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Abstract:



Porous carbon materials are used for many electrochemical applications due to their outstanding properties. However, research on controlling the pore structure and analyzing the carbon structures is still necessary to achieve enhanced electrochemical properties. In this study, mesoporous carbon nanotube (CNT)-carbon nanofiber electrodes were developed by heat-treatment of electrospun starch with carbon nanotubes, and then applied as a binder-free electrochemical electrode for a lithium-ion battery. Using the unique lamellar structure of starch, mesoporous CNT-carbon nanofibers were prepared and their pore structures were controlled by manipulating the heat-treatment conditions. The activation process greatly increased the volume of micropores and mesopores of carbon nanofibers by etching carbons with CO2 gas, and the Brunauer-Emmett-Teller (BET) specific area increased to about 982.4 m2·g−1. The activated CNT-carbon nanofibers exhibited a high specific capacity (743 mAh·g−1) and good cycle performance (510 mAh·g−1 after 30 cycles) due to their larger specific surface area. This condition presents many adsorption sites of lithium ions, and higher electrical conductivity, compared with carbon nanofibers without CNT. The research suggests that by controlling the heat-treatment conditions and activation process, the pore structure of the carbon nanofibers made from starch could be tuned to provide the conditions needed for various applications.
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1. Introduction


Carbon nanofibers are promising electrode materials for energy storage devices due to their low density, high electrical conductivity, mechanical stability, high surface area, chemical inertness, and relatively low cost [1,2,3,4]. As for application in lithium-ion batteries, carbon nanofibers need not only to provide shortened pathways for lithium ion transport, but also to offer an extensive interface with the electrolyte to promote rapid charge-transfer reactions. Therefore, a highly porous surface is needed to enhance the surface area of the carbon nanofibers. An ideal electrochemical electrode requires both a large surface area for ion storage, and an interconnected porous network with pores that are sufficiently accessible for electrolyte wetting and rapid ionic transport. Along with a large surface area, the pore structure, including size and distribution, is very important for achieving superior electrochemical properties. However, it is hard to control the pore size uniformity and shape [5].



Many researchers are developing porous carbon nanofibers using various approaches. Template-based methods have been considered the best for the synthesis of porous carbon materials with designed pore architecture and with control over the pore size distribution [6,7]. However, this requires synthesis in multiple steps, which results in a time-consuming procedure and low yield [8,9]. Among the various fabrication methods, electrospinning technology has emerged in recent years as a simple and effective approach to produce nanofibers with high surface area, from either polymer solutions or melts [10,11,12,13]. However, it is not easy to achieve precise control over the properties of the electrically conductive carbon nanofibers to produce controlled surface area or pores with narrow size distributions.



Previously, we reported a new hybrid carbon architecture consisting of CNT-reinforced carbon nanofibers with highly mesoporous structure made by electrospinning starch [14]. Mesoporous CNT-carbon nanofibers exhibit a high specific capacitance (170 F·g−1) and electrical conductivity (2.1 S·cm−1) as electrodes for supercapacitors, due to high specific surface area and sufficient pore distributions at an effective mesoporous size range of 3–5 nm. However, more research is needed on how to control the pore structure and analyze the carbon structures to be used for each electrochemical application.



Here, we report highly mesoporous carbon nanofibers reinforced with CNT, successfully fabricated using the unique lamellar structure of starch. The porosity of the CNT-carbon nanofibers was controlled by manipulating the heat-treatment conditions and the activation process. The volume of micropores and mesopores of the carbon nanofibers was greatly increased by etching disorganized carbons with CO2 gas. The specific area of activated carbon nanofibers was increased to about 982.4 m2·g−1. The activated CNT-carbon nanofibers show high specific capacity (743 mAh·g−1) and good cycle performance (510 mAh·g−1 after 30 cycles) due to its larger specific surface area. This provides many adsorption sites for lithium ions and higher electrical conductivity.




2. Materials and Methods


2.1. Synthesis of CNT-Starch Nanofibers


Multi-walled carbon nanotubes (MWCNTs) were chemical vapor deposition (CVD)-grown at Iljin Co. (Seoul, Korea). CNTs were refluxed in nitric acid and stirred for 5 h to attach carboxyl and hydroxyl functional groups. CNTs were then dried after rinsing with distilled water. Corn starch was used as the carbon nanofiber precursor. Prior to incorporation into the starch nanofiber films, CNT (0.02 g) was immersed in 20 mL of distilled water. Sodium dodecyl sulfate (SDS) was added to encourage homogeneous dispersion of the CNT. This solution was sonicated for 3 h in a bath-type sonicator (520 W; Hwashin Technology Co., Seoul, Korea). Polyvinyl alcohol (PVA) (0.67 g) was dissolved in 10 mL of distilled water and stirred vigorously at 80 °C. The CNT solution was then added to the PVA solution. Starch (2 g) was dissolved in 30 mL of distilled water and vigorously stirred at 50 °C. The starch solution was then boiled at 120 °C for 1 h and then cooled to room temperature. Finally, the CNT/polyvinyl alcohol (PVA) solution and starch solution were mixed and allowed to equilibrate for 1 day.



A high-voltage power supply (CPS-60K02VIT; Chungpa EMT Co., Ltd., Seoul, Korea) was used for electrospinning the nanofiber. Electrospun fiber from the CNT/starch/PVA solution was collected on an aluminum foil-wrapped metal drum with a diameter of 15 cm, rotating at 1000 r/min and held at a fixed bias of 18 kV.




2.2. Carbonization and Activation Process of Porous CNT-Carbon Nanofiber


The electrospun CNT-starch-PVA fiber web was stabilized by heat-treatment at 250 °C, for 1 h in air, with a ramping rate of 1 °C·min−1. Carbonization was then performed by heating to 700 and 1400 °C with a ramping rate of 2 °C·min−1 and holding for 1 h, under vacuum. After carbonization at 700 °C, the CNT/C nanofibers were activated at 800 °C for 15 min in CO2 (30 sccm) to increase their surface area.




2.3. Characterization


The nanofiber morphology was analyzed using scanning electron microscopy (SEM: XL-30S; Philips, Amsterdam, The Netherlands) and transmission electron microscopes (TEM: 20F; Tecnai, Hillsboro, OR, USA). Specific surface adsorption and pore-size distribution were characterized according to the Brunauer-Emmett-Teller equation (Tristar 3000; Micrometrics, Norcross, GA, USA). Thermograms of amylose and amylopectin from starch were analyzed by using a Thermogravimetry Analyzer (TG209F3, Netzsch, Selb, Germany). The structure of the carbon sheets in the nanofibers was characterized by X-ray diffraction (XRD: D/MAX-IIIC, 3 kW). Electrochemical measurement was performed by an automatic battery cycler system (WBCS 3000, WonATech, Seoul, Korea), using a swagelok type cell. The porous CNT-carbon nanofibers were used for the anode, as they were. Li metal foil was used as a counter electrode and the electrolyte used was 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume). The cells were assembled in an argon-filled glove box. Electrochemical performance was tested at a rate of 0.1 C in the voltage range of 0.01–3 V. Impedance spectroscopy was performed from 10 kHz to 10 MHz using an electrochemical analyzer (CompactStat; Ivium Technologies, Eindhoven, The Netherlands).





3. Results and Discussion


3.1. Morphology of Carbon Nanofibers


In our previous study [14], we showed that starch has advantages for fabricating a mesoporous carbon structure without using the template method. By electrospinning the starch solution, thin and flexible starch nanofiber webs were effectively fabricated. The morphology of the electrospun starch nanofibers included straight, smooth surfaces with no observable defects or beadings over the entire area of the web (Figure S1). The individual starch nanofibers were cylindrical, with a diameter of 150 nm. To maintain their fibrous morphology during the carbonization process, the electrospun starch nanofibers were stabilized at 250 °C in air for 1 h. During the stabilization process, the fibers absorb oxygen and consequently rearrange into a more stable ladder configuration. After the nanofibers were stabilized, they were carbonized by heating in vacuum (10−6 Torr) at temperatures from 700 to 1400 °C. Over 90% carbon content was obtained in the carbonized starch nanofibers heat-treated at >700 °C, and the carbon/oxygen ratio was increased almost linearly by the carbonization temperatures (Figure S2). This process is a demonstration of successful conversion of starch to carbon nanofibers.



The surface of the carbon nanofibers that had been heat-treated at 700 °C was very smooth, as indicated by the micrographs in Figure 1a. However, the carbon nanofibers carbonized at 1400 °C exhibited a highly porous structure, as shown in Figure 1b. The transmission electron micrographs of the highly porous carbon nanofibers (Figure 1c,d) represent a turbostratic structure consisting of carbon shells of 10–15 graphitic layers around a central core, and covered by pyrolytic carbon. In general, the d002 spacing of graphite is 0.3354 nm, whereas the d002 spacing of turbostratic carbon is about 0.338–0.341 nm [15]. In a high-resolution transmission electron micrograph image (Figure 1d) the d002 spacing of the carbon nanofiber produced was about 0.340 nm, and this indicates that the structure of the starch nanofibers carbonized at 1400 °C was turbostratic carbon.


Figure 1. Scanning electron micrographs show (a) microporous carbon nanofibers carbonized at 700 °C and (b) highly mesoporous carbon nanofibers carbonized at 1400 °C; (c) transmission electron microscopy (TEM) and (d) high-resolution TEM (HR-TEM) images show the typical turbostratic structure created by carbonization at 1400 °C.
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Figure 2a shows the pore size distributions obtained by applying density functional theory (DFT) to nitrogen adsorption isotherms, measured at 77 K. The starch nanofibers carbonized at 700 °C mostly contained micropores with an average diameter of 2 nm. In contrast, the pore diameters of the nanofiber carbonized at 1400 °C were distributed in the mesoporous region (5–10 nm). This novel mesoporous structure originated from the characteristic structure of starch. The starch consists of linear structures of amylose and branched structures of amylopectin. The starch microstructure shows alternating domains of amorphous amylose and crystalline amylopectin in a nanoscale lamellar structure [16,17]. Due to the difference in their crystallinity, these two polysaccharides show contrasting thermal behavior during the carbonization process. Figure 2b shows thermograms of amylose and amylopectin from the starch. A small weight loss prior to 200 °C is related to desorption of water and the drastic weight losses that occurred between 250 and 700 °C corresponded to dehydration and decarboxylation. As seen in the thermograms, amorphous amylose is almost completely decomposed at around 1400 °C and crystalline amylopectin shows more stable behavior to >1000 °C. In a native starch, the amorphous regions are located between the amylopectin crystalline layers, which are approximately 6 nm apart. Therefore, due to decomposition of the amorphous amylose regions at high temperature, the starch nanofibers carbonized at 1400 °C exhibited abundant mesopores, with an average pore diameter of 4.5 nm and the starch nanofibers carbonized at 700 °C exhibited microporous surfaces with an average pore diameter of 2.0 nm due to the pyrolysis of functional groups as seen in Table 1. In addition, though the surface area of starch nanofiber carbonized at 1400 °C was relatively lower than that of the starch nanofiber carbonized at 700 °C, the mesopore volume (Vme) of it was 4 times higher than that of the starch nanofiber carbonized at 700 °C. This result suggests a new approach for tailoring both the size and the distribution of pores on the carbon nanofibers by adjusting the composition of amylose and amylopectin in the native starch.


Figure 2. (a) Pore-size distributions of starch nanofibers carbonized at 700 and 1400 °C, calculated by applying density functional theory to nitrogen adsorption isotherms; and (b) thermograms showing the percent weight loss as a function of temperature for amylose and amylopectin from starch.
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Table 1. Physical characteristics of the carbonized starch nanofibers. SBET: surface area; Vt: total volume; Vmi: micropore volume; Vme: mesopore volume; DA: diameter.







	
Materials

	
SBET (m2·g−1)

	
Vt (cm3·g−1)

	
Vmi (cm3·g−1)

	
Vme (cm3·g−1)

	
DA (nm)






	
Starch nanofiber carbonized at 700 °C

	
451

	
0.23

	
0.20

	
0.03

	
2.0




	
Starch nanofiber carbonized at 1400 °C

	
137

	
0.16

	
0.04

	
0.12

	
4.5











3.2. Activation Process for the CNT-Carbon Nanofibers


While the carbon nanofibers show adequate pore distribution of mesopores, the surface area of the carbon nanofiber was relatively lower than that of activated carbon nanofiber. However, it is well known that the surface structure of carbon materials can be controlled by the activation process.



Moreover, hybridization with the CNT in the carbon nanofibers could be expected to result in better mechanical and functional properties. Therefore, the CNT-carbon nanofibers were fabricated using the same experimental procedure and then activated to obtain increased surface area and extensively developed internal pore structure, which make the activated carbon nanofibers highly adsorptive.



There are two main techniques for activation (physical and chemical), depending on whether gaseous or solid activating agents are used. Physically, activated carbons generally exhibit a fine pore structure, which is ideal for the adsorption of compounds from both liquid and vapor phase. The CNT-carbon nanofibers were activated physically in CO2. During the activation process, a reaction is triggered between carbon atoms of the carbon nanofibers and the oxidizing gas, as in the following reaction:


C + CO2 → 2CO



(1)







This activation process etches the carbon backbones and gives rise to the creation and development of mesopores on the smooth surface of the CNT-carbon nanofibers. This is because the amorphous structure reacted faster than the crystalline structure.



The morphological changes of the CNT-carbon nanofibers were observed under the various activation conditions. Before activation, the surface morphology of CNT-carbon nanofibers carbonized at 700 °C was very smooth, as indicated in Figure 3a, and showed a mostly microporous structure. As shown in Figure 3b,c, there were no morphological changes in the CNT-carbon nanofibers under the condition of 700 °C for 1 h, and 800 °C for 15 min. However, note that the surface of CNT-carbon nanofibers becomes porous after activation at 800 °C for 30 min (Figure 3d). After this condition is achieved, the surface of the CNT-carbon nanofibers is greatly etched by the CO2 gas and the pore size becomes larger (Figure 3e,f).


Figure 3. Scanning electron micrographs show (a) microporous carbon nanofibers carbonized at 700 °C; carbon nanofibers carbonized at 700 °C and activated at (b) 700 °C for 1 h; (c) 800 °C for 15 min; (d) 800 °C for 30 min; (e) 800 °C for 45 min; and (f) 800 °C for 1 h in CO2 gas.
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To investigate changes in the pore structure, the specific surface area and pore size distribution of the CNT-carbon nanofibers were analyzed under the various activation conditions shown in Table 2. During the activation process, sufficient numbers of mesopores and micropores were created. As the activation time increased at 800 °C, the pore width increased from 3.1 to 6.8 nm, and the Brunauer-Emmett-Teller (BET) specific surface area decreased from 982.4 to 350.1 m2·g−1. As a result, we can conclude that the optimum conditions for activation of the CNT-carbon nanofibers should be 800 °C for 30 min. This is particularly true for the application of this material as electrochemical electrodes, because of the abundance of mesopores that provide easy access to ions and provide a higher BET specific surface area.



Table 2. BET analysis of activated 1 wt % CNT-carbon nanofibers for various activation conditions.







	
Physical Properties

	
BET SSA (m2·g−1)

	
Average Pore Diameter (nm)

	
Pore Volume (cm3·g−1)




	
Materials

	
Micro-pore Area

	
External Surface Area

	
BET Surface Area

	
Micro-pore Volume

	
Meso-pore Volume

	
Total Pore Volume






	
Before activation

	
458.5

	
21.0

	
479.5

	
1.8

	
0.21

	
0.01

	
0.22




	
Activated at 800 °C, 15 m

	
788.0

	
194.4

	
982.4

	
3.1

	
0.36

	
0.12

	
0.48




	
Activated at 800 °C, 30 m

	
598.8

	
374.2

	
973.0

	
4.1

	
0.27

	
0.26

	
0.53




	
Activated at 800 °C, 45 m

	
625.3

	
58.4

	
683.7

	
5.4

	
0.28

	
0.04

	
0.32




	
Activated at 800 °C, 60 m

	
224.9

	
120.2

	
345.1

	
6.8

	
0.10

	
0.19

	
0.29











3.3. Electrochemical Characterizations of the Porous Carbon Nanofibers


The electrochemical properties of the porous carbon and CNT-carbon nanofibers with various pore structures were characterized using the galvanostatic charge/discharge test. The porous nanofibers were applied for the anode as they were, because they are free-standing due to their good mechanical properties and exhibit superior electrical conductivity. Porous nanofibers with three different pore structures were used as anodes and tested at a rate of 0.1 C in the voltage range 0.01–3 V. Figure 4a shows the initial charge/discharge curves of the porous carbon nanofibers heat-treated under different conditions.


Figure 4. Electrochemical behaviors of the various types of carbon nanofibers: (a) Initial charge/discharge curves and (b) Cycle performance of the carbon nanofiber electrodes at a cycling rate of 0.1 C.
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For all the types of porous carbon nanofibers, there was no significant plateau shown in the charge/discharge profiles, which is similar to that of a typical non-graphitic carbon material. Porous carbon nanofibers heat-treated at 700 and 1400 °C exhibit a reversible capacity of 380 and 202 mAh·g−1, respectively. The specific capacity of the porous carbon nanofiber heat-treated at 700 °C and activated at 800 °C for 30 min was enhanced to 540 mAh·g−1.



In the first charge and discharge cycle, an irreversible capacity loss (a common phenomenon in carbonaceous electrodes) is observed. This irreversible capacity loss arises from reduction of the electrolyte, which results in the formation of a solid electrolyte interphase (SEI) over the large surface area of the sample; or from irreversible insertion of lithium into certain positions (such as in the vicinity of residual hydrogen atoms) in the carbon material [18,19]. In Figure 4a, a gradual slope near 0.8 V appeared in the charge/discharge profiles; this represents the SEI formation. The 700 °C heat-treated nanofiber and the activated nanofiber show irreversible capacity. After these porous carbon nanofibers were charged (lithium ion inserted), a certain amount of lithium ions could not be extracted from the carbon nanofiber electrode during discharge, due to interruption by the SEI layer formed at the interface between electrode and electrolyte. From this phenomenon, we can conclude that these irreversible capacities originated from formation of an SEI layer caused by decomposition of the electrolyte, owing to the porous carbon nanofibers having relatively high specific surface area. However, the carbon nanofibers heat-treated at 1400 °C showed good reversible capacity in spite of a little lower specific capacity, which is mainly due to their turbostratic structure. The structure has partially graphitized regions and a slightly high d002 space of 0.34–0.35 nm (as seen in Figure 1c,d). This allows lithium ions to be easily inserted and extracted without collapsing its structure, in contrast with carbons with disordered structure, such as the carbon nanofiber heat-treated at 700 °C or activated carbon nanofiber.



The cycle performances of three kinds of carbon nanofibers are shown in Figure 4b. The charge capacity of the carbon nanofiber heat-treated at 700 °C showed some decrease over the initial few cycles, but then stabilized after six cycles and showed specific capacity of 254 mAh·g−1 after 30 cycles. For the activated carbon nanofiber, the specific capacity stabilized after ten cycles and exhibited a specific capacity of 338 mAh·g−1 after 30 cycles. The 1400 °C heat-treated carbon nanofiber showed good cycle performance, with about 90% retention after 30 cycles, due to its turbostratic structure.



The high specific capacity of the activated carbon nanofiber is derived from the enlarged specific surface area and increased adsorption of lithium ions on the internal surfaces of the nanopores formed by small graphene sheets. When graphite is fully intercalated with lithium, there is one layer of lithium per carbon layer. However, if a carbon is made up of small single layers, lithium can be adsorbed on each side of the single layers, resulting in up to two lithium atoms per six carbons, without requiring lithium atoms to occupy nearest-neighbor sites. Therefore, the carbon materials with lots of carbon sheets arranged as single layers can have high specific capacity [20]. To analyze the number of carbon sheets arranged as single layers, the empirical parameter, R, is used. This parameter is defined as the ratio of the height of the (002) Bragg peak to the background [21].


R = B/A



(2)







In the XRD result, the background (A) is established by drawing a straight line connecting the data on either side of the peak. The peak height (B) is determined by drawing the line tangent to the estimated linear background, which intersects the (002) peak at a single point. To compare a rate of the single layer in the carbon nanofibers heat-treated at different conditions, XRD patterns of the carbon nanofibers heat-treated at 700 and 1400 °C, and of the activated carbon nanofibers, were obtained (see Figure 5). By calculating the R value of each kind of carbon nanofiber, we determined that carbon heat-treated at 700 °C and activated at 800 °C has the lowest R value (1.28). This means that it has the most single layers, when compared with carbon heat-treated at 700 °C (R = 1.75) and 1400 °C (R = 3.42). From this analysis, we can conclude that activated carbon nanofiber has a high specific capacity of 540 mAh·g−1 because it contains many single layers in its structure.


Figure 5. X-ray diffraction analysis for estimating the fraction of single-layers in carbon nanofibers heat-treated at (a) 700 °C; (b) 1400 °C; and (c) 700 °C; and activated at 800 °C.
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3.4. Effect of CNT on the Electrochemical Properties of the Porous CNT-Carbon Nanofibers


Figure 6a shows the charge/discharge profiles of 1 wt % CNT-carbon nanofibers. At a rate of 0.1 C, the reversible capacity of the CNT-carbon nanofibers heat-treated at 700 and 1400 °C shows 465 mAh·g−1 and 276 mAh·g−1, respectively. The reversible capacity of the CNT-activated carbon nanofiber was shown to be very high (743 mAh·g−1). Irreversible capacity was also observed in the first charge/discharge profiles of the CNT-carbon nanofibers, as seen in those of the carbon nanofibers. The first discharge capacity of the CNT-carbon nanofiber heat-treated at 700 °C and activated at 800 °C, showed a very high value (1960 mAh·g−1), but this decreased to 743 mAh·g−1, less than half of the initial discharge capacity. This shows a larger irreversible capacity compared with carbon nanofiber heat-treated under the same conditions, but without CNTs. From this comparison, we know that when lithium is extracted from the CNT-carbon nanocomposite fibers (charge), it is trapped and cannot be extracted by CNTs. The plateau near 0.8 V, which is attributed to SEI formation, is also clearly visible in this sample. Therefore, we can conclude that large irreversible capacity comes from decomposition of an electrolyte resulting in the formation of the SEI layer, due to its very high specific surface area of 973 m2·g−1.


Figure 6. Electrochemical behaviors of the various types of CNT-carbon nanofibers: (a) Initial charge/discharge curves; and (b) Cycle performance of the 1 wt % CNT-carbon nanofibers.
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The cycle performances of the CNT-carbon nanofibers are shown in Figure 6b. For the activated carbon nanofibers, the specific capacity decreases over the initial few cycles but then stabilizes and remains at about 510 mAh·g−1 after 30 cycles, which is significantly higher than the theoretical specific capacity of graphite (372 mAh·g−1).



Compared with the carbon nanofibers, all three types of the CNT-carbon nanofibers showed enhanced specific capacity. In Table 3, specific capacities of all three types of the CNT-carbon nanofibers are summarized as a function of heat-treated conditions and their physical properties such as electrical conductivity and BET specific surface area. This high specific capacity is mainly due to its larger specific surface area, which provides many adsorption sites for lithium ions and higher electrical conductivity, compared with carbon nanofibers without CNT. Also, the CNT could effectively enhance the electrical conductivity of the carbon nanofibers due to its superior electrical properties. The electrical resistivity of the carbon nanofibers and the CNT-carbon nanofibers were measured using the 2-probe-point technique and the electrical conductivities were calculated using the following equation:


[image: there is no content]



(3)




where R is electrical resistance in Ω, A is the cross-sectional area in cm2, and L is the distance between electrodes in cm. As seen in Table 3, the CNT-carbon nanofibers showed higher electrical conductivity compared to the carbon nanofibers with the same heat-treatment and activation condition. From these results, we can see that CNT is an effective material for enhancing the electrical conductivity of the carbon nanofibers, and that it induces the increased specific capacity of the carbon nanofibers.



Table 3. Electrical conductivities, BET specific surface areas and specific capacities of carbon nanofibers and the CNT-carbon nanofibers carbonized and activated at each temperature.







	
Heat-Treatment Conditions

	
CNT Addition (wt %)

	
Electrical Conductivity (S·cm−1)

	
BET Specific Surface Area (m2·g−1)

	
Specific Capacity (mAh·g−1)






	
Heat-treated at 700 °C

	
0

	
0.6

	
451

	
380




	
1

	
1

	
480

	
466




	
Heat-treated at 1400 °C

	
0

	
22

	
137

	
206




	
1

	
42

	
159

	
276




	
Heat-treated at 700 °C and activated at 800 °C

	
0

	
1.6

	
532

	
543




	
1

	
2.5

	
973

	
743










The enhancement of the specific capacity with increase of the fraction of small graphene sheets can be predicted using a simple line plot, the capacity (0 to the theoretical value of Li2C6, 744 mAh·g−1) versus the single-layer fraction as shown in Figure 7. For the carbon nanofibers without CNT, the specific capacity increases with increase in the fraction of single layers in their carbon structure. These results fit well with the estimated values. However, the specific capacity of the CNT-carbon nanocomposite fibers is much greater than the value predicted value from the single-layer fraction by XRD analysis. From the result of the increase in specific capacity with the addition of CNT, we can see that CNT plays a key role in providing a large surface area (adsorbed sites) and in creating a conductive path for ions.


Figure 7. Relationship between the specific capacity and the single-layer fraction of the carbon nanofibers, and the CNT-carbon nanofibers heat-treated under different conditions.
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Therefore, the CNT-carbon nanofibers can be applied as electrodes of Li-ion batteries. Their electrochemical properties are adjustable by controlling the surface morphology and pore structure by manipulating the conditions for heat-treatment and the activation process.





4. Conclusions


Binder-free electrochemical electrodes of highly mesoporous carbon nanofibers reinforced with CNT were successfully fabricated using the unique lamellar structure of starch and controlling the heat-treatment conditions. Mesoporous CNT-carbon nanofibers were prepared by electrospinning starch, and in addition, we controlled the porous carbon structure through an activation process using CO2 gas. The electrochemical properties of these CNT-carbon nanocomposite fibers with tunable porous structure were characterized for lithium-ion battery applications. The specific capacity of 1 wt % CNT-activated carbon nanofibers had a very high value (743 mAh·g−1) and good cycle performance after 30 cycles, which is significantly higher than that of graphite. This high specific capacity is mainly due to its larger specific surface area, which provides many adsorption sites for lithium ions, and higher electrical conductivity, than do carbon nanofibers without CNT. From these results, we conclude that CNT plays a major role in enhancing the specific capacity of carbon nanofibers by increasing both specific surface area and electrical conductivity.



From this work, it is clear that starch has advantages (e.g., low cost and environmentally friendly) as a carbon source for electrochemical electrodes, and can provide a simple, cheap approach for the fabrication of binder-free electrochemical electrodes. Moreover, by controlling the heat-treatment conditions and activation process, the pore structure of the carbon nanofibers can be tuned to certain conditions, as needed for various applications.








Supplementary Materials


The following are available online at www.mdpi.com/1996-1944/9/12/995/s1. Figure S1: Morphology of electrospun starch nanofibers in scanning electron micrography, Figure S2: Influence of carbonization temperature on the elemental composition of carbonized starch.
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Barranco, V.; Lillo-Rodenas, M.A.; Linares-Solano, A.; Oya, A.; Pico, F.; Ibañez, J.; Agullo-Rueda, F.; Amarilla, J.M.; Rojo, J.M. Amorphous carbon nanofibers and their activated carbon nanofibers as supercapacitor electrodes. J. Phys. Chem. C 2010, 114, 10302–10307. [Google Scholar] [CrossRef]

	2. 
Kim, C.; Yang, K.S. Electrochemical properties of carbon nanofiber web as an electrode for supercapacitor prepared by electrospinning. Appl. Phys. Lett. 2003, 83, 1216–1218. [Google Scholar] [CrossRef]

	3. 
Yoon, S.H.; Park, C.W.; Yang, H.J.; Korai, Y.; Mochida, I.; Baker, R.T.K.; Rodriguez, N.M. Novel carbon nanofibers of high graphitization as anodic materials for lithium ion secondary batteries. Carbon 2004, 42, 21–32. [Google Scholar] [CrossRef]

	4. 
Mathur, R.B.; Maheshwari, P.H.; Dhami, T.L.; Sharma, R.K.; Sharma, C.P. Processing of carbon composite paper as electrode for fuel cell. J. Power Sources 2006, 161, 790–798. [Google Scholar] [CrossRef]

	5. 
Kyotani, T. Control of pore structure in carbon. Carbon 2000, 38, 269–286. [Google Scholar] [CrossRef]

	6. 
Li, C.; Yin, X.; Chen, L.; Li, Q.; Wang, T. Porous Carbon Nanofibers Derived from Conducting Polymer: Synthesis and Application in Lithium-Ion Batteries with High-Rate Capability. J. Phys. Chem. C 2009, 113, 13438–13442. [Google Scholar] [CrossRef]

	7. 
Liu, H.; Wang, X.; Cui, W.; Dou, Y.; Zhao, D.; Xia, Y. Highly ordered mesoporous carbon nanofiber arrays from a crab shell biological template and its application in supercapacitors and fuel cells. J. Mater. Chem. 2010, 20, 4223–4230. [Google Scholar] [CrossRef]

	8. 
Lu, A.H.; Hao, G.P.; Sun, Q.; Zhang, X.Q.; Li, W.C. Chemical Synthesis of Carbon Materials With Intriguing Nanostructure and Morphology. Macromol. Chem. Phys. 2012, 213, 1107–1131. [Google Scholar] [CrossRef]

	9. 
Li, M.; Xue, J. Ordered mesoporous carbon nanoparticles with well-controlled morphologies from sphere to rod via a soft-template route. J. Colloid Interface Sci. 2012, 377, 169–175. [Google Scholar] [CrossRef] [PubMed]

	10. 
Li, D.; Xia, Y. Electrospinning of Nanofibers: Reinventing the Wheel? Adv. Mater. 2004, 16, 1151–1170. [Google Scholar] [CrossRef]

	11. 
Hou, H.; Reneker, D.H. Carbon Nanotubes on Carbon Nanofibers: A Novel Structure Based on Electrospun Polymer Nanofibers. Adv. Mater. 2004, 16, 69–73. [Google Scholar] [CrossRef]

	12. 
Zussman, E.; Chen, X.; Ding, W.; Calabri, L.; Dikin, D.A.; Quintana, J.P.; Ruoff, R.S. Mechanical and structural characterization of electrospun PAN-derived carbon nanofibers. Carbon 2005, 43, 2175–2185. [Google Scholar] [CrossRef]

	13. 
Kim, C.; Ngoc, B.T.N.; Yang, K.S.; Kojima, M.; Kim, Y.A.; Kim, Y.J.; Endo, M.; Yang, S.C. Self-Sustained Thin Webs Consisting of Porous Carbon Nanofibers for Supercapacitors via the Electrospinning of Polyacrylonitrile Solutions Containing Zinc Chloride. Adv. Mater. 2007, 19, 2341–2346. [Google Scholar] [CrossRef]

	14. 
Kim, Y.K.; Cha, S.I.; Hong, S.H.; Jeong, Y.J. New Hybrid Architecture Consisting of Highly Mesoporous CNT-carbon nanofibers from Starch. J. Mater. Chem. 2012, 22, 20554–20560. [Google Scholar] [CrossRef]

	15. 
Ci, L.; Wei, B.; Xu, C.; Liang, J.; Wu, D.; Xie, S.; Zhou, W.; Li, Y.; Liu, Z.; Tang, D. Crystallization behavior of the amorphous carbon nanotubes prepared by the CVD method. J. Cryst. Growth 2001, 233, 823–828. [Google Scholar] [CrossRef]

	16. 
Calvert, P. Biopolymers: The structure of starch. Nature 1997, 389, 338–339. [Google Scholar] [CrossRef]

	17. 
Daniels, D.R.; Donald, A.M. Soft Material Characterization of the Lamellar Properties of Starch: Smectic Side-Chain Liquid-Crystalline Polymeric Approach. Macromolecules 2004, 37, 1312–1318. [Google Scholar] [CrossRef]

	18. 
Arora, P.; White, R.E.; Doyle, M. Capacity Fade Mechanisms and Side Reactions in Lithium-Ion Batteries. J. Electrochem. Soc. 1998, 145, 3647–3667. [Google Scholar] [CrossRef]

	19. 
Kong, F.; Kim, J.; Song, X.; Inaba, M.; Kinoshita, K.; McLarnon, F. Exploratory Studies of the Carbon/Nonaqueous Electrolyte Interface by Electrochemical and In Situ Ellipsometry Measurements. Electrochem. Solid-State Lett. 1998, 1, 39–41. [Google Scholar] [CrossRef]

	20. 
Sato, K.; Noguchi, M.; Demachi, A.; Oki, N.; Endo, M. A mechanism of lithium storage in disordered carbons. Science 1994, 264, 556–558. [Google Scholar] [CrossRef] [PubMed]

	21. 
Liu, Y.; Xue, J.S.; Zheng, T.; Dahn, J.R. Mechanism of lithium insertion in hard carbons prepared by pyrolysis of epoxy resins. Carbon 1996, 34, 193–200. [Google Scholar] [CrossRef]



























© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  materials-09-00995


  
    		
      materials-09-00995
    


  




  





media/file8.jpg
Counts

b)

13

T e p———————y
=

Scatoring Angle (dog.)

°)

Counts.

8
&

‘Scattering Angle (deg.)





media/file11.png
Q
S

Potential (V vs. Li/Li’)

g
=}

™
(%4]
1

g
o
1

0.5 -

0.0

——CNT/C nanofiber (700°C)
——CNT/C nanofiber (1400 °C)
Activated CNT/C nanofiber

T T T I '
500 1000 1500 2000

Specific Capacity (mAh g”)

b)

Specific Capacity (mAh g™

1000

800 -

600 -

400 -

200 -

0 0000000000060 00000000 09000604

—e— CNT/C nanofiber (700 °C)
—#— CNT/C nanofiber (1400 °C)

—a&— Activated CNT/C nanofiber
L 2

\

'._‘\0
-9

v o9, -
2009400990 0000000 0944

AN

L
e oo
00000040000 4000%000 00,

5 10 15 20 25 30
Cycle Number





media/file6.jpg
Potential (V vs. LiLT)

— Comen st 1)

" Cum 0 0)

‘Specific Capacity (mAh g°)

£

‘specifc Capachy (mah ')

Cyeta Mwaiier





media/file1.png
20nm

b)

500nm

d)

 Dgpy =0.340 nm

v

10nm






media/file13.png
Capacity (mAh/g)

1000 1000
B Capacity of Carbon Electrodes
@ Capacity of CNT/Carbon Electrodes |
800 | - 800
(@ ] Theoretical value of Li,Cqg
1 (744mAh/g)
600 | T - 600
[
? Activated at
800 °C
400 |- | R=1.28 7400
Carbonized at ]
: 700 °C
200 | R=1.75 -4 200
o &t 1 : Effect of CNT
0 | R=3.42 | " | 1 | " 0
0.0 0.2 0.4 0.6 0.8 1.0

Single-layer Fraction





media/file10.jpg
Potential (v v. LLT)

1

]

‘Specifc Capacity (man ')
&

‘Specitc Capacky (mAh g")

Cyclo Number





media/file7.png
Potential (V vs. Li/Li)

3.0

it
o
1

g
o
|

-
(&)
|

-
o
1

e
o
1

e
=

Carbon nanofiber (700 °C)
Carbon nanofiber (1400 °C)
Activated carbon nanofiber

1
200

T T T T T

1 I 1
400 600 800 1000

Specific Capacity (mAh g™)

I
1200

b)

Specific Capacity (mAh g”)

800

600 -

400 -

200 -

—m— Carbon nanofiber (700°C)

— @ Carbon nanofiber (1400 °C)
—a— Activated carbon nanofiber

n .\“‘ ®
9909094 0009000000000-0-2-0-04
-

L LR BB B R R B B R TR Jrr g

..
000040000 4,0000900040¢0¢00000]

Cycle Number





media/file12.jpg
1000 1000
W Capacity of Carbon Electrodes
@ Capacity of CNT/Carbon Electrodes
800 800
° Theoretcalvalue o Ly
5 Taamany)
=
) 600
£
Actvated at
z 3
2 a00°C
G o0 L] Re1z8 400
g Carboized at
8 : 700°C
200 Ret7s 200
oo 1 : Efectof ONT
B Read .
00 0z 04 os 08 1.0

Single-layer Fraction





media/file9.png
Counts

b) 100

Carbon nanofiber heat-treated at 1400 °C

100
—— Carbon nanofiber heat-treated at 700 °C
754 75 - \
7
—
S
50 4 3 201
\ (@)
. R=1.75
25 4 25 -
A A
0 — B S PSS . m— 0 T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Scattering Angle (deg.) Scattering Angle (deg.)
c) 200
—— Carbon nanofiber heat-treated at 700 °C
and activated at 800 °C
150 4
»
=
=3 100 4
(@]
(&)
50 -
0 1 = ' 1 LS 1 L] 1 » 1 b
20 30 40 50 60 70

Scattering Angle (deg.)





media/file5.png
KAIST 10.0kV 7.9mm x100k SE(M)

. A

KAIST 10.0kV 7.9mm x100k SE(M)

y
s P
KAIST 10.0kV 7.9mm x100k SE(M)

. -,
' ’ (“x

l.

KAIST 10.0kV 8.3mm x100k SE(U)

P .

L

5

-

>






media/file3.png
Pore volume (cm®/g)

0.020
—m— Starch nanofiber carbonized at 700 °C
—e— Starch nanofiber carbonized at 1400°C
0.015 4
N
0.010 4 /. . /= °
P
0.005 4 L4 / __________,___—f#l
/ "
S . /
w -~ r'/-
0-000_ T l HI l T l T '| T '| T '| T ] T | T
0 10 20 30 40 50 60 70 80

Pore size (nm)

b)

TG (%)

110
100—‘
90-‘
80-.
70—.
60;

50 -

30 -

40 4

—+— Amylopectin from starch
—+— Amylose from starch

20

0

T

T
200

T
400

B L A
600 800 1000 1200 1400

Temperature (°C)






media/file14.png





media/file4.jpg





media/file0.jpg





media/file2.jpg
Pore volume (i)

Pore size (nm)

Tomperature (°C)






