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A B S T R A C T

The mesoporous carbon nanofibers (MCFs) with large cage-like pores have been fabricated

by thermally treating electrospun fibers of polyvinyl alcohol containing tin compound. Dur-

ing the process, tin oxide is reduced to melting tin and the carbon is activated to form the

porous carbon. The results of X-ray diffraction and transmission electron microscopy at

different temperatures show that particles of SnO2 (�1.9 nm) exist in the fibers at 300 �C
while mixtures of Sn and SnO with rod-like shapes appear in the matrix when the fibers

are heated at 400 �C, and that Sn migrates to the surface of fibers and pores are formed

in the fibers at higher temperature. Specific surface area of MCFs can reach 800 m2 g�1

and the average diameter of interior pores is about 10.3 nm while the entrance pores are

small. The specific capacitance of MCFs is 105 F g�1 and the fabricated symmetrical capac-

itors exhibit high-rate capacitive properties and excellent stability, Pt nanoparticles which

can be densely loaded on MCFs exhibit relatively high activity and stability toward electro-

oxidation of methanol, which indicate that MCFs may be used as electrodes for high-rate

energy storage and support for catalyst. This approach may be extended to prepare other

porous carbon materials.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Considerable efforts have been made to the synthesis, modi-

fication and application of the mesoporous materials due to

their large specific surface area and porous structure [1–3]

since the ordered mesoporous molecular sieve was successful

synthesized in 1992 [4]. Among mesoporous materials, meso-

porous carbons (MPCs) have attracted much attention be-

cause of their high conductivity, large specific surface area,

electrochemical stability and low cost can meet requirements

of the applications in catalyst supports, energy storage and

conversion systems, adsorbents, membrane separations and

templates for other materials [5,6]. Up to date, many methods

have been developed to control the pore structure in carbon

[7]. For example, the porous carbon has been prepared [8] by

carbonizing the ion exchange resin containing cations (Ca,

Fe, Ni, Cu, Zn, K and Na). The highly mesoporous activated

carbon fiber has been prepared by steam invigorating the

pitch fibers at 850 �C in the presence of rare-earth metal com-

plexes or by using catalytic activation [9–11]. Furthermore,

MPCs can also been fabricated by using inorganic templates

(mesoporous SiO2 or SiO2 particles, etc.) and organic

templates (surfactant, liquid–crystal, polyethylene glycol

and triblock copolymers) through pyrolyzing various organic
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compounds [12–17]. Generally, MPCs fabricated by using or-

dered templates have a narrow pore size distribution while

the porous carbon prepared at high temperature by using zinc

chloride, potassium hydroxide, potassium carbonate and

water vapor as activators exhibits more micropores instead

of mesopores and possesses a wide pore size distribution

[18–20].

Besides the electrical conductivity, MPCs can provide

large interface of electrode/ electrolyte for electrostatic

charge accumulation and the large surface area for disper-

sion of catalysts [21–24]. As one kind of capacitors, electric

double-layer capacitor (EDLC) depends mainly on the accu-

mulation of charges at the interface of electrode/electrolyte.

The use of MPCs in EDLC has stimulated much interest due

to their mesoporous structure, high specific surface area and

the moderate cost [25–28] although many other carbon

materials such as carbon nanotubes (CNTs), carbon nanofi-

bers (CNFs), ordered mesoporous carbons (OMCs) and graph-

ene, etc. have been widely used as the materials of

electrodes for capacitors [29–31]. Direct methanol fuel cell

(DMFC), a kind of energy conversion device, is considered

as promising power source for the next-generation portable

electronic device [32,33]. Generally, the catalysts used in

DMFC are loaded on supports in order to make the catalyst

particles highly dispersed [34–37]. For example, having

synthesized OMCs by using mesoporous silica as template,

Joo et al. have found that OMCs can load Pt particles as high

as 60 wt.% with high dispersion [24]. Kim et al. have used

hollow carbon spheres with mesoporous on the shell to

increase the catalyst utilization [36]. In addition to the

above-mentioned Pt catalyst, the bi-metallic catalyst of Pt–

Ru has also been loaded on OMCs to improve the perfor-

mance of catalyst in DMFC [37].

Recently, electrospinning is considered as a new method

to fabricate nanosized carbon materials. The electrospin-

ning-derived carbon fibres and composite fibers such as

Si/C, Fe3O4/C, SnO2/C and Sn/C [38–41] have been fabricated

and used in supercapacitor, catalyst supports and anodic

materials for Li-ion batteries owing to their three-dimen-

sional porous-connected structure and relatively large sur-

face area [42–48]. For example, the activity and stability of Pt

particles have been improved [42–44] by using the electrospin-

ning-derived carbon fibers as support. In order to increase the

specific surface area further, porous carbon nanofibers have

been fabricated by thermally treating the composite fibers

of polymers, in which one of the polymers such as polymeth-

ylmethacrylate or polyvinylpyrrolidone or other inorganic

component (SiO2 and ZnCl2, etc.) acts as pore-forming re-

agents [46–48]. However, few literatures about the mesopor-

ous corbon nanofibers (MCFs) prepared by using SnO2 as

activator have been reported.

As mentioned above, the MPCs prepared by using tem-

plate require templates and the post-processing is complex

although the distribution of pore size is narrow [24]. The

porous carbon materials prepared at high temperature by

using activators such as KOH exhibit mainly the micropores

[30,49,50], and there is difficulty to recover the element of K

due to the volatility at high temperature. Therefore, it is

interesting to find new system for preparation of MPCs.

Considering that SnO2 can be reduced easily through car-

bon-thermal reaction and that Sn has a low-melting point

(231.9 �C) and a high-boiling point (2260 �C) which are favor-

able to its recovery, the tin compound may be used as acti-

vator to prepare porous carbon materials. In this paper, the

MCFs with large cage-like pores have been fabricated by

combining the electrospinning and thermally treating the

composite fibers containing tin precursor. During the pro-

cess of thermal treatment, SnO2 is reduced to Sn along with

the consumption of carbon, the melting Sn migrates out of

the carbon fibers, and then the mesopores are formed in

the carbon fibers.

2. Experimental section

2.1. Fabrication of the materials

The synthesis of the tin precursor was described briefly as

follows: firstly, 3.0 g SnCl4Æ5H2O was dissolved into 20 mL

deionized water under stirring, then 6.0 mL ammonia was

dropped into the solution slowly to make the white precip-

itate formed. The white precipitate was collected and

washed with large amount of water after lasting for 1 h.

Subsequently, the obtained product was transferred into

10 mL solution of citric acid (0.2 g mL�1) and treated under

ultrasonic condition for 10 min. Then the transparent solu-

tion was obtained and saved for use after being heated for

about 5 min. The solution for electrospinning was prepared

by dissolving polyvinyl alcohol (PVA, Mw = 80,000) into the

tin-citric solution at 90 �C under stirring to form a solution

of PVA (100 mgmL�1). Then the solution was transferred

into a plastic pipette with an inner diameter of about

1.0 mm after the addition of 4 lL Triton X-100. A thin plati-

num rod connected to a high-voltage power supply was put

into the plastic pipette. The potential for electrospinning

was kept at +15 kV, and the resulted fibers were collected

on a sheet of electrically grounded aluminum foil which

was 13 cm below the plastic pipette tip. The mats were

peeled off the aluminum foil and dried under vacuum at

100 �C for 12 h and then pre-oxidized at air for 2 h. The

brown mats were then placed into a tube furnace for car-

bonization under high-purity Ar atmosphere. The tempera-

ture was firstly increased to 300 �C at a heating rate of

13 �Cmin�1 and kept for 5 min, and then to 600 �C at heat-

ing rate of 15 �C and kept for 10 min, finally to 1200 �C at

heating rate of 10 �C and kept at this temperature for 2 h.

After cooling, the obtained black products were treated by

concentrated hydrochloric acid to remove the residual Sn.

Finally, the MCFs were obtained after they were washed

by water repeatedly and dried at 100 �C for 24 h. In order

to compare the porous structure of the fibers, the pre-oxi-

dized mats were also carbonized under high-purity Ar

atmosphere at 1200 �C but with different heating rates such

as 5, 7.5, 10 and 15 �C min�1. The obtained black products at

heating rate of 5 �Cmin�1 were named as MiCFs after they

were treated by the similar procedure to MCFs. In order to

clarify the change of the composite fibers at different
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temperatures, the samples were also prepared at different

such temperatures as 300, 400, 500 and 650 �C for 10 min

with a heating rate of 15 �Cmin�1.

2.2. Characterization

The micromorphologies of the product were observed by

using a scanning electron microscope (SEM, JEOL-JSM-6701F)

operating at an accelerating voltage of 10 kV and a transmis-

sion electron microscope (TEM, JEOL-JEM-1011) operating at

an accelerating voltage of 200 kV. X-ray diffraction (XRD) pat-

terns were recorded on a Bruker D8 Advance X-ray diffrac-

tometer (Cu Ka) in the 2h range of 10–80� with a scan rate of

5� min�1. The X-ray photoelectron spectroscopy (XPS) was

performed on a PHI5300 ESCA/610SAM spectrometer under

a pressure lower than 10�8 torr with Al Ka radiation as the

exciting source. Nitrogen adsorption–desorption isotherms

were measured at 77 K on a Micromeritics ASAP 2000 volu-

metric adsorption system. The Brunauer–Emmett–Teller

(BET) specific surface area of the samples was calculated from

nitrogen adsorption data in the relative pressure ranging from

0.04 to 0.18. The total pore volume was estimated from the

amount of nitrogen adsorbed at a relative pressure of about

0.99. The micropore surface area and the micropore volume

were estimated from nitrogen adsorption data using the t-

plot method. Themesopore sizewas calculated using the Bru-

nauer–Joyner–Hallenda (BJH) method while the micropore

size was calculated by using Horvath–Kawazoe method. The

thermogravimetric analysis (TGA) was performed on a

STA449C thermo gravimetric analyzer from room tempera-

ture to 800 �C with a heating rate of 20 �C min�1 under N2

atmosphere.

2.3. The capacitive properties

Firstly, two nearly identical (in weight and size, 6 · 6 mm)

pieces of MCFs or MiCFs with a thickness of about 30 lm

were immersed in 6.0 mol L�1 KOH aqueous solution under

vacuum in order to make pores filled with electrolyte. The

two slices of MCFs or MiCFs were separated by filter paper

adsorbed with 6.0 mol L�1 KOH aqueous solution, and then

two Pt foils were used as the current collectors. All the

components were assembled into a sandwiched structure

between two plastic sheets. The assembled two-electrode

capacitor was used to measure the capacitive performance.

The measurements of cyclic voltammetry (CV) at different

scan rates and galvanostatic charge/discharge at different

current densities were conducted in the potential window

of �0.60 to 0.60 V and carried out on an electrochemical

workstation CHI660C (Shanghai, Chenhua). The electro-

chemical impedance spectroscopy (EIS) was also recorded

in the frequency-range of 10�2–105 Hz under an open-circuit

model with ac-voltage amplitude of 5 mV. The specific

capacitance (Csc) of the samples based on one electrode

can be calculated [31] on the basis of CV curves according

to following equation:

Csc ¼
�Z

IdV
�
=ðvmDVÞ ð1Þ

where I is the response current (A), DV the difference of po-

tential during the CV tests (V), t the potential scan rate (V

s�1), andm the mass of thematerials used in one electrode (g).

Furthermore, the Csc, power density and energy density

can also be calculated from the galvanostatic charge/dis-

charge curves [51]. For example, the Csc can be obtained by

using the equation based on the discharged curves:

Ccs ¼ 2ðIDt=mDVÞ ð2Þ
where I represents the constant discharge current (A), Dt

the discharging time (s), m the mass of one electrode

(g), and DV the voltage drop upon discharging (V). Then

the energy density and power density of the EDLCs de-

picted in the Ragone plot can be calculated by using the

formula:

E ¼ ð1=8ÞCcsDV
2 ð3Þ

P ¼ E=Dt ð4Þ

2.4. The properties of MCFs used as the support of catalyst

Generally, the as-prepared MCFs were ground into powders

before use. A certain amount of H2PtCl6Æ6H2O (6.0 mg Pt) was

dissolved into 20 mL water under stirring, then 7.0 mL aque-

ous solution of NaBH4 (0.03 mol L�1) was slowly adding into

the mixture and the color of the mixture changed from light

yellow to brown. Then MCFs powders (1.5, 4.0 and 9.0 mg) dis-

persed in 2.0 mL water were poured into the Pt colloidal solu-

tion and kept stirring for 1 h. Finally, the catalyst was

collected by vacuum filtration, washed by water thoroughly

and dried under vacuum at 90 �C for 2 h after the same

amount of NaBH4 solution was added into the mixture again

and kept stirring for additional 1 h. The catalysts containing

40%, 60% and 80% Pt were defined as Pt/MCF-40, Pt/MCF-60

and Pt/MCF-80, respectively. For comparison, the catalyst con-

taining 60% Pt was also prepared by using MiCFs as support

and defined as Pt/MiCF-60, and the Pt catalyst supported on

carbon black Vulcan XC-72 (220 m2 g�1) with a Pt loading of

40% was purchased from Johnson Matthey Corp and named

as Pt/C-40. The electrodes for the electro-catalytic test were

fabricated by loading the Pt/MCF on carbon paper. The ultra-

sonic-treated mixture containing certain amount of Pt/MCF

catalyst, water (0.6 mL) and Nafion solution (0.1 mL) was

transferred onto carbon paper, the solvent was then evapo-

rated at the room temperature. The content of Pt in all the

electrodes was determined by using an IRIS Advantage induc-

tively coupled plasma atomic emission spectroscopy system

and kept about 0.25 mg cm�2, and the geometric surface area

of the electrodes was guaranteed to be about 0.04 cm2.

The performance of the electrocatalyst for methanol elec-

trooxidation was measured by using a three-electrode system

in 0.5 mol L�1 H2SO4 + 1.0 mol L�1 CH3OH aqueous solution at

25 �C. The strips of carbon paper loaded with catalysts, Pt

plate and saturated calomel electrode (SCE) were used as

working, counter and reference electrode, respectively. The

EIS was carried out in the frequency ranging from 10�2 to

105 Hz with amplitude of 5 mV at different potentials. High-

purity N2 was used to deaerate the solutions and maintained

above the electrolyte during measurements.
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3. Results and discussion

3.1. The characterization of the products

From the SEM image shown in Fig. 1A, it is found that the

composite fibers of PVA/Sn-citric treated at 200 �C spread ran-

domly and exhibit smooth surface, and that many gaps are

observed between the fibers. However, the TEM image

(Fig. 1B) reveals that many small particles disperse in the ma-

trix of the fibers, and that the particles are not uniformly dis-

persed in the fibers but some aggregates have appeared. After

being heated at 1200 �C, many pores arrayed randomly in the

fiber have also been found besides many particles ranged

from tens of nanometers to several microns on the surface

of the fibers (Fig. 1C). However, the large Sn particles dis-

persed on the fibers’ surface disappear, and the elongated

pores with the diameter of about 8–15 nm in the fibers matrix

can be easily observed (Fig. 1D) after the composite has been

treated by hydrochloride acid. Furthermore, it can be found

that the ends of the pores have smaller diameters than the

interior of pores. The cross-section SEM image (inserted fig-

ure) also shows the pores dispersed randomly in the fiber.

From the high-resolution TEM image of the fiber (inserted fig-

ure), it can be found clearly that many pores with the average

size of about 0.9 nm spread in the fiber.

The TEM images show that the MiCFs prepared at heating

rate of 5.0 �C min�1 exhibit mainly micropores and less mac-

ropores (Fig. 2A and Fig. S1). However, the samples prepared

at heating rate of 7.5 �Cmin�1 exhibit more mesopores

(Fig. 2B) and the diameter of pores becomes smaller compared

with MiCFs. It is interesting to find that the pores become

longer with the increase of the heating rates. For example,

the diameter and length of the pores in the fibers prepared

at heating rate of 15 �C min�1 are smaller and longer

(Fig. 2D) than that in the fibers prepared at the heating rate

of 7.5 and 10 �Cmin�1 (Fig. 2B and C). From Figs. 1D 2D, it is

also found that the formation of long-shaped pores is favor-

able when samples are heated at 300 �C and 600 �C for certain

time. These results indicate that the pyrolysis of the PVA/Sn-

citric is an interestingmethod to prepare carbonmaterials be-

cause the products with different porous structures can be

easily obtained by controlling the heating conditions.

In order to clarify the changes of the composite during the

thermally treating, XRD patterns of the samples prepared at

different temperatures are recorded and shown in Fig. 3. It

is found that SnO2 appears mainly in the fibers prepared at

300 �C and the average size of the SnO2 particles is calculated

to be about 1.9 nm according to the Scherrer formula. It is

interesting to find that the mixture of SnO and Sn emerges

in the fibers when the samples are treated at 400 �C, and that

tin oxide has been completely reduced to Sn when the treated

temperature is higher than 500 �C. This results is similar to

the previous literature [41] in which Sn is formed by thermally

treating the composite fibers containing SnCl2 at 500 �C for

3 h. However, it is found that tin oxide can be reduced to Sn

at temperature as low as 400 �C in this work. According to

the TGA curves (Fig. S2), it is clear that the composite fibers

have more weight loss compared with the PVA fibers due to

the consumption of carbon caused by the reduction of tin

oxide. In fact, the yields of the carbon from the composites

are only about 10%.

The SEM images (Fig. S3) show that the fibers treated at

300 �C have a smooth surface, and that the surface of the fi-

bers heated at 400 �C exhibits some large particles but more

large particles exhibit on the surface of fiber after the fibers

are heated at 500 �C. These results demonstrate that metallic

Sn has formed and flowed out at 400 �C due to its lowmelting-

point. From the TEM images of the samples prepared at differ-

ent temperatures, it is clear that many small particles of SnO2

have dispersed in the matrix of fiber treated at 300 �C (Fig. 4A)

and the diameter of the particles is consistent to the result

obtained from XRD. Compared with Fig. 1B, it can be seen that

Fig. 1 – The SEM image (A) and TEM image (B) of the PVA/Sn-citric composite fibers after pre-oxidation at 200 �C, the TEM

images of the composite fibers after being heated at 1200 �C (C, inserted figure: SEM image) and after being removed Sn by

hydrochloric acid (D, insets: cross-section, general SEM image and the magnified TEM image).
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the particles exhibit more congregations. After the fibers are

heated at 400 �C (Fig. 4B), the size and shape of the particles

in the fiber exhibit an obvious difference compared with

Fig. 4A. For example, besides some large particles dispersed

on the surface of the fibers, there are many particles with

elongate shape in the fiber. Furthermore, it can be seen that

some elongate pores have formed in the fiber. More pores

and more large particles can be observed in the fiber

(Fig. 4C) and on the fiber’s surface respectively when the trea-

ted temperature increases to 500 �C. Finally, the fiber ther-

mally treated at 650 �C shows clearer elongate pores

(Fig. 4D) and fewer particles on the fiber’s surface compared

with the sample prepared at 500 �C. According to the results

obtained from XRD and TEM, it may be deduced that the

pores are formed as follows: firstly, the Sn-citric precursor

disperses in the PVA solution uniformly, then the particles

of precursor are formed and dispersed in the fibers during

the process of electrospinning. However, the particles

dispersed in the fibers are not absolutely uniform and some

domains contain more particles due to the rapid drying or

phase separation during spinning process. During the heating

process, the small SnO2 particles and some SnO particles are

formed and they congregate in some region with high con-

centration of particles due to the migration of the particles.

With the increase of the temperature, SnO2 particles react

with the organic matrix to form some SnO particles and then

migrate in the fiber to form the micropores. When the tem-

perature reaches to 400 �C, part of SnO is reduced to melting

Sn because the temperature is higher than the melting-point

of Sn, then mixture of melting tin and SnO forms more com-

pact congregates with elongate shape and migrates in fiber.

Finally, SnO is completely reduced to Sn with the consump-

tion of carbon and the melting Sn will flow out of the fiber

and then cohere outside the fibers because of the large sur-

face tension of metal when the temperature reaches to

500 �C. Therefore the elongate mesopores are formed in the

carbon fibers due to the consumption of carbon and the flow

of the melting Sn. Why have the different pores formed at dif-

ferent heating rates? According to themeasurements and fac-

tors that the tin oxide has been completely reduced to tin at

500 �C and tin has a low-melting point, the consumption of

carbon and the migration of the nanoparticles of tin oxide

at low temperature may contribute to the formation of

micropores. When the heating rate is as low as 5 �Cmin�1,

the migration rate of the particles (tin oxide and melting

tin) can be matched with the reaction between tin oxide

and carbon, therefore the formed tin congregates slowly in

the carbon matrix to form the large agglomerate firstly and

then flows out of the fibers to form macropores. Considering

that the tin can be generated in the fiber is constant, the num-

ber of the formed large agglomerates is less in this case, so

micropores together with some macropores are observed in

the carbon fibers. However, when the heating rate is as high

as 15 �Cmin�1, the time of the whole reaction between tin

oxide and carbon is only one-third of that 5 �C min�1, the

migration rate of the particles (tin oxide and melting tin) is

lower than the formation rate of melting tin, therefore, melt-

ing tin together with the formed gas congregate in the carbon

Fig. 2 – The TEM image of the porous carbon fibers prepared at different heating rates. 5 (A), 7.5 (B), 10 (C) and 15 �C min�1 (D).

Fig. 3 – The XRD pattern of the composite fibers after being

heated at different temperature. (A color version of this

figure can be viewed online.)
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matrix to form large amount of small agglomerates in a short

time. Subsequently, the formed small aggregates extrude out

of the carbon fibers quickly, in this case, many mesopores

with elongate shape are generated besides the micropores.

The nitrogen adsorption–desorption isotherms of MCFs

and MiCFs are shown in Fig. 5A. It is clear that the isotherm

(Fig. 5A-a) of MCFs reveals a typical characteristic of Type IV

(H2). Multilayer adsorption that takes place at lower pressures

Fig. 4 – The TEM images of the composite fibers treated at different temperature. 300 (A), 400 (B), 500 (C) and 650 �C (D). The

inserted figures in C and D are the low magnified TEM images of the fibers.

Fig. 5 – The nitrogen adsorption and desorption isotherms of (a) MCFs (b) and MiCFs (A, the isotherm corresponding to MCFs

is offset vertically by 20 cm3 g�1), the curves of pore volume versus mesopore size estimated from adsorption branch of N2

isotherms for MCFs (B, the inserted figure is the curve for MiCFs), the C1s XPS spectrum (C, the inset is the general XPS

spectrum of the CFMs) and the Raman spectrum of MCFs (D). (A color version of this figure can be viewed online.)
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is followed by the capillary condensation at the relative pres-

sure range of 0.65–0.90. Adsorption–desorption isotherm for

smaller pores is reversible, but an obvious hysteresis in the

isotherm is observed for the range of larger pore diameters,

which reveals the characteristic of materials with large

cage-like mesopores (small entrances and large interiors)

[52]. Such judgment is based on the following fact: the capil-

lary evaporation occurred at a relative pressure of 0.45–0.50

possesses a significant delay compared with the capillary

condensation, which is very different from the narrow hyster-

esis loops observed in the adsorption–desorption isotherms

of the uniform channel-like mesoporous materials [53]. How-

ever, the isotherm of MiCFs (Fig. 5A-b) shows very different

features, there is not capillary condensation observed. From

Fig. 5B, it can be found that MCFs exhibit larger pore volume

in the range of mesopore than MiCFs. Furthermore, the pore

size distribution plots (Fig. S5) show that MCFs possess

micropores of less than 1 nm and the mesopores with an

average diameter of 10.3 nm [54], and that MiCFs possess

mainly micropores of less than 1 nm and a small amount of

macropores. These results are consistent with those observed

by TEM and the structural properties of the samples

calculated on the basis of nitrogen adsorption data are listed

in Table 1. It is found that the specific surface area of MCFs

(800 m2 g�1) is slightly greater than that of MiCFs

(778 m2 g�1). However, CFMs exhibit much larger total pore

volume, external and mesopore surface area than MiCFs.

The XPS spectrum reveals that the surface of the MCFs is

dominated by carbon and oxygen (95.77 at.% of C and 4.23

at.% of O), which demonstrates that the Sn has been removed

completely. The O1s data show the presence of two fitted

peaks (Fig. S4) located at about 532.4 and 533.7 eV, which are

contributed to the carbonyl oxygen atoms in esters, anhy-

drides and the oxygen atoms in hydroxyls or ethers

(532.4 eV), and the oxygen related to carboxyl group

(533.7 eV) [55]. The C1s XPS data (Fig. 5C) reveal that the kinds

of carbon bond are mainly C@C or CAC species (284.6 and

285.2 eV) along with a small amount of CAOR, C@O and

O@CAOR which are located at 286.4, 287.6 and 289.2 eV,

respectively. Additionally, the peak located at 291.2 eV is usu-

ally assigned as the satellite peak (p–p*) of carbon [56,57]. The

Raman spectrum (Fig. 5D) presents the D band at 1346 cm�1

and the G band at 1589 cm�1, the ratio of surface area of D

band to G band is calculated to be about 1.96, indicating that

the MCFs exhibit many defects and less crystalline [42].

3.2. The capacitive properties

From the CV curves recorded at the operating potential be-

tween �0.60 and 0.60 V at different scan rates (Fig. 6A and

B), it is found that unobvious redox waves appear in the CV

curves except that the CV profile shows a hump at the low po-

tential at low scan rate of 5 mV s�1, which may be attributed

to the contribution of the redox reactions of the active func-

tional groups on the surface of the materials. The CV curves

possess the typical rectangular shape at a relatively low scan

rates, but they slightly deviate from the rectangular shape

with the increment of the scan rates due to the restricted mo-

tion of electrolyte in the pores at high scan rate [58,59]. It is

interesting to find that the profile of the CV for MCFs still

keeps a quasi-rectangular shape with a small distortion at

scan rate of 2000 mV s�1, indicating that the cell prepared

by CFMs possesses remarkable high-rate capability. However,

the CV curves for the capacitor fabricated by MiCFs (Fig. 6C

and D) can only keep quasi-rectangular shape at scan rates

lower than 400 mV s�1, and deviate obviously from the rect-

angular shape when the scan rate reaches to 2000 mV s�1.

These results indicate that the good capacitive properties of

MCFs may result from their mesoporous structure.

The galvanostatic charge/discharge curves (Fig. S6) of the

capacitors assembled by MCFs show that all the curves are

highly symmetrical and linear with unobvious iR drops at

small current densities, and that the iR drop increases obvi-

ously with the increase of the current density at large curren-

ties. The repeated charge/discharge curves of the cell of MCFs

at current density of 20 A g�1 show a less deviation from the

cutoff potential of 0.60 and �0.60 V (Fig. S7), indicating that

the cell prepared by CFMs has an excellent stability. In con-

trast, the galvanostatic charge/discharge curves for the capac-

itor prepared by MiCFs (Fig. S8) show much larger iR drop

compared with MCFs at the same current density. According

to the formula 1, the Ccs of MCFs and MiCFs can reach to

105 and 100 F g�1 at scan rate of 5 mV s�1, respectively. The

values of volumetric capacitance for MCFs and MiCFs are also

calculated and found to be about 43.1 and 41 F cm�3 respec-

tively according to the data of Ccs and density (0.41 g cm�3).

The Ccs of MCFs and MiCFs are higher than that of some mes-

oporous carbon [14] and CNTs [60] but lower than that of

some porous carbon materials with very large surface area

[61], which may be caused by the high treating temperature

or not high surface area. The Ccs values decrease with the in-

crease of the scan rates, but MCFs exhibit slighter trend com-

pared with MiCFs. For example, MCFs retain 55% of the initial

Ccs at high scan rate of 2000 mV s�1 (Fig. S9A), which is much

better than MiCFs (23%) and better than many carbon materi-

als previously reported [46–48]. Furthermore, the Ccs of MCFs

calculated from the discharged curves decreases gradually

from 103 (1 A g�1) to 62 F g�1(100 A g�1), and the charge/dis-

charge efficiency (tdischarge/tcharge · 100%) decreases from

about 93 (1 A g�1) to 66% (100 A g�1) (Fig. S9B), which is much

better than that of MiCFs (Fig. S10A) and indicate that the

assembled capacitor has excellent capacitive behavior due

to the efficient formation of double-layer in the interface of

electrolyte/electrode. The large difference in the capacitive

properties between MCFs and MiCFs may mainly come from

their structural characteristics. It is well known that the

capacitive properties of EDLC depend on the surface area

and the porous structure of the materials. The MCFs and MiC-

Fs have a similar specific surface area based on BET method

(about 800 m2 g�1), so they possess a similar Ccs at low scan

rate of 5 mV s�1 (about 100 F g�1). However, the MCFs exhibit

more mesopores, much larger mesopore surface and external

surface area than MiCFs, whichmake the electrolyte diffusion

in the MCFs easier than in MiCFs. Therefore, the MCFs exhibit

relatively high Ccs and good high-rate capacitive properties.

In order to validate the promising applications of MCFs in

electrochemical capacitors, the Ragone plot of the symmetri-

cal capacitors based on the data from discharged curves is

shown in Fig. 7A. According to the discharged curves (exclud-

ing the iR drops), it is found that the capacitors exhibit an
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energy density of 5.1 Wh kg�1 and a power density of

242.2 W kg�1 at current density of 1 A g�1, and 2.0 Wh kg�1

and 16.0 kW kg�1 at current density of 100 A g�1. Cyclic life

is another important requirement for capacitors. From the

cyclic stability of the capacitor assembled by MCFs shown in

Fig. 7B, it is clear that the Ccs value has almost not changed

during the 4250 cyclic tests. Initially, the Ccs has some slight

increase, but it tends to keep stable at the successive test per-

iod and only 1% fluctuation for Ccs may be ascribed to the col-

lapse of pores and the changes of the surface functional

groups. The CV curves recorded at 1st, 2015th and 4200th cy-

cle are almost the same, especially that the 2015th and 4200th

curves are almost completely overlapping (inset in Fig. 7B),

which also reveals the excellent stability.

From the Nyquist plots shown in Fig. 8A, it is found that

the capacitors assembled by CFMs before (a) and after (b)

the stability test display a small semicircle at high frequency

followed by a transition to linearity at low frequency. The

semicircles at higher frequency region are related to the pro-

cess of the charge-transfer at the electrode/electrolyte inter-

face, and the slope of lines at lower frequency region should

be ascribed to the diffusion of the electrolyte ions in the elec-

trode pores [62]. The vertical lines close to 90� at low fre-

quency suggest the pure capacitive behavior and fast

transfer character of electrolyte ions in the electrode [63].

The smaller semicircle after the test of stability reveals more

efficient contact between the electrolyte and the surface of

MCFs. Fig. 8B presents the capacitance obtained from the

EIS before (a) and after (b) stability test, the capacitance of

the MCFs decreases with the increase of the frequency and

behaves like a pure resistance in high-frequency region,

which indicates that the electrolyte ions cannot be diffused

in the carbon material [64] to form the EDLC at high fre-

quency. It is also found that after stability test the material

exhibits a slightly higher Ccs at low frequency range. It should

be noted that the Ccs values of the capacitor cell at 0.01 Hz are

Fig. 6 – The CV curves of the capacitor assembled by the MCFs (A and B) and MiCFs (C and D) recorded at low scan rates (A and

C) and at high scan rates (B and D). (A colour version of this figure can be viewed online.)

Table 1 – Structural properties of the samples calculated on the basis of nitrogen adsorption data.

Sample SBET (m2 g�1) Vt (cm
3 g�1) Smi (cm

2 g�1) Vmi (cm
3 g�1) Sex+me

MCFs 800 0.60 361 0.17 439
MiCFs 778 0.37 590 0.30 188

SBET, BET specific surface area; Vt, total pore volume; Smi, micropore surface area; Vmi, micropore volume; Sex+me, external and primary

mesopore surface area.
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deviated from that derived from CV and charge/discharge

test, which is mainly due to the different testing systems ap-

plied. In Fig. 8B, the characteristic frequency f0 for phase angle

of �45� marks the point at which the resistive and capacitive

impedances are equal [63]. The f0 (2.11 Hz) provides a time

constant s0 (1/f0) which tells how fast the device can be revers-

ibly charged and discharged [46,51]. The s0 for the capacitor

fabricated by MCFs is about 0.47 s which is smaller than that

of MiCFs (1.56 s, Fig. S10B) and the ordered mesoporous car-

bons previously reported [61]. This character also demon-

strates that the MCFs have the high-rate capability.

3.3. The properties of samples used as support for catalyst

The prepared carbon fibers are also used as support to load Pt

catalyst for electrooxidation of methanol. The XRD patterns

shown in Fig. 9A reveal that the CMFs exhibit a broad diffrac-

tion peak at about 25� which corresponds to the diffraction of

C (002) plane (Fig. 9A-a). Besides the diffraction of C(002), the

Pt catalysts supported on carbon show three diffraction peaks

at 39.8�, 46.4� and 67.6�, which are corresponding to the dif-

fraction of Pt (111), (200) and (220) crystal plane. Using the

Scherrer formula, the average diameters of Pt particles are

calculated to be about 5.57, 5.38, 5.34 and 3.58 nm for

Pt/MCF-40, Pt/MCF-60, Pt/MCF-80 and Pt/C-40 based on the

diffraction peak of Pt (111), respectively. The Pt 4f XPS spectra

(Fig. 9B) show that the Pt particles dispersed on the support of

carbon exhibit Pt2+ and Pt4+ species besides the Pt0 species.

Compared with bulk Pt, it is found that the binding energy

for Pt 4f7/2 shifts to high-region. Furthermore, it can also be

found that the binding energy for Pt 4f7/2 in Pt/C-40 is slightly

higher than that of Pt/MCF, indicating that MCFs have less

ability to attract the electrons of Pt. Furthermore, the samples

have the similar C1s XPS spectra (Fig. S11) and Raman spectra

(Fig. S12).

From the TEM images, it is found that partial Pt particles

are dispersed on the surface of the fibers, but other Pt parti-

cles are loaded on the surface of the fibers as conglomeration

for Pt/MCF-80 (Fig. S13A). In comparison with the catalysts of

Pt/MCF-80 and 60, the Pt particles in Pt/MCF-40 have less con-

glomeration and the size of the conglomeration is relatively

small (Fig. S13B and C). The commercial Pt/C-40 catalyst

shows a uniform dispersion of Pt particles on the surface of

carbon particles, the sizes of the Pt particles are clearly

Fig. 7 – Ragone plots of the energy density versus power density calculated according to discharged curves (A), and the cyclic

stability of capacitor assembled by MCFs (B) upon repeated scans at 150 mV s�1, the inserted figure shows the CV curves

recorded at 1st, 2015th and 4200th cycle. (A color version of this figure can be viewed online.)

Fig. 8 – Complex plot of the capacitor assembled by MCFs and the inset shows the high-frequency region of the plot (A) and

the plots of specific capacitance of MCFs and the phase angles versus the frequency (B). (A color version of this figure can be

viewed online.)
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smaller than that supported on MCFs (Fig. S13D). The size of

the Pt particles observed from TEM images is consistent with

the size of the Pt particles obtained from XRD patterns. From

the TEM image of Pt/MiCFs-60, it is found that the Pt particles

supported on MiCFs are relatively uniform and the size of Pt

particles is about 5.2 nm (Fig. S14), which is similar to that

on MCFs.

As shown in Fig. 10A, all of the catalysts have a current

peak for methanol oxidation at about 0.70–0.73 V (vs. SCE)

during the positive scan (If), while the other current peak at

about 0.45–0.50 V at negative sweep (Ib) is corresponding to

the oxidation of the incompletely oxidized carbonaceous spe-

cies which have formed in the positively going potential scan.

The maximum current density for methanol oxidation during

positive sweep is about 323, 262, 219, 251 and 202 mAmg�1 Pt

for Pt/MCF-80, Pt/MCF-60, Pt/MCF-40, Pt/MiCF-60 and Pt/C-40,

respectively. The value of If/Ib is about 1.03 for electrode of Pt/

MCF-80 loading on carbon paper which is higher than those

for Pt/MiCF-60 (1.01), Pt/MCF-60 (0.99), Pt/MCF-40 (0.91) and

commercial Pt/C-40 (0.87), indicating that more intermediate

carbonaceous species are oxidized to carbon dioxide in the

positively going scan on Pt/MCF-80 [65]. The optimum activity

of Pt supported on MCFs is lower than Pt on electrospinning-

derived carbon fibers [42–44], graphene–CeO2 [66] hybrid and

graphene–MnO2 hybrid [67] due to the poor distribution of

Pt on MCFs, but the activity is larger than that on reduced

graphene oxide [68,69] prepared through microwave-assisted

or by femtosecond laser pulses. It is considered that the activ-

ity of catalyst is relatedwith its electrochemical active surface

area (ECSA). So the data of ECSA for the Pt particles loaded on

carbons are determined according to the hydrogen adsorp-

tion–desorption CV curves (Fig. S15) recorded in deaerated

0.5 mol L�1 H2SO4 aqueous solution at sweep rate of

50 mV s�1. Using the value of 0.21 mC cm�2 for a clean Pt elec-

trode [42], the ECSAs of the catalysts are calculated by inte-

grating the area within the region of –0.24 to 0.1 V under the

hydrogen desorption wave and found to be 23.7, 19.0, 19.3,

22.1 and 23.2 m2 g�1 for Pt/MCF-80, Pt/MCF-60, Pt/MCF-40,

Pt/MiCF-60 and Pt/C-40, respectively. In order to obtain the

activity on unit ECSA, the peak current densities of the meth-

anol oxidation have been normalized by the ECSA of Pt nano-

particles. It is found that the activities toward methanol

oxidation based on ECSAs are 1.36, 1.37, 1.15, 1.13 and

0.87 mA cm�2 for Pt/MCF-80, Pt/MCF-60, Pt/MCF-40, Pt/MiCF-60

Fig. 10 – (A) CV curves for methanol oxidation on (a) Pt/MCF-80, (b) Pt/MCF-60, (c) Pt/MCF-40, (d) Pt/MiCF-60 and (e) Pt/C-40

electrodes at scan of 50 mV s�1, (B) The chronoamperometric curves of methanol oxidation on (a) Pt/MCF-80, (b) Pt/MCF-60, (c)

Pt/MCF-40, (d) Pt/MiCF-60 and (e) Pt/C-40 electrodes at a constant potential of 0.45 V. Electrolyte: N2 saturated 0.5 mol L�1

H2SO4 + 1.0 mol L�1 CH3OH aqueous solution. (A color version of this figure can be viewed online.)

Fig. 9 – (A) The XRD patterns of MCFs (a), Pt/MCF-40 (b), Pt/MCF-60 (c), Pt/MCF-80 (d) and commercial Pt/C-40 (e), (B) the Pt XPS

spectra of commercial, Pt/C-40 (a), Pt/MCF-80 (b) and Pt/MCF-60 (c). (A color version of this figure can be viewed online.)
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and Pt/C-40, respectively. The results also indicate that the

activity of Pt particles towards methanol oxidation can be im-

proved by loading on MCFs.

In the practical application, the stability of the catalyst is

as important as the activity of the catalyst, so the polarized

current density for methanol oxidation is determined at a

constant potential of 0.45 V for 10,000 s, from which it can

be seen that the current densities for methanol oxidation

continue decay with the increase of the experimental time

after reaching their maxima (Fig. 10B). For example, the cur-

rent densities decrease to about 84.0, 91.6, 74.0 41.2 and

28.8 mAmg�1 Pt after a polarization time of 1000 s, while de-

crease to about 34.8, 37.2, 12.8 6.5 and 1.2 mAmg�1 Pt after

10,000 s test for Pt/MCF-40, Pt/MCF-60, Pt/MCF-80, Pt/MiCF-

60 and commercial Pt/C-40, respectively. The current densi-

ties retain about 35.2%, 34.6%, 9.8%, 8.1% and 1.5% of themax-

imum current densities for Pt/MCF-40, Pt/MCF-60, Pt/MCF-80,

Pt/MiCFs and commercial Pt/C-40, respectively. It is thought

that Pt/MCF-60 exhibits excellent performance in both the

activity and stability considering that the activity and the re-

tained current density on Pt/MCF-60 are larger than that on

Pt/MCF-40 although the retained current density on Pt/MCF-

40 is slightly larger. These results show that the optimum cat-

alyst supported on the MCFs exhibits better stability than Pt

particles supported on electrospinning-derived carbon fibers

[43,44], and that the stability is comparable to Pt particles sup-

ported on the reduced graphene oxide [68] and the hybrids of

carbon–graphene [42], graphene–CeO2 [66] and graphene–

MnO2 [67].

The charge transfer resistance (Rct) obtained from the EIS

can give the kinetic information about the methanol oxida-

tion [65,70]. From the EIS spectra recorded at 0.35 V, the Rct

values are evaluated as 13.1, 23.3, 40.2 and 57.3 X cm2 for cat-

alysts of Pt/MCF-80, Pt/MCF-60, Pt/MCF-40 and Pt/C-40 loaded

on the carbon paper (Fig. S16). Such result shows clearly that

a rather quick charge transfer rate has realized on Pt/CFM

electrode during methanol electro-oxidation. It is generally

considered that the small Pt particles with good dispersion

on support exhibit higher activity and stability to methanol

electro-oxidation than large particles and aggregates, but

the results obtained in this paper are different. These differ-

ences may result from: (1) it is unavoidable that a significant

portion of Pt/C particles is detached from the substrate and

isolated from the electrical circuit even with the most ad-

vanced electrodes prepared by wetting–drying method,

resulting in a low Pt utilization [71], (2) the MCFs in the layer

of catalyst have a good contact between each other and form

the large pores due to the relatively long size of MCFs, which

satisfy the requirements of reactant access, proton access,

and electronic continuity for electro-catalyst, (3) the mesopor-

ous carbon structure is usually considered to be an ideal cat-

alyst support for electrode support materials in DMFC

because it can provide favorable hosting morphology for the

metallic catalyst clusters and interconnected pore network

for a facile transport of feeds and products [72]. On the other

hand, that MCFs contain many pores with large interior and

small entrance on the surface may make the Pt particles an-

chored on the fibers’ surface with more pores and limit the

movement of the particles during the electrochemical tests.

4. Conclusions

A feasible method to prepare the mesoporous carbon fibers

with cage-like pores has been developed by combining the

electrospinning technique and thermal treatment. The ob-

tained carbon material exhibits high specific surface area

and relatively uniform mesopores. The electrochemical mea-

surements show that the capacitor assembled by MCFs exhib-

its excellent quick charge/discharge properties, and that the

specific capacitance of it can reach to about 105 F g�1. Further-

more, the MCFs used as catalyst support can load catalyst in

large amount. The Pt catalyst at high loading of 80% has the

maximum current density toward methanol oxidation, while

the catalyst of Pt/MCF-60 possesses the good activity and very

high stability. This method developed for preparation of the

MCFs with large cage-like pores is easy and efficient and

can be extended to prepare other mesoporous carbon

materials.
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