capacitor, and phase
change material support in thermal management systems (figures 14-23).



Development of the carbide derived carbon with high specific surface area
based upon the electrospun TiC nanofibers and/or nanoribbons

The precursor
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Figure 14. TiC nanofelt.
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Figure 15. Carbide-derived carbon (CDC) nanofelt.
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Figure 16. SEM images of TiC-CDC (400°C)
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Figure 17. SEM images of TiC-CDC (600°C)



Mesoporous disordered carbon
with local graphene sheets

No nanoTiC

P R re, S s\

10/12/2010 12

Mesoporous disordered carbon
with local graphene sheets

Former nanoTiC grains separated by
graphene-like carbon
10/12/2010 13

Figure 19. TEM images of TiC-CDC (600°C)
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2. Synthesize Nanocrystal Catalyst

Most of the fuel cell work centered on the synthesis of graphitic supports based on
electrospun carbon fibers and testing the properties of these materials. The group
has recently been expanded to add to the team capabilities. One strategy will be to
use super-critical CO2 reaction systems to synthesize metal nanoparticle catalysts
that can be formulated into an ink that can be applied to the fuel cell support
material.

3. Develop and test prototype fuel cell
Preparation of Electrospun TiC nano-fibrous felts

The TiC nano-fibrous felts were prepared by electrospinning of a spin dope
containing n-butoxide (TiBO) and furfuryl alcohol (FA) followed by carbothermal
reduction in argon (first at 325 °C and then at 1400 °C). The detailed preparation
procedures and conditions were described in a previous publication.

Preparation of TiC-CDC nano-felts

TiC-CDC nano-felts were prepared by chlorination of the electrospun TiC
nano-fibrous felts to remove Ti at elevated temperatures, and the detailed
procedure was described in a previous publication. For chlorination, the precursor
was placed into a horizontal fused-quartz tube furnace, purged with argon, heated
to 400 or 600 °C with a constant rate of 2 °C/min, and then exposed to dry chlorine
gas (10-15 cm3/min) for 6 hrs. After chlorination, the samples were kept at 600 °C
for 2 hrs under flowing hydrogen gas to remove residual chlorine and chlorides
trapped in the pores.

Structural Characterization

A Zeiss Supra 50VP field-emission scanning electron microscope (SEM) and a
JEOL 2010 transmission electron microscope (TEM), both equipped with energy
dispersive X-ray spectrometer (EDS), were employed to examine morphological and
structural properties of the developed TiC-CDC nano-felts and their precursor of
electrospun TiC nano-fibrous felts. The SEM and TEM were operated at 10 kV and
200 kV, respectively. The SEM specimens were analyzed without sputter coating of
metals or carbon, since the samples were electrically conductive and would not
result in charge accumulation. The TEM specimens were prepared by dispersing
samples in ethanol followed by placing the suspensions over copper grids with lacey
carbon film.

Raman spectra were recorded with a Renishaw micro-spectrometer using an
argon-ion laser (488 nm, ~1 um lateral spot size). The analyses of two main Raman
active modes of disordered carbon (D-band at ~1340 cm-! and G-band at ~1600 cm-
1) were carried out by deconvolution. The X-ray diffraction (XRD) analyses were
carried out using a Rigaku diffractometer with Cu-Ka radiation (A = 1.5406 A)
operated at 30 mA and 40 kV. The XRD patterns were collected using step scans
with the step of 20 being 0.01° and the count time of 2 s per step between the 20 of
10° and 80°. The calculation of the mean coherence length (corresponding to the



mean domain size) was performed using the TOPAS4 (Bruker AXS) based on whole-
pattern Rietveld refinement. The contribution from the instrument function was
corrected following the fundamental parameter approach (FPA) by measuring the
reference sample of corundum.

Prior to gas sorption analysis, all samples were degassed at 200 °C in low
vacuum (0.2 torr) for 24 hrs to remove the adsorbed species. Gas adsorption
analyses using N2 (at -196 °C) and CO:z (at 0 °C) as adsorbates were conducted with
the Quadrasorb surface area and pore size analyzer (Quantachrome Instruments).
With the combined information from N2 sorption (covering the range of 1-50 nm)
and CO2 sorption (0.35-1.5 nm), the PSD and SSA of micro- and meso-porosities
were calculated. Assuming slit-shaped pores, the non-local density functional theory
(NLDFT) and the quenched solid density functional theory (QSDFT) were used for
COz sorption and N2 sorption, respectively. With a type H2 hysteresis, only the
adsorption branch was used for calculation of the PSD from N2 sorption.

Electrochemical Characterization

Using a micro-cavity electrode (MCE), the characterization of electrochemical
properties was conducted in 1 M H2S04. The fabrication of this MCE followed a
reported procedure. The MCE had a cavity with the diameter of 125 um and the
depth of 35 um, and a platinum wire was used as the counter electrode. Thorough
and reiterative filling of the cavity prior to electrochemical testing ensured complete
filling of the cavity with sample material. The volumetric capacitance was calculated
from cyclic voltammograms (CVs) with normalizing by the cavity volume. Cyclic
voltammetry was performed by varying the scanning rates between 10 mV/s and
100 V/s with a voltage window of 0.1 to 0.5V and with the number of cycles
performed varying between 20 and 100.

In addition to MCE testing, symmetrical two electrode cells were assembled
with stainless-steel current collectors and a Gore™ PTFE separator. The experiments
were carried out in 1 M H2S04 aqueous solution (5x5 mm? cell) and 1.5 M TEA-BF4
solution (15x20 mm? cell) using acetonitrile as the solvent. The nano-felt was used
as is without the addition of any polymeric binder and directly placed on the
stainless-steel current collectors. Time constants and frequency dispersion was
analyzed via impedance spectroscopy.

Results and Discussion

Structure

The chlorination treatment selectively extracted Ti from the electrospun TiC
nanofibers, resulting in the formation of micro-porous carbon nanofibers. The
chlorination of TiC is governed by the following equation:

TiC + 2Cl2 = TiCls + C (D

Unlike titanium, carbon does not react with chlorine to significant extent at
400 and 600 °C. Since electrospun TiC nanofibers contained carbon in the matrix,
which could not be removed during chlorination, the precursor of electrospun TiC
nano-felts were converted conformally into the TiC-CDC nano-felts.



Electrospun TiC nanofibers had the average diameter of 131 * 52 nm, as
shown in Fig. 24a, and the nano-felts were made of randomly overlaid TiC
nanofibers. The latter consisted of TiC nanocrystallites embedded in a continuous
matrix of disordered carbon and amorphous TiC, as evidenced by electron
diffraction and high-resolution TEM (Fig. 24b-c). High-resolution TEM also revealed
that the TiC nanocrystallites were surrounded by a few layers (shells) of graphitic
carbon. Based on thermogravimetry and image analyses, the amount of disordered
carbon in the TiC nanofibers was 25-30 wt.%. XRD data (Fig. 24d) shows broadened
Bragg reflections that are in agreement with randomly distributed TiC
nanocrystallites. Based on whole-pattern fitting, the average coherence length
(corresponding to the mean domain size) of 21 nm was calculated; and the Rietveld
analysis showed no residual strain in the crystallites. This value is consistent with
the average size of TiC nanocrystallites observed from TEM images (23 + 9 nm).
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Figure 24. SEM (a) and TEM (b-c) images of electrospun TiC nanofibers (CDC
precursor). Each fiber consisted of TiC nanocrystallites. The inset in Fig. 24b shows
the electron diffraction pattern along the (111)-, (200)-, and (220)-planes of cubic
TiC crystal with d-values of 2.50, 2.19 and 1.55 A, respectively. The lattice fringes of
(111)-planes of a TiC nanocrystallite are shown in the inset of Fig. 24c. The finite
size of TiC nanocrystallites resulted in broadening of XRD peaks (d), as compared to
the peaks of micron-sized TiC crystals (inset in Fig. 24d; X-axis was stretched by a
factor of 12 for better visibility).

After chlorination, the morphology (i.e., size and shape) of the resulting TiC-
CDC nano-felts was retained. As depicted in the insets of Fig. 25, the TiC-CDC nano-



felts could be bent without breaking within the linear elastic range, and a maximum
bending angle of 30° was observed for both nano-felts (corresponding to the strain
of 0.01 for 200 um-thin felt). Based upon gravimetry, the effective density of
0.14 g/cm® was measured for the TiC-CDC nano-felts, which corresponded to a
porosity of 94 vol.% comprising the micro- and meso-porosities, and inter-fiber
space. The TEM images (Fig. 25a-b) showed the brittle failure of CDC fibers that
occurred when the ultimate strain was exceeded.
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Figure 25. TEM images of the TiC-CDC nano-felts after chlorination at 400 °C (a, c)
and 600 °C (b, d). In addition to newly formed CDC, graphitic carbon could be
identified in the interface regions of previous TiC nanocrystallites (d). The insets in
Fig. 25(a) and (b) demonstrate the flexibility of the developed TiC-CDC nano-felts.

The structural compositions before and after chlorination were investigated
by XRD and Raman spectroscopy. With the selected chlorination conditions (6 hrs at
400 or 600 °C), no residual carbide was identified in the resulting TiC-CDC nano-
felts (Fig. 26a); two Bragg reflections centered at the 26 angles of 24° and 44° were
attributed to the (002) and (101) crystallographic planes of graphite. The reflections
had large values of full-width at half maximum (FWHM), which were characteristic
for disordered carbon. Raman spectra of TiC-CDC nano-felts and their electrospun
TiC precursor are shown in Fig. 26b. The two bands correlate with in-plane modes
including (1) the D-mode at 1342-1353 cm! that is characteristic for disorder
carbon with finite sizes of crystallites, and (2) the graphite G-mode at 1590-
1601 cm! (Table 6). A shoulder at the high-wavenumber part of the G-mode can be



assigned to the D’-mode that indicates the interlayer disorder of graphitic carbon.
With the predominant TiC phase having very weak Raman spectrum, only the D-
and G-modes of graphitic and disordered carbon were visible in the spectrum of the
precursor. The TiC-CDC nano-felt made from chlorination at 400 °C had a larger
value of Ip/I¢ ratio (i.e., a higher amount of disordered carbon). The reason is that
TiC nanocrystallites in the precursor were converted into disordered micro-porous
carbon in the resulting CDC nano-felt. With the increase of the chlorination
temperature to 600°C, the amount of graphitic carbon increased and the Ip/Ic ratio
decreased.
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Figure 26. XRD pattern (a) and Raman spectra (b) of TiC-CDC nano-felts and their
precursor of electrospun TiC nano-fibrous felt.
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Figure 27. Nitrogen sorption isotherms of TiC-CDC nano-felts and their electrospun
TiC precursor (a) indicating the presence of micro- and meso-porous carbons.
Compared to those of the precursor, the values of SSA and pore volume were
increased as a function of chlorination temperature (b) which is also reflected by the
PSD (c).

Table 6. Band position, FWHM, and Ip/I¢ ratio from Raman spectra of TiC-CDC
nano-felts and their electrospun precursor.

D-mode (cm-1) G-mode (cm1) Ratio
Positio FWH  Positio FWH Ip/lc
n M n M
Nano-felt 1343.0 88.1 1593.8 68.6 1.52
(600 °C)
Nano-felt 1353.0 186.6 1600.6 66.3 1.64
(400 °C)
Precursor 1341.7 80.2 1592.7 80.4 1.43

Gas sorption (employing N2 and CO2z as adsorbates) was used to characterize
the PSD, SSA, and pore volume of TiC-CDC nano-felts and precursor (Fig. 27a, Table
7). The precursor showed the SSA value of 371 m2/g, the average pore size of
1.1 nm, and the pore volume of 0.4 cm3/g. After chlorination at 400 °C, the average



pore size increased to 1.5 nm; with increase of chlorination temperature to from
400 to 600 °C, the SSA value increased from 738 to 1390 m?/g, and the value of total
pore volume increased from 0.76 to 1.50 cm3/g (Fig. 39b). With a large contribution
of sub-nanometer pores from CDC, the average pore size after chlorination at 600 °C
was 0.9 nm (Fig. 27c). The combination of nano-scaled pores, partially graphitic
carbon (which is electrically conductive), and continuous fibers is attractive
particularly for the application of supercapacitor electrode with high power
handling capability which will be discussed in more detail in the next section.

Table 7. Values of SSA, PSD, and pore volume acquired from N2 and CO:z gas
sorption for TiC-CDC nano-felts and the precursor.

BET SSA PSD SSA Total pore Volume of Average

(m?/g) (m?/g) volume pores pore
(cm3/g) < 1.5nm size (nm)
(cm®/g)

Nano-felt 1390 1319 1.50 0.27 0.9
(600 °C)

Nano-felt 738 696 0.76 0.14 1.5
(400 °C)

Precursor 414 371 0.40 0.09 1.1

Electrochemical Performance

The TiC-CDC nano-felt made from chlorination at 600 °C had an excellent
performance of high frequency power handling while having a moderate volumetric
capacitance in 1 M H2S04 using a MCE (Fig. 28). Fig. 5a-c shows the CVs (at 1 V/s) of
TiC-CDC nano-felts (Fig. 28a), conventional TiC-CDC powder synthesized at 600 °C
(Fig. 28b), and carbon onions obtained from annealing of nano-diamonds at 1600 °C
(Fig. 28c). It is evident that TiC-CDC nano-felts and carbon onions still show
pronounced capacitive behavior at high scan rates whereas the (conventional) TiC-
CDC powder behaves dominantly resistive behavior. At a sweep rate of 10 mV/s, the
TiC-CDC nano-felt yielded the capacitance of 12 F/cm3 that dropped to 50 % of the
initial value at ~5V/s and to 30 % with extremely high rate of 100 V/s (Fig. 28d).
Conventional, micron-sized TiC-CDC powder (Fig. 40d) and activated carbon fibers
(ACFs) lose the capacitance quickly at a moderate scan rate of 100 mV/s; thus, the
maximum charge/discharge rates are substantially limited. Bleda-Martinez et al.
reported the decrease of capacitance to below 5 % of the initial value at the sweep
rate of 100 mV/s for ACF in 1 M Na2SOa. At this scan rate, the TiC-CDC nano-felt
tested in the MCE maintained 62 % volumetric capacitance of the initial value. A
similar superior high frequency behavior was identified for onion-like carbon with
high electrical conductivity,[28] but the total capacitance was much lower due to
smaller SSA (~500 m2/g). The moderate volumetric capacitance of the TiC-CDC
nano-felt resulted from relatively low packing density of nanofibers inside the cavity
of MCE.
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Figure 28. Cyclic voltammograms of the TiC-CDC nano-felt (a) compared to carbon
onions (b) and conventional, micron-sized TiC-CDC powder (c) tested in the MCE at
1 V/s in 1 M H2S04 solution. The power-handling ability of TiC-CDC nano-felt was
revealed when plotting the scan rate vs. the normalized capacitance C/Co (d).

To determine the gravimetric capacitance, the TiC-CDC nano-felts (600 °C)
were also tested in a binder-free setup with two symmetrical electrodes in 1 M
H2S04 and 1.5M TEA-BFs+ with galvanostatic charge/discharge and cyclic
voltammetry. At a slow scan rate of 10 mV/s, a gravimetric capacitance of 110 F/g
and 63 F/g was measured in aqueous and organic electrolytes, respectively. For
comparison, TiC-CDC powder electrodes (600 °C synthesis temperature) with
5 wt.% PTFE binder show a gravimetric capacitance of 108 F/g and 140 F/g in 1 M
H2S04 and 1.5 M TEA-BF4, respectively.

As seen from Fig. 29, an increase in the measured current at the edges of 1 V
voltage window arises from minor Faradic reactions in 1 M H2S04. A comparable
capacitive behavior can also be identified for the nano-felt precursor tested under
the same conditions yielding a gravimetric capacitance of 37 F/g. This value is
comparable to the capacitance of ACF (43 F/g)[24] and can be explained by the large
amount of porous carbon already present in the precursor. The Ohmic resistance (at
100 mA/cm?) of the nano-felt precursor is 1.4 Q-cm? and increases after
chlorination at 400 °C to 2.6 Q-cm?2 because of the replacement of well-conductive
TiC by highly disordered carbon; this is in agreement with the PSD (Fig. 27c) and
Raman data (Fig. 26b). CDC nano-felt obtained from synthesis at 600°C had a low



resistance of 0.6 Q-cm? which is in agreement with the observed high power
handling ability.

The different gravimetric capacitances obtained from galvanostatic charge-
discharge (GC) measurements in organic and aqueous electrolytes at different
currents are shown in Fig. 29c¢. At a low current density of 4 mA/cm?, a gravimetric
capacitance of 102 F/g (1 M H2S04) and 64 F/g (1.5 M TEA-BF4) was measured. The
lower chlorination temperature at 400 °C yielded a lower gravimetric capacitance of
the CDC nano-felt of 60 F/g in aqueous electrolytes (10 mV/s). Considering the low
specific weight of the material (2.4 mg/cm?), the current per gram during
galvanostatic charge/discharge is much higher than for conventional TiC-CDC films
(~15 mg/cm?). The calculated capacitance values are well in agreement with the
results obtained from cyclic voltammetry. It is important to note that when the film
was tested as is, an improved rate handling ability was observed compared to MCE
testing (Fig. 29d). At a scan rate of 1V/s, for example, the gravimetric capacitance
dropped to 85 % of the initial value for the nano-felt synthesized at 600 °C, but to
60 % when tested in the MCE. When filling the MCE with the sample material, the
fibers in the nano-felt are crushed and the continuous connectivity of the fibers is
lost. This is also the case for all powder-based supercapacitors and, as seen from Fig.
41d, results in an inferior power-handling ability. Keeping the films intact ensures
superior connectivity and significantly improved rate-capability. It is important to
note that because of this, the TiC-CDC nano-felt electrodes show a better rate-
capability than carbon onions tested in the MCE with a smaller fade in capacitance
for scan rates up to 1 V/s. CDC nano-felts synthesized at 400°C showed an inferior
power handling ability with a drop of the capacitance to ~70 % of the initial value at
1 V/s because of the lower degree of graphitization.
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Figure 29. Cyclic voltammograms (CVs, obtained at 10 mV/s for a symmetrical cell
setup) of TiC-CDC nano-felt and the precursor in 1 M H2S04 (a) for a 1V voltage
window. CV of the TiC-CDC nano-felt in 1.5 M TEA-BF4 over an extended voltage
window of 2.3V (b). Gravimetric capacitance obtained via Gravimetric
charge/discharge measurements for the TiC-CDC nano-felt in organic and aqueous
electrolytes in comparison with the precursor (c) for different current densities.
Comparison between the fade in normalized capacitance for the TiC-CDC nano-felt
tested as a film (5x5 mm?) and in the MCE (d). Also included is data for carbon
onions tested in the MCE and data reported by Stoller et al. [25] for a graphene-based



supercapacitor. Frequency dispersion of the phase angle (e). Cycling stability at
100 mA galvanostatic charge / discharge (f).

With a comparable capacitance in aqueous electrolytes, TiC-CDC nano-felts
show a power-handling comparable to graphene-based supercapacitors (Fig. 29d).
The only report of a better high-power handling was reported by Pech et al. for
electro-deposited onion-like carbon based micro-supercapacitors (30 % of the
initial capacitance at 200 V/s); carbon onions, however, have only a modest
gravimetric capacitance (< 40 F/g).

Fig. 29e shows the dependence of the phase angle with the frequency. For
frequencies up to 1Hz, the phase angle is very close to -90°, which indicates
function close to being an ideal capacitor. The characteristic frequency fo for a phase
angle of -45° is 2.64 Hz. This frequency marks the point at which the resistive and
capacitive impedances are equal. The corresponding time constant to (= 1/fo) equals
379 ms compared to 200 s for conventional TiC-CDC synthesized at 600 °C, 1.1 s for
carbon-onion macro-devices, 700 ms for MWCNT, and 26 ms for carbon-onion
micro-supercapacitors. Also, it is important to note that the high capacitance of CDC
nano-felts (synthesized at 600°C) does not fade over thousands of cycles (Fig. 29f).

Conclusions

To the best of our knowledge, the TiC-CDC nano-felts have never been
developed and their electrochemical properties have never been studied.
Nonetheless, the electrodes made of electrospun nanofibers have been explored
before: the supercapacitor electrodes made of electrospun nanofibers of polyamic
acid (PAA) or polybenzimidazol (PBI) yielded (in aqueous electrolyte of KOH) high
gravimetric capacitance of up to ~180 F/g after activation. In agreement with those
studies, the TiC-CDC nano-felts showed a small decrease in gravimetric capacitance
at high current densities and only a fade in gravimetric capacitance of 24 % at
12.5A/g. With the combination of superior electrochemical properties and
mechanical flexibility/stability, the TiC-CDC nano-felts are likely to have important
applications for the development of high-performance supercapacitors and/or
electrodes.

In summary, we demonstrated that the mechanically flexible TiC-CDC nano-
felts with superior electrochemical properties were developed through chlorination
of electrospun TiC nano-fibrous felts. The TiC-CDC nano-felts retained the
morphological properties of the precursor, while had substantially higher values of
SSA and pore volume. The developed TiC-CDC nano-felts demonstrated excellent
high-power performance when used as an electrode material for electrochemical
capacitors. The results of electrochemical characterization in aqueous and organic
electrolytes showed that the nano-felts retained 50 % and 30 % of their capacitance
at the enormous scan rates of 5 V/s and 100 V/s, respectively. This is a much lower
decrease in capacitance as compared to the activated carbon or conventional TiC-
CDC powder or bulk electrodes, which are considered to be the best materials for
supercapacitor electrodes. The rates above 1V/s have only been achieved for
nanotubes, carbon onions, and graphene, but those have a lower capacitance when



compared to the TiC-CDC nano-felts. This is due to the microstructure of the TiC-
CDC nano-felts; i.e.,, the disordered and extremely porous carbon coexists with
graphitic carbon ribbons in the nanofiber network. The structural integrity and
resilience of the developed TiC-CDC nano-felts would make them suitable for
energy-related applications, particularly the binder-free and flexible
supercapacitors and/or electrodes.
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