Effects of ammonolysis and of sol-gel titanium oxide nitride coating on carbon fibres for use in flexible supercapacitors
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Smooth titanium oxide nitride coatings have been deposited on carbon fibres using a non-oxide sol-gel method based on self-condensation of titanium alkylamide species. Both the coating and a nitridation of the fibres resulting from the coating process increase the capacitance of the fibres measured in aqueous acid conditions, with significant redox capacitance contributions. When flexible symmetric capacitors were made from the coated fibres and an acid gel electrolyte they provided competitive energy and power densities. Their capacitance was retained very effectively on bending up to 180°.

Introduction
Electrical charge storage in batteries and capacitors typically involves devices that are rigid in shape and cannot be incorporated into flexible objects without accommodating a bulky component. Fibre-based supercapacitors with flexible gel electrolytes are a promising way to integrate charge storage into items such as clothing without compromising on design.1,2 Carbon fibres have the advantages that they are relatively inexpensive, can maintain electronic conductivity over long distances and can be woven directly into flexible sheets.
In order to increase the charge storage capacity of flexible supercapacitors there are two key options, to increase the surface area of the carbon in order to maximise double layer capacitance or to incorporate redox functionalities. Polymers such as polyaniline can be incorporated onto fibre surfaces to provide this functionality.3 Various composites of redox-active metal oxides with carbon particles, tubes, fibres, sheets or 3-dimensional structures have also been tested in flexible supercapacitors.4 Oxides used include TiO2,5,6 V2O5,7 WO3,8 Mn2O3,9 MnO2,10–13 RuO2,14 Co3O4,15 NiO16 and CuO,17 most of which have relatively low electronic conductivities.
Metal nitrides including TiN,18–28 VN,29–39 TiVN,40 NbN,41,42 Nb4N5,43,44 CrN,45 Mn3N2,46 MoN,47 Mo2N,48–52 Fe2N,53,54 RuN55 and WN56 and GaN57 are increasingly studied for supercapacitor applications, with higher conductivities than the respective oxides a key driver. In VN the capacity has been found to increase over initial cycles with surface oxide formation and high capacity has been attributed to this surface oxide.29 In TiN this is more complex, with some authors noting a decrease in capacitance18 but others noting “surface activation”.20 Electrochemical oxidation prior to assembly of devices can enhance capacitance significantly.23 The performance of the native oxide surface on TiN has been linked to its nitrogen content, with a nitrogen-rich material achieving more capacity during cycling due to nitrogen doping of the surface oxide that enhances its conductivity.21 Titanium oxynitride nanostructures have also shown good supercapacitor performance.58
Non-oxide sol-gel methods can be used to produce a range of morphologies including metal nitride powders, films and porous structures.59–63 We recently showed that sols based on Ti(NMe2)4 and nPrNH2 could be used to coat nanocrystalline LiFePO4 powders providing an effective conductive surface when the powders were incorporated into lithium battery cathodes.64 Herein we use an adaptation of that process to coat carbon fibres with the aim of exploiting a redox functionality in the coatings to provide increased capacitance.
Experimental
Tetrakisdimethylamido titanium (Ti(NMe2)4; Epichem) was distilled in vacuo before use. n‑Propylamine (Aldrich) was distilled from barium oxide. THF and hexane were purchased from Fisher and distilled from sodium/benzophenone ketyl ether. Carbon fibres were purchased from Zhongfu-Shenying Carbon Fiber Co., Ltd, and were immersed in concentrated sulfuric acid (AR, Pinghu Chemical Reagent Co., Ltd) at room temperature for 2 h, then washed with deionized water several times and dried in the oven for 2 h (designated CF). Anhydrous ammonia (BOC) was dried by passing through a column of molecular sieves before use in ammonolysis reactions, and samples were loaded into furnace tubes that allowed air-free handling of samples prior to heating. Some carbon fibres were annealed under ammonia at 1000 °C for 6 h before use (designated CF-NH3).
Sol preparation and fibre coating were carried out under nitrogen using Schlenk or glove box methods. Ti(NMe2)4 was dissolved in hexane (or THF) and nPrNH2 was added, the quantities of each component are shown in Table 1. The solution gradually changed colour from yellow to red-orange. The hexane sols underwent some initial precipitation but this re-dissolved, as reported previously.62 After stirring at room temperature overnight the sols were used to coat carbon fibres by dipping into the sol and allowing the solvent to evaporate in the glove box. After coating with the titanium amide-based gel, the carbon fibres were heated under a flow of NH3 at 2.5 °C min-1 to 800 °C and maintained for 6 h before cooling. The prepared samples with different sol concentrations were designated as CF-TiN-x (x = 1, 2, 3, 4, 5 depending on concentration, Table 1).
Table 1  Quantities of reagents used in the preparation of each sol used to prepare TiN-coated carbon fibres (CF-TiN-x)
	
	
	x = 1
	x = 2
	x = 3
	x = 4
	x = 5

	Ti(NMe2)4
	Volume / cm3
	0.43
	0.64
	0.85
	1.27
	1.49

	
	Moles / mmol
	1.80
	2.69
	3.59
	5.39
	6.27

	nPrNH2
	Volume / cm3
	0.30
	0.44
	0.59
	0.89
	1.04

	
	Moles / mmol
	3.59
	5.39
	7.18
	10.78
	12.57

	hexane or THF
	Volume / cm3
	7.50
	7.50
	7.50
	7.50
	7.50



X-ray diffraction (XRD) patterns were obtained from fibres in transmission mode using a Rigaku Smartlab (0.7 mm silica capillaries) or from powders using a Bruker D2 Phaser, both with Cu-Kα radiation. Phase matching used Rigaku PDXL2 and Rietveld refinements used the WPPF routine in PDXL2 with structure models from ICSD.65 Scanning electron microscopy (SEM) used a Philips XL30-ESEM or a Jeol JSM-6500F. Energy dispersive X-ray analysis was carried out on the XL30 with a Thermofisher Ultradry detector and Noran System 7 processing. Thermogravimetric analysis (TGA) was carried out with a Netzsch TG209 F1 Libra, with a flowing O2/Ar mixture (30 cm3 min-1/20 cm3 min-1) and a heating rate of 5 °C min-1. X-ray photoelectron spectroscopy (XPS) used a ThermoFisher Theta Probe spectrometer with focused, monochromatic Al Kα radiation (analysis chamber pressure <3×10-9 Pa; h = 1486.6 eV; spot size 400 µm; constant pass energy of 40 eV). Short acquisition time spectra were recorded at the beginning and at the end of each experiment to check that the samples did not suffer from degradation and/or charging during the measurements. The Casa XPS software package was used for data analysis. The binding energy scale was calibrated from the graphitic carbon at 284.6 eV. Core peaks were analysed using a nonlinear Shirley-type background.66 Peak positions and areas were optimized by a weighted least-squares fitting method using 70% Gaussian and 30% Lorentzian line shapes. Quantification was performed based on Scofield’s relative sensitivity factors.67 For each sample, several XPS analyses were performed at different positions to ensure the results were statistically reliable.
Cyclic voltammetry (CV), galvanostatic charge-discharge curves, electrochemical impedance spectroscopy and cycling stability measurements were conducted using a Biologics SP150 potentiostat. The electrochemical measurements of CF-TiN were carried out in a three electrode electrochemical cell containing 1.0 mol dm-3 H2SO4 aqueous solution as the electrolyte, a platinum gauze counter electrode and Hg/HgSO4 (0.1 mol dm-3 K2SO4) as the reference electrode at room temperature. 
The gel electrolyte fibre supercapacitors were fabricated by sandwiching two CF-TiN-1 fibre electrodes with a polypropylene non-woven fabric (Shanghai Heqi Glassware Co., Ltd.) separator. Each electrode and the separator were dipped twice into a PVA/H2SO4 gel electrolyte. The gel electrolyte was prepared by a modification of a literature68 method: 3 g polyvinyl alcohol (PVA, molecular weight 175050, Sinopharm Chemical Reagent Co., Ltd) and 4.5 g concentrated H2SO4 were mixed with 30 cm3 deionized water. The mixture was heated at 85 °C for 4 h and then allowed to cool to room temperature before use.
Results and Discussion
Carbon fibres were coated with titanium oxynitride using a sol-gel approach that we have previously applied to make a number of titanium nitride morphologies.60,62–64 A similar approach was employed by Liu et al to coat graphite fibres with Ti(C,N) to increase their oxidation resistance.69 Our method relies on the self-condensation of primary amide ligands that result from transamination of [Ti(NMe2)4] using n-propylamine. Initially sols were produced in THF, but when these were used in attempt to coat carbon fibres distinct blocks of material, rather than a coating, were formed (ESI, Fig. S1). Switching the solvent to hexane, sols formed that were effective in coating the carbon fibres, presumably due to better wetting of the hydrophobic carbon fibre surfaces by hexane compared with THF. Figure 1 shows these coatings to be relatively smooth and continuous after firing in ammonia. Coatings were made with various sol concentrations (see experimental) and the samples are then labelled as CF‑TiN‑x where x = 1-5.

Fig. 1  SEM image and Ti, C and N EDX maps of carbon fibres coated with Ti(O,N) (CF-TiN-4) and fired under ammonia at 800 °C.
In order to deconvolute any changes in the fibre composition or behaviour due to the coating process from the effects of the coating itself, comparisons were made between the carbon fibres, carbon fibres fired in ammonia and Ti(O,N) coated carbon fibres fired in ammonia. The XRD patterns of the uncoated fibres, including those fired in ammonia, contained only broad features that can be attributed to the graphitic content of the carbon (Fig. 2). The coated fibres had TiN features superimposed onto the carbon pattern, but also always contained TiO2 in the rutile and anatase forms. Hence coatings are referred to as Ti(O,N). The ammonia used in firing was carefully dried, so gels produced by removing the solvent from the sols in vacuo were also fired under the same conditions. The crystalline oxide phases were not observed in their XRD patterns. Hence, the oxide observed in the coatings is believed to derive from reactions of the oligomers within the sol with oxygen-containing groups on the carbon fibre surfaces. Sulfuric acid treatment of carbon fibres can be used to improve bonding to polymers in composite material production, and results in multiple oxygen-containing groups on the fibre surfaces.70 Rietveld fits to the XRD data showed TiN to be the major phase with smaller amounts of anatase and rutile (ESI, Fig. S2 and Table S1). The TiN lattice parameter of 4.18-4.19 Å is typical of those reported in the literature.65
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Fig. 2  XRD patterns of carbon fibres (CF), carbon fibres heated in ammonia at 800 °C (CF-NH3) and carbon fibres coated with TiN (CF-TiN-1).
TGA showed a single mass loss step in all cases, with an onset temperature around 450 °C (Fig. 3). The uncoated carbon fibres combusted completely, but a white residue was left from the coated samples that was used to calculate how much titanium was in the samples. This residue was identified by XRD as rutile-type TiO2 (ESI, Fig. S3), confirming that the TiN component had also been completely oxidised. Combining the Rietveld derived phase fractions (Table S1) and the carbon contents from the TGA (Fig. 3) the overall compositions of the fibres can be calculated (Table 2).
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Fig. 3  TGA profiles of Ti(O,N)-coated carbon fibres heated under a 3:2 O2/Ar mixture (30 cm3 min‑1/20 cm3 min‑1) at 5 °C min-1. Residual masses were 0.04% (CF), 26.1% (CF-TiN-1), 37.1% (CF-TiN-2), 35.3% (CF-TiN-3), 33.3% (CF-TiN-4) and 47.1% (CF-TiN-5).
Table 2  Calculated compositions of Ti(O,N)-coated carbon fibres fired at 800 °C based on Rietveld phase fractions and TGA data.
	
	C /wt%
	TiN (osbornite) / wt%
	TiO2(rutile) / wt%
	TiO2(anatase) / wt%

	CF-TiN-1
	78.3
	14.8
	4.0
	2.9

	CF-TiN-2
	70.4
	24.9
	2.6
	2.1

	CF-TiN-3
	70.2
	18.4
	4.8
	6.6

	CF-TiN-4
	72.6
	19.6
	5.2
	2.6

	CF-TiN-5
	63.0
	29.3
	6.7
	1.0



The XPS analysis of the pristine carbon fibres evidences nitrogen (400.7 eV) in low concentration at the surface (2.5 at. %) that can correspond to both pyrrolic N (H-N-(C)2) and tertiary N (N-(C)3-) (Fig. 4). After ammonia treatment the number of pyrrolic and tertiary N groups increases at the surface and a further environment at 398.1 eV is observed on the N 1s core peak (ESI, Table S2). That new environment is associated with pyridinic N (C=N-C).71,72 After coating, the XPS analysis shows a Ti 2p signal with two different environments (Fig. 5). The broad Ti 2p3/2-1/2 doublet at 457.5-463.0 eV is assigned to titanium oxynitride TiOxNy in agreement with the additional N 1s component located at 396.2 eV.23 The doublet at higher binding energy (459.1-464.8 eV) is characteristic of titanium dioxide. The Ti 2p3/2 peak of TiN occurs at 455 eV and is not observed, showing that the TiN component of the coatings contains a surface oxide layer. C 1s and O 1s spectra are available as supplementary information (ESI, Fig. S4).
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Fig. 4  N 1s XPS spectra of carbon fibre (CF), ammonia treated carbon fibre (CF-NH3), Ti(O,N)-coated carbon fibre (CF-TiN-1) and post-cycling TiN-coated carbon fibre samples.
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Fig. 5  Ti 2p XPS spectra of TiN-coated carbon fibre (CF-TiN-1) and post-cycling Ti(O,N)-coated carbon fibre samples.
Cyclic voltammograms of the carbon fibres were recorded in dilute sulfuric acid. The potential window was defined by recording a series of scans and limiting the potential range to avoid water oxidation or reduction, hence a window of ‑0.8 to +0.2 V vs Hg/HgSO4 was chosen. The CVs of the untreated fibres showed box-shaped features typical of double layer capacitance, Fig. 6. Ammonolysis of the fibres before cell assembly resulted in a large increase in the currents observed in the CVs, retaining the same basic shape. The Ti(O,N)-coated fibre CVs showed redox features at -0.56 V (oxidation) and -0.75 V (reduction) superimposed onto the nitride fibre shape. These provided a 54% increase in the capacitance at a slow scan rate of 1 mV s‑1 but much smaller increases at 10 or 300 mV s‑1 (Table 3; CVs at further scan rates are provided in ESI, Fig. S4 and the method used to calculate capacitance is shown in ESI, Note 1). The extra capacitance was found to be particularly prominent below ~50 mV s‑1 scan rate, below which the capacitance ramped up steeply (ESI, Fig. S6). This slower charge storage performance is typical of a redox process and likely indicates intercalation of protons into a surface oxynitride component of the Ti(O,N) coating. The redox features observed for TiO2 coatings in similar conditions are expected to be at ~0 V vs Hg/HgSO4,70 and with TiN the features are so broad that they tend not to be observed.73
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Fig. 6  Cyclic voltammograms (1.0 mol dm-3 H2SO4 aqueous solution, Hg/HgSO4 (0.1 mol dm-3 K2SO4), scan rates as labelled) of carbon fibres (CF), ammonia treated carbon fibres (CF-NH3) and Ti(O,N)-coated carbon fibres (CF-TiN-1).
Table 3  CV- and galvanostatically-measured capacitance values of untreated, nitride and TiN-coated carbon fibres in 1 mol dm‑3 H2SO4.
	
	CF / F g-1
	CF-NH3 / F g-1
	CF-TiN-1 / F g-1

	1 mV s-1
	3.3
	19.4
	29.9

	10 mV s-1
	4.7
	26.9
	30.3

	300 mV s-1
	2.6
	11.7
	13.2

	0.1 A g-1
	4.6
	22.8
	38.3

	0.5 A g-1
	3.0
	16.5
	20.0

	1.0 A g-1
	2.0
	12.0
	16.0



Similar results were obtained under galvanostatic cycling conditions. Redox features associated with the Ti(O,N) coating were only observed at low potential at slower charge/discharge rates (Fig. 7), and the remainder of the profile closely resembled that of the ammonia-treated fibres (ESI, Fig. S7). The ammonia treatment led to a significant increase in capacitance and the Ti(O,N) coating increased the capacitance further at lower currents (Table 2). Comparison of the capacitances achieved with different thicknesses of Ti(O,N) coating (ESI, Fig. S7) showed that a thicker coating led to only small further increases, and that is why most of the work focused on the samples with the thinnest coatings. The capacitance was stable over 600 galvanostatic cycles, and low resistances were measured for these cells (Fig. 7).
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Fig. 7  Galvanostatic potential-time plots (1.0 mol dm-3 H2SO4 aqueous solution, Hg/HgSO4 (0.1 mol dm-3 K2SO4), scan rates as labelled) for Ti(O,N)-coated carbon fibres (CF-TiN-1; top) and variations in the capacitance and IR drop (measured as the voltage drop between the last charging and the first discharging data point) of the same fibres with cycle number at 0.5 V s-1 (bottom).
After cycling, the components associated with TiOxNy on both N1s and Ti2p core peaks disappear (Figs. 4 and 5) and the at. % of TiO2 decreases suggesting some loss of the coating and the surface layer being fully oxidised. The former is unsurprising, similar results are found with TiN electrodes23 and it should be remembered that XPS is only probing around 5-10 nm of the surface. The oxide is likely the redox active component and the nitride is present mainly to retain conductivity. Note that nitrogen is present even in this thin surface layer (Fig. 4), although the N1s core peaks displays a new component at 402.9 eV after cycling, indicating the formation of some oxidised nitrogen species. The surface oxidation could be responsible for the small increases in resistivity shown in Fig. 7, but overall the resistances remain low.
Resistance was also probed using electrochemical impedance spectroscopy. The spectra were mainly capacitive (Fig. 8), but showed small uncompensated solution resistances and charge transfer resistances. The latter were 7.6 Ω for the carbon fibres, 6.4 Ω for the ammonia treated carbon fibres and 6.1 Ω for the Ti(O,N)-coated carbon fibres.
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Fig. 8  Electrochemical impedance spectra (1.0 mol dm-3 H2SO4 aqueous solution, 0 V vs Hg/HgSO4 (0.1 mol dm‑3 K2SO4), amplitude 10 mV, frequency range 10-2-105 Hz) of carbon fibres (CF), ammonia treated carbon fibres (CF-NH3) and Ti(O,N)-coated carbon fibres (CF-TiN-1). Data were fitted using ZView to a series combination of a resistor (uncompensated solution resistance), a parallel resistor/constant phase element (charge transfer resistance/interface capacitance), and a constant phase element (capacitance).
Symmetric gel electrolyte fibre supercapacitors were fabricated by sandwiching two Ti(O,N)-coated carbon fibre (CF-TiN-1) electrodes with a polypropylene non-woven fabric. The electrode and separator were coated with a PVA/H2SO4 gel electrolyte prior to assembly. Similar capacitors were also assembled and tested using the ammonia treated carbon fibres (CF-NH3).
Cyclic voltammograms of the symmetric cells over a 1 V potential range and at a moderate scan rate of 10 mV s-1 showed no redox features (Fig. 9) but the Ti(O,N)-coated fibres (CF-TiN-1) still showed a larger capacitance (6.0 F g-1 based on the mass of both electrodes) than the ammonia treated fibres (CF-NH3; 3.8 F g-1). The lack of redox features can be attributed to the electrodes in this symmetric environment not being exposed to the low potentials that were needed to activate the redox chemistry in the aqueous cells with a reference electrode. Thus the higher capacitance may be due to an increased surface area in the coated fibre samples. Similar results were found under galvanostatic cycling conditions, where symmetrical charge/discharge profiles were observed (Fig. 9). The Ti(O,N)-coated fibres showed capacitances of 7.8 F g-1 at 0.1 A g-1, 6.9 F g-1 at 0.5 A g-1 and 6.6 F g-1 at 1.0 A g-1, compared with 3.4, 2.4 and 1.6 F g-1, respectively, for the ammonia-treated fibres (CF-NH3).

Fig. 9  Cyclic voltammograms (top) and galvanostatic potential-time plots (bottom) for symmetric supercapacitors assembled using ammonia-treated carbon fibre (CF-NH3) or Ti(O,N)-coated carbon fibre (CF-TiN-1) electrodes. The CV scan rate was 10 mV s-1 and galvanostatic current rates were as shown.
Flexibility during operation is a key potential advantage of supercapacitors constructed from fibres and with gel electrolytes.1,2,74 Our symmetric supercapacitors were tested flat (0°), or bent through 90° or 180° with a 7 mm radius of curvature (geometry shown in ESI, Fig. S8). Very little difference in behaviour was observed under CV or galvanostatic conditions (Fig. 10), showing that these devices are as flexible as they were intended to be. This good performance persisted over multiple cycles, with a small drop off in capacitance over the first ~2000 cycles followed by quite steady capacitance over the next 6000 (Fig. 10). The retention in the capacitance over 8000 cycles was 77% at 0°, 73% at 90° and 83% at 180°. A video clip of a capacitor being flexed during galvanostatic cycling is available in the electronic supplementary information. Both ammonia-treated fibres and Ti(O,N)-coated fibres showed a drop-off in the CV-measured capacitance with increasing scan rate, but this was a little more pronounced in the Ti(O,N)-coated fibres (ESI, Fig. S9). This suggests that redox activity was playing a role in their charge storage behaviour. The CVs also showed higher resistance at fast scan rates in the supercapacitors bent through larger angles (ESI, Fig. S9), which may indicate that the contact between the layers is being interrupted to some extent by bending.

Fig. 10  Cyclic voltammograms (10 mV s-1; top), galvanostatic potential-time plots (0.1 A g-1, centre) and capacitance vs cycle number calculated from the galvanostatic data (0.5 A g-1, bottom) of symmetric supercapacitors cycled flat (0°) or bent through a 90° or 180° angle.
The specific capacitances achieved in this study compare favourably with other studies into flexible supercapacitors in terms of energy and power density, as shown in Fig. 11 (the calculation methods used for Fig 11 are presented in ESI, Note 2). As described above, this performance can be ascribed to the increases in charge storage density that come from the combination of nitridation of the fibres and the redox activity of the Ti(O,N) surface coating. However, in the future it should be possible to take this approach further. For example, larger specific surface areas and better electron transport may be provided by 3-dimensional carbon network structures, for example by weaving the fibres or using foam or reticulated carbon structures. Much of the redox activity of the Ti(O,N) coatings is at low potential, so larger capacitances as well as higher voltages may be achievable in asymmetric capacitors by using such Ti(O,N)-coated carbon electrode systems in combination with an electrode that has redox activity at higher potential.
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Fig. 11  Ragone plot comparing the volumetric energy and power densities of the solid flexible supercapacitor devices described in this study, measured under galvanostatic conditions at 0.1 A g-1 (a), 0.5 A g-1 (b) or 1 A g-1 (c) and at bending angles as indicated, with those of other flexible supercapacitors in the literature.5,6,8,30,75–78
Conclusions
A non-oxide sol-gel method has been used to produce titanium oxide nitride coatings on carbon fibres. Smooth coatings were achieved by matching the solvent hydrophobicity to that of the fibre surfaces. The oxide component in the coatings appears to be due to interaction with surface oxygen-containing functionalities on the carbon fibres. The high temperature ammonia treatment required to crystallise the metal nitride also increases the nitrogen content of the fibres themselves. Both the surface nitridation and the Ti(O,N) coatings contribute to increased capacitances in aqueous or gel acid environments. The main redox activity of the Ti(O,N) component is at low potential, but even at fast scan rates, where no redox peaks were observed in cyclic voltammetry or galvanostatic experiments, this component increased the capacitance of the electrodes. The capacitors had low resistance and were stable over hundreds of cycles. Flexible capacitors made with an acidic gel electrolyte delivered competitive energy and power densities that were unaffected by bending the devices.
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