Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2015

Supporting Information for

Tubular TiC Fibre Nanostructures as
Supercapacitor Electrode Material with Stable
Cycling Life and Wide-Temperature Performance

Xinhui Xia,®P Yonggi Zhang,? Dongliang Chao,? Qingin Xiong,? Zhanxi Fan,¢ Jiangping Tu,? Xili
Tong,® Hua Zhang,® and Hong Jin Fan*
& School of Physical and Mathematical Sciences, Nanyang Technological University,
Singapore 637371, Singapore,
b State Key Laboratory of Silicon Materials, Key Laboratory of Advanced Materials and

Applications for Batteries of Zhejiang Province, and Department of Materials Science and

Engineering, Zhejiang University, Hangzhou 310027, China

¢ School of Materials Science & Engineering, Nanyang Technological University, Singapore

639798, Singapore

dState Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of
Science, Taiyuan 030001, P. R. China

Xinhui Xia and Yongqi Zhang contributed equally to this work.

* Address correspondence to fanhj@ntu.edu.sg (H.J. F)

S1



HFC: (TiC) hollow fibre cloth
CFC: carbon fibre cloth
CFC+CNF: carbon fibre cloth branched with carbon nanofibres

HFENT: (TiC) hollow fibre-nanotube

50 um

Figure S1 (a-f) SEM images of cotton fibres of commercial cotton T-shirt (Insets:
low-magnification SEM image and photo of cotton T-shirt)
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Figure S2 Structural and microstructure characterization of TiC hollow fibres: (a) SEM image
of TiC hollow fibre cloth; (b) TEM image (c) and HRTEM of part of one hollow fiber. (d)
XRD pattern; (e) Raman spectrum (BET measurement-isothermal curve in inset); (f) EDS
spectrum.

XRD pattern (Figure S2d) of the as-prepared TiC HFC electrodes shows five strong
diffraction peaks at 35.9, 41.7, 60.5, 72.4, and 76.1° consistent with JCPDS 65-0242. No
other impurity peaks are detected. The phase purity of the as-synthesized samples is also
verified by Raman spectrum (Figure S2e). The three typical Raman peaks (260, 418, 601 cm™)
are characteristic of TiC.>® EDS spectrum of the TiC fibres in Figure S2a further confirms the
component of Ti and C (Cu signal is from the TEM copper grid).
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Figure S3 Characterization of TiC hollow fibre cloth supported carbon nanofibres
(HFC+CNF). (a-f) SEM images. Insets are the corresponding low-magnification SEM images.
(9) XRD pattern. Except for the characteristic peaks of TiC, the new broad diffraction peak
centered at ~26.4 ° is due to amorphous carbon (JCPDS 75-1621). (h) Raman spectrum. Two
broad and low-intensity peaks (1335 and 1573 cm™!) are due to amorphous carbon.

Figure S4 TEM-HRTEM images of carbon nanofibres (SAED pattern in inset). The carbon
nanofibres show low-intensity selected area electronic diffraction (SAED) patterns, indicating
their low crystallinity or amorphous nature. In the HRTEM image, certain incomplete fringes
can be noticed revealing its low level of crystallization.
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Figure S5 Characterization of carbon fibre cloth (CFC) electrodes. (a-f) SEM images. (Q)

XRD pattern. (h) Photograph of the electrodes. (i) BET measurement (isothermal curve). The
CFC electrodes have a surface area of ~53 m?/g.
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Figure S6 Characterization of carbon fibre cloth supported carbon nanofibres (CFC+CNF)
electrodes. (a-d) SEM images. (e) XRD pattern. (f) BET measurement (isothermal curve). The
CFC+CNF electrodes have a surface area of ~135 m?/g.
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Figure S7 CV curves and charge/discharge curves of four supercapacitors based on different

Current density (A cm
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electrodes at room temperature (25 °C): (a, b) TiC HFC; (c, d) CFC+CNF; (e, f) CFC.
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Figure S8 (a) CV curve of TiC HFNT electrode at a scanning rate of 2.5 mV/s; (b) Raman
spectra of TiC electrode before and after charging at 2 A/g.

In order to further confirm whether the TiC behavors as an EDLC material, we further
conducted CV test at a low scanning rate of 2.5 mV/s and Raman measurement before and
after charging at 2 A/g (Fig. S8). Note that still no redox peaks can be observed in the CV
curve of TiC at a low scanning rate, and the CV loop still has a quasi-rectangular shape, which
IS a characteristic CV behavior of EDLC materials. This is different from that of
pseudo-capacitive materials, which always show obvious redox peaks in the CV at low
scanning rates (especially lower than 5 mV/s). In addition, the Raman spectra of the TiC
electrode before and after charging (Fig. S8b) show that no additional peaks after charging,
and all peaks are still from TiC, implying that no new phase is formed after charging. These
results verify that the TiC electrodes is indeed EDLC material, similar to other metal carbides

such as TaC nanowire electrodes.*

S8



a 0.20 ——ewr b 1.8
—_ ——TiC HFC ——TiC HFNT
S 0151 CFC-CNF 16 ——TiC HFC
E —Crc 1.4l CFC+CNF
0.10} - ——CFC
3 z 12
'
%“ 0051 gﬁ 1ol /
g o000} = os}
= -
£ -005| 061
= 04}
5 -0.10} N
-0.15 L I L I I I I I L 0.0 i L L L L L L L
-0.2 00 02 04 06 08 10 1.2 14 16 18 0 20 40 60 80 100 120 140 160
Voltage (V) Time (s)
c
16l —— TiC HFNT
: ——TiC HFC
14l CFC+CNF
—~ ——CFC
= 12t
S 1of
<
e
= 08}
- 06 [/
04l ff
02l
OO | 1 1 1 1 1 1
0 100 200 300 400 3500 600 700
Time (s)

Figure S9 (a) CV curves of four supercapacitors at a scanning rate of 300 mV/s. (b)
Charge/discharge curves of four supercapacitors at 2 A/g. (c) Charge/discharge curves of four
supercapacitors at 0.5 A/g
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Figure S10 (a) Areal specific capacitance of four electrodes. (b) Specific capacitances of four

full supercapacitors.
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Table S1. Specific capacitance of four electrodes at various current densities at room

temperature (25 °C, based on the mass of single electrode).

Gravimetric and areal specific capacitance

Electrode type 2A/g 5A/g 8Alg | 10A/g | 20A/g 30 Alg
185 Flg 180 F/g | 177F/g | 172Flg | 160 F/g 146 Flg

TiIC HENT 41.6 Flem3 40.5 39.8 38.7 36 32.8
Flcm?® Flcm?® Flcm?® Flcm?® Flcm?®
110 F/g 106 F/lg | 103F/g | 100F/g | 93 F/g 83 F/g

TiC HFC 16.8 16.2 15.7 15.2 14.2 12.6
Flcm?® Flcm?® F/cm?® F/cm?® Flcm?® F/cm?®
107 Flg 103 F/g 99F/g | 95F/g 85 F/g 74 Flg

CFC+CNF 15.5 Flcm?® 14.9 14.4 13.8 12.6 11.6
Flcm?® Flcm?® Flcm?® Flcm?® F/cm?®
65 F/g 62 F/g 58 F/g | 54 Flg 45 Flg 36 F/g

CFC 6.5 6.2 5.8 5.5 45 4.0
Flcm?® Flcm?® F/cm?® F/cm?® Flcm?® F/cm?®

Table S2 Electrochemical results of four symmetric supercapacitors at various current
densities (25 °C, based on the total mass of cathode, anode and separator).

Full supercapacitors
Type
Specific capacitance (F/g) Power density (W/kg) vs.
Energy density (Wh/kg)
1 2.5 4 5 10 15 760 3800 | 5700 9550 | 11000
Alg | Alg | Alg | Alg | Alg | Alg | Wikg | W/kg | W/kg | Wikg | Wikg
TiC 44 | 429 | 421 | 41 | 38.1 | 348 | 156 146 | 14 12.9 12.4
HFENT
TiC 26.2 | 252 | 245 | 238 | 22.1 | 19.8 9.3 8.5 8.1 7.4 7.0
HFC
CFC+ | 255 | 245 | 236 | 22.6 | 20.7 19 9 8.4 7.6 7.1 6.7
CNF
CFC 155 | 148 | 13.8 | 13.1 | 10.7 9.5 55 4.6 4.2 3.5 3.3
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Table S3 Cycling results of four electrodes at various current densities at room temperature

(25 °C, based on the mass of single electrode).

Electrode 2 Alg after 5 Alg after 10 A/g after 2 Alg after
Type 50,000 cycles 100,000 cycles | 150,000 cycles | 160,000 cycles
TiC HFENT 183 F/g, 176 Flg, 169 F/g, 182 F/q,

99 % retention 98 % retention 97 % retention
TiC HFC 108 F/g, 103 F/g, 97 Flg, 107 Flg,

98 % retention 97 % retention 97 % retention
CFC+CNF 103 F/g, 94 Flg, 82 Flg, 93 F/g,

96 % retention 91 % retention 86 % retention
CFC 62 F/g, 56 F/g, 44 Flg, 54 Flg,

95 % retention

90 % retention

80 % retention
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Figure S11 Morphologies of full electrodes after 160,000 cycles: (a, b) TiC HFNT electrodes;
(c, d) CFC+CNF electrodes; (e) TiC HFC electrodes and (f) CFC electrodes.
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Table S4 Electrochemical parameters of different kinds of carbon materials electrodes.

Carbon Material type Specific Capacitance Mass density
electrodes capacitance retention after (mg cm™?)
(F/g) cycles
Activated Powder 120-205 81% after 3
Carbon (AC)? 23,000 cycles
AC? Powder 135 76% after 8-10
10,000 cycles
N-doped AC’ Powder 150 / 4
AC8 Powder 74 88% after 500 3-4
cycles
Single-wall Powder 110-180 / 11.25
carbon nanotube
(SWCNT)®
SWCNT arrays Integrated 80 / 0.5
10 electrode
SWCNTY! Integrated 36-110 / 0.3
electrode
Carbon Integrated 21 / /
nanotubes electrode
(CNTs)*
AC/Graphene®? Powder 103-210 94.7 % after 0.3
5,000 cycles
RGO/carbon Integrated 80-112 100% after 1-2
black4 electrode 2,000 cycles
Powder 180 85 % 0.91
Nano carbon?'® After 10,000
cycles
RGQ16-18 Powder 97-154 / 3.7-5
RGO paper'? Film 181 / 0.5
Activated Powder 166 97% after /
graphene? 10,000 cycles
Carbon Powder 76-115 89 % after 4000 /
nano-onions 2 cycles
Graphene Integrated 110-119 / /
hydrogel?? electrode
Graphene 23 Integrated 100-139 61 % after 700 0.6-0.8
electrode cycles
Graphene?* Integrated 60-70 100% after 1000 0.2
electrode cycles

S13




Graphene 2° Integrated 265 98 % after 0.6
electrode 10,000 cycles
Grapheng?6-28 Powder 159-180 98 % after 1000 2.1
cycles
Grapheng?® 0 Powder 110-256 99 % after 5000 2
cycles
Sponge-like Powder 50-65 / 2
Graphene®!
Graphene Integrated 160-212 84 % after 2000 8
paper3 electrode cycles
Graphene Integrated 186-366 80 % after 2000 1
aerogel® electrode cycles
Carbon Integrated 130-180 90% after 3000 60
nanofiber* electrode cycles
Mesoporous Powder 200-300 98% after 1000 0.125
carbon fiber® cycles
Carbon Powder 198 95% after 1000 4.1
spheres/graphene cycles
composites3®
Laser-scribed Integrated 100-300 >97 % after 0.036
Graphene®’ electrode 10,000 cycles
CNTs/Graphene Powder 385 100 % after 0.9
composites®® 2,000 cycles
Graphene/ CNTs Powder 326.5 / 0.8
composites®®
3D graphenge?? Powder 166-341 96 % after 1,000 0.3-0.4
cycles
CNTs/RGO Powder 244 100 % after 2
composites* 1,000 cycles
Nitrogen-doped Powder 381 96 % after 5,000 0.11
graphene hollow cycles
nanospheres*?
Carbon Powder 185 91.7 % after 0.2
nanocage*? 10,000 cycles
Mesoporous Powder 280 91.6 % after 1-2
carbon fibres* 1,000 cycles
Nitrogen-doped Powder 202 100 % after 5-6
porous carbon 3,000 cycles

nanofibres*
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Figure S12 CV curves (a scanning rate of 200 mV/s) and charge/discharge curves of four
supercapacitors (a current density of 5A/g) at different working temperatures ranging from
—-15 °C to 65 °C: (a, b) TiC HFC; (c, d) CFC+CNF; (e, f) CFC. (g) Specific capacitances of
full supercapacitors at different working temperatures.
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Table S5 Electrochemical results of four electrodes and symmetric supercapacitors at current
density of 5 A/g at different working temperatures.

Electrode | _)50c 50C 25°C 45°C 65°C
type
Single electrode
Tic 120 F/ 132 F/ 180 F/ 184 F/ 192 F/
HENT g g g g g
Full supercapacitor
28.6 F/g 31.4 Flg 42.8 FIg 43.8 Flg 45.7 Flg
Single electrode
TiC
72 Flg 80 F/g 106 F/g 109 F/g 115 F/g
HFC
Full supercapacitor
17.1 Flg 19.0 F/g 25.2 Flg 26 Flg 27.4
Single electrode
CFC+
53 F/g 69 F/g 99 F/g 104 F/g 108 F/g
CNF
Full supercapacitor
12.5 F/g 16.4 F/g 23.6 F/g 24.7 Flg 25.7 Flg
Single electrode
CEC 33 F/g 44 Flg 62 Flg 67 Flg 72 Flg
Full supercapacitor
79F/g 10.5F/g 14.8 Flg 16 F/g 17.1Flg
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Table S6 Cycling results of four electrodes at 5 A/g at —15 °C and 65 °C (based on the mass

of single electrode).

Electrode 5 A/g after 50,000 cycles 5 A/g after 100,000 cycles
type at-15°C at 65 °C
TiC HFENT 115 Flg, 178 Flg,
95. 8 % retention 93.5 % retention
TiC HFC 70 Fl/g, 105 F/g,
97.2 % retention 91.3 % retention
CFC+CNF 45 Flg, 80 F/g,
84.9 % retention 74.1 % retention
CFC 25 F/g, 41 Flg,
75.7 % retention 56.9 % retention
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