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Electrospinning has emerged as a facile technology for the synthesis of ultrafine fibers and even nanofibers
of various materials. While carbon nanofibers have been extensively investigated, there have also been
studies reported on metal oxide and metal carbide fibers. Yet, comparative studies, especially following
the same general synthesis approach, are lacking. In our comprehensive study, we use a sol gel process
by which a carrier polymer (cellulose acetate or polyvinylpyrrolidone) is mixed with titanium butoxide,
zirconium(v) acetylacetonate, or niobium n-butoxide to yield nanotextured titania/carbon, zirconia/
carbon, or niobia/carbon nonwoven textiles. Carbothermal reduction between 1300 °C and 1700 °C
effectively transforms the metal oxide/carbon fibers to metal carbide/carbon nanocomposite while
preserving the fiber integrity. As a beneficial effect, the fiber diameter decreases compared to the as-
spun state and we obtained ultrafine fibers: 294 + 108 nm for ZrC/C, 122 + 28 nm for TiC/C, and 65 +
36 nm for NbC/C. The highly disordered and porous nature of the carbon matrix engulfing the metal
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1. Introduction

Over the last decades, electrospinning has emerged as a facile
technology to produce ultrafine carbon fibers (i.e., <0.7 denier;
ca. <10 pm) and nanofibers (<100 nm) from polymer solutions."
Especially the synthesis of carbon nanofibers via electro-
spinning of polyacrylonitrile (PAN) has been extensively studied
for applications in the field of energy conversion and storage,
capacitive deionization, catalysis, adsorption/separation, and in
the field of biomedicine.>® To meet the complex requirements
of advanced applications, synthesis routes to produce porous
carbon nanofibers with high surface area and tunable pore size
distribution have been developed by electrospinning polymer/
sol-gel systems* which yield composites of metal oxides and
carbon (MOC).® The latter can be carbothermally reduced at
elevated temperatures of typically above 1200 °C to yield metal
carbide/carbon (MCC) nanocomposite fibers.® Recently, we have
shown that MCC nanocomposites can easily be transformed
into porous carbon by selectively etching metal ions’ and
leaving behind so called carbide-derived carbon (CDC).® This
represents an attractive synthesis route to obtain binder-free,
high-performance electrodes for electrochemical energy
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storage (supercapacitors) devices.” So far, CDCs have only been
reported from Si(O)C or TiC/C fiber mats and it is highly
desirable to have an array of metal carbide/carbon nano-
composite fiber compositions available. Thus, the scope of this
work is to establish in addition to optimized TiC/C fibers also
ZrC/C and NbC/C as freestanding nonwoven textiles following a
sol gel approach.

The best investigated electrospun metal carbide fiber system
to date is silicon carbide, mostly derived from polycarbosilane*
or polycarbomethylsilane.’* Commonly, such fibers are in the
micrometer range,"»'* although fiber diameters as small as ca.
500 nm have been reported recently when using poly-
methylphenylsilsesquioxane and polyvinylpyrrolidone as carrier
polymer.*® The low annealing temperatures at or below 1000 °C
result in a silicon carbide that lacks the formation of an
important feature of MCCs, namely carbide nanocrystals
engulfed in a matrix of highly porous, partially graphitic
carbon.”

TiO,/C and TiC/C ultrafine fibers have been electrospun
from preformed TiO, nanoparticles (e.g., derived from tita-
nium isopropoxide or TiCl,) and a carrier polymer.** Alter-
natively, nanofibers have been successfully electrospun from
solutions containing a sol and a carrier polymer, growing in
situ a metal oxide network that was later carbothermally
reduced to metal carbide. The smooth ultrafine TiO,/C fibers
and nanofibers have also been reported by electrospinning a
mixture containing polyvinylpyrrolidone (PVP) with a sol
using titanium isopropoxide as the metal precursor, with the
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addition of acetic acid or acetylacetonate as stabilizers.***>'®
The obtained fibers presented diameters between 50-250 nm,
but had a low specific surface area of 68-70 m> g~ '.**'” In
addition, TiC/C composite and TiC-CDC with non-uniform
morphology including beaded fibers and average diameters
around 100-120 nm have been produced using a phenolic
resin and TiCl,, as carbon and metal sources, respectively,
exhibiting a high surface area of 523 m> g~ " for the MCC.®
Also, ultrafine fibers and ribbons with 300 nm width and 40
nm thickness have been obtained by electrospinning tita-
nium(wv) n-butoxide and furfuryl alcohol as titanium and
carbon sources, respectively.® Based on this approach, in our
previous study smooth TiC ultrafine fibers (131 nm) and TiC-
CDC were obtained with the same fiber diameter.”

Zirconia fibers with diameters between 50-1000 nm have
been produced by electrospinning mixtures containing a
carrier polymer and a metal oxide precursor followed by
calcination between 540 °C and 930 °C." Several routes have
been proposed, using zirconium(wv) oxychloride octahy-
drate,'?° zirconium(wv)isopropoxide,** or zirconium(iv)ace-
tylacetonate (ZrAcAc)** as metal oxide sources. Composite
ZrC/C ultrafine fibers have been only obtained by electro-
spinning sol gel systems containing ZrAcAc with a carbon
precursor which also acts as a carrier polymer, mixed for C/Zr
ratios higher than 3 to produce stoichiometric ZrC.>*** The
thinnest ZrC fibers obtained so far measured 730 nm in
diameter after annealing at 1600 °C,** using ZrAcAc, cellulose
acetate as carbon source, and acetic acid to stabilize the sol.
Instead of using a sol gel approach, recently Li et al. reported
thinner fibers by electrospinning polyzirconoxane with a
primary carbon source (PAN or sucrose).”® After annealing at
1400 °C, fiber diameters around 1-2 pm were reported for
PAN and 500-600 nm for a mixture of PAN and sucrose. Thus,
500 nm diameter remains as a limit for the current state-of-
the-art of ZrC/C fibers.

Mixing pre-existing niobium oxide nanoparticles with
poly(vinyl alcohol) (PVA) with niobia, niobium carbide fibers
have been produced by electrospinning.*® A thermal treatment
at 1500 °C produces NbC fibers of about 110 nm diameter and a
low surface area (4 m* g~ ) by annealing at 800 °C was observed.
The synthesis of ultrafine Nb,Os fibers by sol gel and electro-
spinning has been reported by mixing niobium n-butoxide*” or
niobium ethoxide®® with a dissolved carrier polymer and an acid
catalyst. As reported by Macias et al. when using HCl as the acid
catalyst, ultrafine fibers (400-600 nm) were obtained;*” however,
the fiber mats lost structural integrity upon calcination. Vis-
wanathamurthi et al. reported ultrafine fibers (500 nm) by
adding acetic acid, which acted as a catalyst for the hydrolysis
and condensation reaction; the latter also formed a complex
with niobium ethoxide which retarded the reaction and effec-
tively prevented precipitation.*® This way, electrospinning was
possible, but only during such a small time window that no
suitable mats were obtained. Thus, until now, there has been no
report of a sol-gel-approach of forming a niobium carbide
phase without already starting with admixed niobia
nanoparticles.
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In this study, we present data for TiC/C, NbC/C, and ZrC/C
nanocomposites fibers with partially unprecedented small
diameters compared to the state-of-the-art. While we build on
the previously reported synthesis of TiC/C via carbothermal
reduction of TiO,/C nanofibers, we present a novel chemistry
system to electrospin NbC/C and ZrC/C nanocomposites for a
non-woven textile solely employing sol gel synthesis as a
versatile technology platform. Thus, we abstain from adding
metal oxide nanoparticles. Instead, metal oxide nanodomains
within the electrospun fibers are formed in an in situ synthesis
approach. Presenting these three related synthesis routes side-
by-side, we provide a comprehensive technology platform to
build on for further technological exploitation of these unique
nanocomposite fibers, for example, as electrodes for super-
capacitors, capacitive deionization, or other electrochemical
applications.

2. Experimental

2.1. Materials

All chemicals were used as received. Zirconium(v)acetylaceto-
nate (Zr(wv)AcAc) and titanium butoxide (Ti(v)BO) were
purchased from Sigma-Aldrich. Niobium n-butoxide (NbBO)
was purchased from Alfa Aesar. Carrier polymers cellulose
acetate (CA) and polyvinylpyrrolidone (PVP) were purchased
from Sigma-Aldrich as well the following solvents: acetylacetone
(AcAc), anhydrous dimetylformamide 99.8% purity (DMF),
acetic acid (AA), acetic anhydride (Ac,0), and furfuryl alcohol
(FA). Air-sensitive materials (NbBO, AA, and Ac,0) were stored
in an inert gas atmosphere under nitrogen in a glove box.

2.2. Fiber synthesis

Fibers mats were electrospun using a MECC Co. NF-103V
nanofiber system. Each sol-polymer system used slightly
different spinning parameters due to variations in solution
properties. All samples were spun on a stationary grounded
target wrapped with aluminum foil. The spinneret head moved
with respect to the collector along the x-axis parallel to the
collector (travel distance). In addition, the head moved along
the z-axis, perpendicular to the collector, which adjusts the
distance from the spinneret tip to the collector or the distance
the fiber flies (fly distance). The velocity of the head traveling in
the x-axis can be defined as the travel velocity and is reported in
mm s~ '. A variable pump rate (mL h™") is used to supply the
spin dope to the spinneret. Finally, the temperature and relative
humidity were monitored by a portable thermometer-hygrom-
eter. More specific parameters for each system are summarized
in Table 1 and shortly outlined below.

The TiBO sol precursor was prepared adopting the method
established by Zhang et al.® In short, the sol was prepared in
ambient conditions by mixing the liquids TiBO, FA, AA, and
DMF in a mass ratio of 1:1:0.25:6.75; then, 1 g of PVP is
added to this mixture to make a 10 mass% solution. The
mixture is aged while stirring for 48 h at room temperature. The
final solution is translucent amber color with a viscosity of
0.27 Pa s at a shear rate of 500 s~ '. Fibers were spun under the

This journal is © The Royal Society of Chemistry 2015
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Table 1 Synthesis parameters for electrospinning of metal carbide/
carbon nanocomposites fibers

ZrAcAc +
Parameter TiBO + PVP  NbBO + PVP  cellulose acetate
Applied voltage (kV) 15 23 20
Fly distance (mm) 250 165 250
Pump rate (mL h™?) 0.2 0.5 0.5
Travel speed (mm s™') 50 0 30
Travel distance (mm) 100 0 200
Temperature (°C) 23 25 26
Relative humidity 21-32 11-15 21-25

influence of a 15 kV potential. The collected fibers were allowed
to age an additional 72 h exposed to ambient relative humidity
(32 to 45%) to encourage hydrolysis and the formation of an
extended metal-oxygen-metal network. Carbothermal reduc-
tion to convert metal oxides to carbides was accomplished by a
two-step heat treatment profile under 99.5% argon in a Thermal
Technologies furnace. The TiBO complex fibers were heated to
325°Cat 5 °C min~ ' and annealed at that temperature for 3 h.
The second step of the temperature profile is a 5 °C min !
ramping to 1400 °C. At this temperature, TiC is thermody-
namically favored over Ti-O in the presence of excess carbon
from the pyrolyzed PVP and FA.*® The reaction is completed in 5
h and the carbide/carbon nanocomposite nonwoven textile is
cooled to room temperature.

Zirconium carbide/carbon nanocomposite textiles were
produced from a precursor of cellulose acetate in 10 mL of 1: 1
by volume AA to AcAc (16 mass% polymer) allowed to solvate
overnight until the solution was optically transparent. To this
5 g of Zr(1v)AcAc was added and mixed for 24 h until the solution
was optically transparent and the viscosity reached 0.93 Pasata
shear rate of 500 s~ . The solution was electrospun at 20 kV and
subjected to a 2-step heat treatment regime. The Zr complex
textiles were heated at 5 °C min~" to 350 °C and held at
temperature for 3 h to stabilize the fibers then heated up at 5 °C
min~" to 1500 °C and held at temperature for 2 h then cooled to
room temperature.>

The precursor sol for niobium oxide was prepared under
nitrogen to prevent premature gelation. In this preparation,
NbBO was mixed with Ac,O (2.47 mL: 0.55 mL), and stirred
for 60 s. To this, 25 mL of DMF and 3 g of PVP were added and
mixed for 48 h until the solution was translucent while
exhibiting a viscosity of 0.032 Pa s at a shear rate of 500 s~ .
The solution was electrospun under an applied potential of
23 kV. The niobium complex fibers were allowed to age in
ambient humidity to promote condensation of the metal
oxide domains for 72 h prior to heat treatment. The same
furnace was used for the two-step temperature profile as was
used for the other syntheses using an annealing temperature
of 400 °C for 3 h with a 5 °C min~" heating rate. For the
carbothermal reduction heat treatment study, the pyrolyzed
fibers were subjected to a high temperature annealing at
1100, 1300, 1500, or 1700 °C for 4 h with a 5 °C min~* heating
rate. One carbon/niobia sample was processed under each
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temperature profile for a total of 4 samples. In addition, one
sample was heat treated at 400 °C for 3 h for characterization
of the stabilized oxide fibers.

2.3. Characterization methods

The fibers were imaged using a FEI ESEM Quanta 400 FEG
scanning electron microscope (SEM) under variable pressure
and a JEOL JSM 7500F field emission scanning electron
microscope (FESEM). Non-conductive samples were coated with
a nanoscopically thin layer of Au or Pt/Au. Image] software was
used to process the SEM images and diameters of at least 150
fibers were measured.*® Cross sectional focused ion beam
cutting was performed with a Helios Nanolab 600 (FEI) using a
working distance of 4 mm, a dwell time of 1 ps, and a cutting
depth of 1 pm. Before cutting the sample was sputter coated
with platinum for stabilization. High-resolution transmission
electron (TEM) micrographs of the fibers were recorded after
dispersing fibers in ethanol via sonication for 5 min and placing
the solution over a copper grid with a lacey carbon film and
imaging with a JEOL 2100F TEM operated at 200 kV.

Infrared vibrational spectroscopy was performed with an
attenuated total internal reflectance crystal (ATR) attachment
on a Bruker Tensor 27 FTIR (Fourier-transform infrared) and
spectra were integrated over 28 scans. Raman spectra were
measured using a Renishaw inVia Raman system equipped with
an Nd-YAG laser and an excitation wavelength of 532 nm with
power of 0.2 mW at the focal point focused on a spot of ca. 2 pm
diameter. A grating with 2400 lines per mm and a 50x objective
(numeric aperture: 0.9) was used, yielding a spectral resolution
of 1.2 em™". Peak fitting was accomplished assuming two Lor-
entzian peaks, one for the D-mode and one for the G-mode,
respectively.

The free carbon content was measured using a VG Scienta
furnace system, applying 700 °C for 1 h with a heating rate of
20 °C min " in synthetic air. The mass before and after thermal
treatment was measured to calculate the initial carbon content.

A Bruker AXS D8 Advance diffractometer was used to collect
X-ray diffractogramms using Cu-Ko radiation (0.15418 nm) with
a step size of 0.02° and a measurement time of 1 s per step. The
system was calibrated with a LaBe single crystal prior to each
measurement. Rietveld analysis was employed to determine
lattice parameters and average coherence length values (corre-
sponding roughly with the crystal domain size) using TOPAS
software from Bruker.

Nitrogen gas sorption measurements at —196 °C were
carried out with an Autosorb iQ system (Quantachrome). The
samples were outgassed at 150 °C for 10 h under vacuum
conditions (100 Pa) to remove adsorbed water and other surface
functionalities. Nitrogen gas sorption was performed in liquid
nitrogen in the relative pressure range from 5 x 10”7 to 1.0 in
68 steps. The specific surface area (SSA) was calculated with the
ASiQwin-software using the Brunauer-Emmett-Teller (BET)
equation in the linear relative pressure range 0.01-0.20.

Sol viscosities were measured using a modular compact
Physica rheometer from Anton Paar with a 49.94 mm 1° cone
and plate configuration. The sample chamber was left open to

RSC Adv., 2015, 5, 35683-35692 | 35685
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ambient humidity and viscosities were measured at constant

shear rate of 500 s~ *.

3. Results and discussion

3.1. Titanium carbide/carbon nanocomposite fibers

As-spun ultrafine fibers obtained from the TiBO precursor
shown in Fig. 1A exhibit a smooth surface morphology and
show an average diameter of 264 + 53 nm (Fig. 2A). The fibers
maintained their morphology after pyrolysis in argon at 325 °C
for 3 h (Fig. 1B), but the fiber diameters were reduced by 18% to
217 £+ 49 nm (Fig. 2A). The low temperature heat treatment
stabilized the fiber morphology by promoting the FA to poly-
merize, evolved off water and organic residuals, and drove
condensation and formation of an oxydic network.” Subse-
quent carbothermal reduction in argon at 1400 °C for 5 h
produced fibers with irregular oblate morphologies as seen in
Fig. 1C and D with mean fiber diameters of 122 + 28 nm
(Fig. 2A) and this value aligns very well with our previous study
(i.e., 131 + 52 nm).” As an important feature, we note that the
open architecture afforded by the nonwoven fibers is preserved
throughout the heat treatment process and the final textile is
mechanically stabilized because the fiber crossovers are sin-
tered together forming an isotropic percolated network of

Fig. 1 Scanning (A—E) and transmission (F) electron micrographs of
final TIC/C nanocomposite fibers. (A) As spun. (B) After heat treatment
in argon at 325 °C for 3 h. (C-F) After heat treatment in argon at
1400 °C for 5 h.
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titanium carbide nanocrystals and carbon (Fig. 1E). This way,
free-standing fiber mats are obtained.

TEM investigation shows that the fibers were nano-
composites composed of TiC nanocrystals embedded in a
continuous network of disordered carbon in a brick-and-
mortar-like fashion (Fig. 1F). The rough fiber morphology is a
result of the nanoscopic character of the carbide nanocrystals
with a size of ca. 20 nm which are engulfed by 1-3 layers of
disordered carbon (Fig. 1F). As determined from high resolu-
tion TEM, the corresponding lattice spacing of 0.25 nm is
characteristic for the (111) d-spacing of TiC. We also note that
the fibers do not show any tendency for core-shell formation
but instead exhibit a very homogenous texture throughout the
fiber (Fig. 1F). The isotherm measured using gas sorption
analysis shows a typical combination between type I and II
characteristic for micro- and macroporous materials (ESI;
Fig. S1At). The combination of fully dense carbide nanocrystals
and disordered porous carbon yields a rather high specific
surface area (SSA) of 450 m> g~ (Table 2). This value is slightly
higher than what we have reported before for this system
(+10%; i.e., 414 m* g~ '; ref. 7) and somewhat smaller than what
has recently been reported by the Kaskel group (namely,
523 m? g~ '; ref. 18). For comparison, we note that a fully dense
TiC nanofiber of the same average diameter would only show a
SSA of 10 = 3 m? g~ ' which illustrates the large pore volume
maintained within the carbon phase. In our system the free
carbon content was measured to 32 mass% (Table 2). Consid-
ering the non-porous nature of TiC nanocrystals, we can esti-
mate a porosity of the amorphous carbon phase of more than
1400 m*> g~ ",

Raman spectroscopy confirmed the presence of free carbon
in the fibers, that is, carbon that is not bound in form of the
metal carbide (Fig. 2B, Table 2). Free carbon is in a highly
disordered state and stems from FA, AA, and BO residuals
forming a cohesive matrix around TiC nanocrystals, as seen in
Fig. 1F. The two dominant features in the Raman spectrum,
namely the band at 1341 + 0.1 cm™ ' (FWHM: 98 + 0.9 cm )
and the band at 1598 + 0.5 cm ™' (FWHM: 58 & 0.4 cm™ ') are
assigned to the D-mode and G-mode of carbon, respectively.**
The integral intensity ratio, Ip/Ig, is a metric of carbon ordering
and the high value of 2.1 £+ 0.1 is indicative of incompletely
graphitized carbon®” and typical for nanoporous carbon mate-
rials.®® In contrast to carbon, the other component of the
ultrafine fibers, titanium carbide, is present in a highly crys-
talline phase. The TiC nanocrystals can be assigned to the space
group Fm3m with a lattice spacing of 0.431 nm (¢f. PDF-32-1383:
0.433 nm).* In more detail, X-ray diffraction (Fig. 2C) confirms
the nanocrystalline character of titanium carbide. Rietveld
analysis for samples after carbothermal reduction for 5 h in
argon yields a value of 22 nm, which is in perfect agreement
with the TEM observations (Fig. 1F).

To better understand the evolution of the oxide network
formation, FTIR spectroscopy was carried out on the as-spun
fibers and the precursor (Fig. 2D). The sol was investigated
without PVP and DMF and the main interaction in the sol is
between TiBO and acetic acid. The acid slows down the
condensation by coordinating with titanium ions. FTIR

This journal is © The Royal Society of Chemistry 2015
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(A) Fiber diameter distributions of the as spun TiO fibers and heat treated fibers at 325 °C and 1400 °C. (B) Raman spectrum of TiC/C, and

(C) X-ray diffractogram of the TiC/C nanocomposite fibers after heat treatment in argon at 1400 °C for 5 h, and (D) FTIR spectra of the TiBO sol

and the as spun fibers.

spectra of the AA-TiBO-FA show bands near 1665 cm ™" (C=0
stretch) from the AA and absorption bands between
1150-900 cm ™' assigned to the C-O terminal vibration
arising from the Ti-O-C,H, mixed with bridging Ti-C-O
vibrations at 1023 em™* and 912 cm™'. Other peaks can be
assigned to the formation of M-O below 800 cm™'. In
particular, the combination of peaks at 3410 cm™ ' (O-H) and
950 cm ' are evidence of butanol formed as a reaction
product.*** During electrospinning, the DMF and acetic acid
evaporate from the fibers leaving behind PVP and a nascent
titanium oxide network (Fig. 2D). In addition, the peaks
between 1500 cm ™' and 1400 cm ™' are assigned to the CH,
scissoring vibrations on the PVP rings, while the small peak
at 1016 cm ™' corresponds to the C-C polymer backbone, and
the band at 930 cm ™" is the breathing mode of the ring.>” The
very broad peaks below 800 cm " are related to the O-Ti-O
network.* This amorphous oxygen-metal-oxygen network

evolves at higher temperatures to the TiC nanocrystals via
carbothermal reduction.

3.2. Zirconium carbide/carbon nanocomposite fibers

The cylindrical fibers electrospun from Zr(iv)AcAc and CA in a
solution of AA/AcAc show a very smooth morphology without
beads or other visible defects (Fig. 3A). Unlike the fibers spun
from the TiBO precursor, the Zr(v)AcAc precursor yielded
significantly higher fiber diameters, namely 715 £ 395 nm. The
larger diameter is a result of the higher polymer content
necessary to produce uniform fibers. Lower polymer content
solutions resulted in extensive beading and low quality
nonwoven textiles were obtained. However, the large standard
deviation in fiber diameters is reflective of a broad size distri-
bution, ranging from a population of very fine fibers smaller
than 200 nm up to larger sized fibers with more than 2 um
(Fig. 4A).

Table 2 Overview of the results of free carbon content measurements, gas sorption analysis using BET equation, and Raman peak analysis for
the metal carbide/carbon nanocomposites fibers. The free carbon mass was determined gravimetrically by oxidation of the MCC material

FWHM (cm ')

Sample Free carbon mass% BET SSA (m* g™ ") Ip/Is-ratio D-mode G-mode
TiC/C - 1400 °C 32 450 2.1+0.1 98 £ 0.9 58 £ 0.4
ZrC/C - 1500 °C 15 224 1.7 £ 0.0 66 + 3.6 63 + 2.2
NbC/C - 1100 °C 15 151 2.6 £ 0.0 148 + 1.6 60 £ 0.3
NbC/C - 1300 °C 19 147 1.9+ 0.3 94 £ 1.0 64 £ 6.5
NbC/C - 1500 °C 20 121 2.0 £1.0 67 + 0.7 60 £ 10.7
NbC/C - 1700 °C 29 39 1.2 + 0.2 53 £04 57 £ 4.8

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Scanning (A-D) and transmission (E and F) electron micro-
graphs of final ZrC/C nanocomposite fibers. (A) As spun. (B) After heat
treatment in argon at 350 °C for 3 h. (C—F) After heat treatment in
argon at 1500 °C for 2 h.
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Pyrolysis was accomplished via heat treatment at 350 °C for
3 h under argon resulting in a 26% reduction of the mean fiber
diameter (Fig. 3B and 4A). During the heat treatment, some of
the smaller fibers were consumed and the remaining pop-
ulation has a mean diameter of 531 £ 171 nm. Carbothermal
reduction at 1500 °C for 2 h produced fibers with very rough
surfaces and an average size of 294 + 108 nm corresponding to
a 59% reduction compared to the as spun fibers (Fig. 3C & D and
4A). This value is significantly smaller than what was recently
reported for ZrC/C fibers by Li et al. (i.e., 500 nm to 1.5 um)
using polyzirconoxane and PAN.** The homogenous fibers after
carbothermal reduction did not exhibit any indication of a core-
shell geometry and are composed of carbide nanocrystals
embedded in a matrix of porous carbon (Fig. 3E). The free
carbon content was measured to be 15 mass% (Table 2) and we
see a similar coating of graphene-like carbon layers around the
metal carbide domains (Fig. 3F). The isotherm measured via gas
sorption analysis shows a similar shape than for TiC/C (ESI,
Fig. S1At) and confirms the highly porous nature of the fibers
and a surface area of 224 m> g~ ' (Table 2). This value is lower
compared to the TiC/C-system; yet, we have to consider the
higher density of zirconium carbide (6.7 g cm™>) compared to
TiC (4.9 g cm %) and the lower free carbon content of 15 mass%
compared to 32 mass% with a high porosity.

Unlike the PVP in the TiBO system, CA and ACAC both
participate in the condensation reaction as can be seen when
comparing the FTIR spectra of the Zr(iv)AcAc sol and ZrO fibers
(Fig. 4D). The sol has peaks that are a combination of the
constituents of the solution. There are almost no free hydroxyl
groups as evidenced by the down shifted, almost indistinct -OH

G-mode

combination modes
and overtones

Intensity

1500 2000 2500 3000 3500
Raman shift (cm™)

Fibers ZrO

500 1000

Transmission

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(A) Fiber diameter distributions of the as spun fibers and heat treated fibers at 350 °C and 1500 °C. (B) Raman spectrum and (C) X-ray

diffractogram of the ZrC/C nanocomposite fibers after heat treatment in argon at 1500 °C for 2 h. (D) FTIR spectra of the ZrO sol and the as spun

fibers.
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peak at 3150 cm ™. Both AA and CA present -OH groups and the
position of this peak suggests that there are several varieties of
hydrogen bonding occurring in the solution.*® There are also
two peaks assigned to the C=0 stretching mode: one is located
at 1754 cm™ " associated with the carbonyl of the CA and the
other more intense peak at 1711 cm ™" stems from the carbonyl
of the AcAcACAC and AA.** The peaks at 1576, 1530, and
1385 cm ™ relate to the C=0 symmetric and asymmetric stretch
of the Zr(v)AcAc.” In addition, the AcAc has two bands that
arise due to mixed vibrations of the -CH; and -CH, out of plane
bending interacting with ~OH at 1421 and 1293 cm ™. Finally,
we see a peak at 774 cm~ ' due to the -CH; out of plane rock-
ing.* The bands assigned to the Zr-O are at 664 and 544 cm ™"
and the peaks characteristic for CA are located at 1363 cm™ " for
the -CH in plane bending, 1225 cm ™" for the C-O stretch of the
carboxylate, and 1160 cm™ ' for the asymmetrical C-O-C
(bridge) stretch. Finally, the pryanose ring C-O-C band is at
1051 cm ™" and the out of plane -OH is located at 600 cm™".%
The FTIR spectrum of ZrO fibers is very similar to the sol except
the -OH stretch has shifted to higher wavenumbers from 3150
to 3495 cm ' indicating there are more free ~OH and less
hydrogen bonding. The carbonyl peaks for the CA and AcAc
have become indistinguishable and shifted to higher wave
numbers (i.e., 1737 cm™ ') indicating less hydrogen bonding to
the AcAc. This is most likely due to the release of the AcAc from
the Zr ion. A new peak at 1560 cm ™" is assigned to the Zr-O-C
stretch from the CA forming a complex with the Zr ion. In
addition, a new band at 840 cm ™! is due to the formation of Zr-
O-H, an intermediate step in the condensation reaction. There
is also significant broadening of the bands below 750 cm™"
assigned to the formation of the O-Zr-O network.*'

The remaining organic groups in the fiber, after the
condensation reaction is completed, are converted to carbon
during carbothermal reduction at 1500 °C for 2 h. The resulting
carbon is slightly more organized than the carbon in the TiC/C
nanocomposite, as seen from TEM (Fig. 3F). This observation is
supported by Raman spectroscopy (Fig. 4B, Table 2) where a
Ip/lgratio of 1.7 was indicative of a higher degree of
carbon ordering. In the spectra, the D-band is located at
1337 £+ 1.3 cm ™' (FWHM: 66 + 3.6 cm™ ') and the G-band at
1594 £ 0.5 cm ™' (FWHM: 63 + 2.2 cm™ '). Besides the partially
graphitic carbon, there is only one fully crystalline phase,
namely ZrC, as identified with XRD (Fig. 4C). Rietveld analysis
confirmed the space group Fm3m typical for zirconium carbide
and yielded a lattice parameter of 0.469 nm (c¢f PDF-35-0784:
0.469 nm).** The calculated average coherence length was
65 nm which is in agreement with TEM micrographs (Fig. 3E
and F), but larger than what we observed for TiC/C nano-
composite fibers.

3.3. Niobium carbide/carbon nanocomposite fibers

Electrospinning NbBO with PVP was particularly challenging
because of NbBO's strong tendency towards hydrolysis and
condensation in the presence of ambient water. The solution
droplet at the spinneret tip gels as soon as it is exposed to
ambient moisture making it difficult to electrospin because the

This journal is © The Royal Society of Chemistry 2015
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viscosity increases dramatically with time. As a result, the yield
of fibers is very low and impossible to remove from the collector.
To retard gelation, acetic anhydride was added to the spin dope
because the Ac,0 forms a bidentate ligand with the hydrolyzed
niobium ion.** This ligand inhibits the condensation reaction
and, in effect, slows down the gelation rate so that the viscosity
remains in a suitable range during electrospinning. This way,
freestanding nonwoven textile mats can be effectively obtained.

Adopting the outlined synthesis procedure, we obtained
smooth and cylindrical as-spun fibers with an average diameter
of 124 + 74 nm (Fig. 5A and 7A). After pyrolysis at 400 °C, the
fibers maintain their smooth morphology and their diameter
does not change significantly (Fig. 5B and 7A). Electron
microscopy shows a uniform amorphous structure after heat
treatment at 400 °C building a free-standing network of partially
sintered fibers (Fig. 5B).

Analysis of the FTIR spectrum (Fig. 5C) of the NbBO sol is
complicated because of overlapping bands arising from DMF, PVP,
and the carboxylates from the Ac,O. The bands in the 3500-3200
em ™' can be assigned to -NH stretch of the PVP. In addition,
absorbed water is present in the samples as evidenced by the free
water rotations between 3900-3500 cm™'. The -CH, and —CH,
stretch modes are assigned to the bands between 3000-2800 cm ™"
and the prominent band at 1667 cm ™" is a convolution of the C=0
stretch peaks from the PVP, DMF, and Ac,O. The bands assigned
to the DMF below 1550 cm ™" are the -CH; bending at 1506 cm ™",
the symmetric bending of the methyl groups at 1394 cm™*, and the
-CN at 1255 cm™ ' These bands are not present in the spectra of
the fibers because the DMF evaporates during electrospinning.
PVP is present in both the sol and the fibers and the bands
assigned to the PVP are the ring CH, scissoring at 1489, 1456, and
1423 cm™ ", The NbBO in the sol has assigned bands at 1472 cm ™"
for the -CH bending and at 1086 cm ™" and 1055 cm ™" assigned to

e
1@"’:i U

NbO sol

Fibers NbO

Transmission

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig.5 Scanning electron and transmission electron micrographs of (A)

NbO as spun, and (B) after 400 °C in argon. (C) FTIR spectra of the NbO
sol and the as spun fibers.
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Fig. 6

the Nb-O in the butoxide. In addition, we see peaks assigned to
PVP and Nb-O from the butoxide between 1200-1000 cm™" and
also very broad peaks below 900 cm ™" assigned to the formation of
poorly organized NbO.*

Scanning electron microscopy presents cylindrical fibers with
rough surface structure for all temperatures (Fig. 6). After car-
bothermal reduction at 1100 °C, the fiber diameter decreases to
80 + 44 nm and further annealing at 1700 °C reaches 65 £ 36 nm
fiber diameter (Fig. 7A). To the best of our knowledge, these are
the thinnest such fibers reported in the literature so far.

To evaluate the effect of the carbothermal reduction
temperature on the resulting carbide/carbon composite, fiber
mats from the NbBO precursor were subjected to carbothermal
reduction in argon at 1100, 1300, 1500, or 1700 °C. The free
carbon content increases from 15 mass% for 1100 °C synthesis
temperature to finally 29 mass% at 1700 °C (Table 2). The mats
remained structurally intact after all temperatures; however, the
material became more brittle as a result of increased carbon
graphitization. The latter can be seen in the Raman spectra of
the samples taken after each heat treatment (Fig. 7B).

35690 | RSC Adv., 2015, 5, 35683-35692

(A, C, E and G) Scanning and (B, D, F and H) transmission electron micrographs of NbC/C synthesized at 1100, 1300, 1500, and 1700 °C.

Aligning with the results for TiC/C and ZrC/C, NbC/C MCC
also exhibits a uniform distribution of metal carbide nano-
crystals engulfed by a matrix of disordered carbon (Fig. 6B, D, F
and H). Thermal treatment at 1100 °C yields highly disordered
NbC particles (Fig. 6B), but the crystallinity increases signifi-
cantly at 1300 °C (Fig. 6D) and larger crystals can be seen for
temperatures of 1500 °C and 1700 °C (Fig. 6F and H). NbC
nanocrystals were engulfed or covered by partially graphitic and
disordered carbon coming from the carrier polymer. The
nanocomposite character of NbC/C nanofibers is corroborated
by Raman spectroscopy (Fig. 7B, Table 2) and XRD measure-
ments (Fig. 7C). These data identify partially graphitic carbon
and nanocrystalline niobium carbide as the two components of
the composite nanofibers. In particular, the Raman spectra
exhibit the characteristic D- and G-modes indicating the pres-
ence of free-carbon and the disordered nature (Fig. 7B). Using
different annealing temperatures, the Ip/Ig-ratio decreases
dramatically from 2.6 to 1.2 from 1100 °C to 1700 °C, indicating
the increasing carbon ordering (Table 2).

This journal is © The Royal Society of Chemistry 2015
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(A) Fiber diameter distributions of NbO as spun and after different annealing temperatures. (B) Raman spectra, (C) XRD diffractograms, and

(D) calculated NbC nanodomains sizes (i.e., average coherence length) for NoC/C nanocomposite nanofibers obtained after carbothermal

reduction at different temperatures.

XRD data was subject to Rietveld analysis yielding an average
coherence length of 38 nm and a lattice parameter of 0.447 nm
for Fm3m niobium carbide (¢f PDF-38-1364: 0.447 nm) (Fig. 7C
and D).** No changes in lattice spacing or crystal structure for
the samples derived by carbothermal reduction at 1300, 1500, or
1700 °C were observed. In contrast, the XRD diffractogram after
treatment at 1100 °C shows only broad peaks associated with
partially graphitic carbon with a very small (111) peak emerging
at around 34.8° 26. Partially graphitic carbon is also encoun-
tered for the other samples; yet, the high signal intensity of
metal carbide peaks down-scale the carbon-related signal so
strongly that it appears from first inspection that only metal
carbides would be present. Thus, it is important to complement
XRD with Raman data, as done in this study. We also see a
continuous increase in the NbC domain size (i.e., average
coherence length) with temperature, increasing from 27 nm at
1300 °C and 38 nm at 1500 °C to finally 65 nm at 1700 °C what is
in agreement with transmission electron microscopy (Fig. 7D).

Gas sorption analysis presents specific surface areas of
151 m> g~ ' for 1100 °C which decreases to 39 m* g~ * for 1700 °C.
Due to the more disordered carbon nature at 1100 °C, a higher
pore volume is expected and shown by the gas sorption
isotherms (ESI, Fig. S1Bt). NbC/C synthesized at 1100 °C shows
a characteristic type I isotherm shape indicating a microporous
material. With increasing synthesis temperature the surface
area decreases and the isotherm changes to type II with a small
hysteresis characteristic for non-porous materials. These find-
ings are in agreement with Raman spectroscopy presenting the
transition of a highly disordered and porous material to a
higher degree of carbon ordering with less pores at 1700 °C.

This journal is © The Royal Society of Chemistry 2015

4. Conclusions

In our study, we have presented the first comprehensive
comparison of three different metal oxide/carbon nano-
composite fibers from a sol-gel-approach that can easily be
converted to metal carbide/carbon nanocomposite nonwoven
textiles via carbothermal reduction. In all cases, we obtained
submicrometer-sized fibers; more precisely, we were able to
obtain the following average fiber diameters: 294 & 108 nm for
ZrC/C, 122 + 28 nm for TiC/C, and 65 + 36 nm for NbC/C. All
MCC nanocomposite fibers were homogenously composed of
nanodomains of metal carbide in the range between 20 nm
(TiC/C), 38 nm (NbC/C), and 65 nm (ZrC/C) engulfed in a matrix
of highly disordered carbon. This combination yields a rela-
tively large specific surface area of 450 m”> g~ ' for TiC/C
(1400 °C), 224 m”> g~* for ZrC/C (1500 °C), and 121 m”> g~* for
NbC/C (1500 °C). These high values are related to the presence
of disordered and highly porous free carbon, varying between 15
and 32 mass%. This array of MCC nanocomposite fibers was
obtained in the form of freestanding nonwoven textiles which
may serve as an ideal precursor for the synthesis of highly
porous carbide-derived carbon electrodes for electrochemical
applications.
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