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A B S T R A C T

Graphene-modified carbon fiber mats (GCFMs) with high conductivity of about 65 S cm�1

and good flexibility have been fabricated by thermally treating electrospun polyacryloni-

trile fibers decorated with graphene oxide. Pt particles were then deposited on the GCFM

by using formaldehyde vapor as a reducer to react with H2PtCl6Æ6H2O adsorbed on the

GCFM. The obtained electro-catalytic electrodes were characterized and evaluated. The

results show that the Pt catalyst loaded on GCFM exhibits high electro-catalytic activity,

good tolerance towards reaction intermediates and unusually high stability towards meth-

anol electrochemical oxidation because the special structure of GCFM can stabilize the Pt

particles, and that the charge transfer resistance between the methanol and the catalytic

electrode is as small as 15.7 Xcm2. An electrochemical catalyst with high activity and sta-

bility can be developed by using GCFM as a supporting material.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) which convert chemical

energy of methanol directly into electrical energy through

catalytic reaction are very useful working systems adopted

by the electric vehicles and electronic portable devices due

to their high efficiency and environmentally-benign property

[1–6]. At present, Pt and its alloy are usually used as the

cathode and anode catalysts for the oxygen reduction and

methanol oxidation in DMFCs, respectively. However, it is

necessary to improve the performances of Pt-based catalysts

for methanol electro-oxidation because of such barriers as

low methanol oxidation kinetics, the aggregation and poison-

ing of the catalyst exhibited during the commercialization of

DMFCs. Thus, it is significant to improve the activity of Pt-

based catalysts used in methanol electro-oxidation [7].

It has been proved that the performances of catalysts are

closely associated with not only the size, morphology and

distribution of the particles of catalysts but also the nature

of the supporting materials. Tests of durability have indicated

that conventional carbon black supports undergo morpholog-

ical changes and induce aggregation of catalysts during the

extended use [8]. Therefore, special attention has been paid

to use the various carbon materials including mesocarbon

microbeads [9], ordered mesocarbon microbeads [10,11], acti-

vated carbon fibers (CFs) [12,13], carbon nanotubes (CNTs)

[14–16] and other carbonaceous materials [17–19] as supports

for catalysts. Recently, the conductive fiber mats fabricated by

electrospinning present potential applications in DMFCs be-

cause their large cumulate pores among the continuous

nanofibers are favorable for the diffusion of the reagent and

the flow of liquid and gas [13,20]. More attention has still fo-

cused on the improvement of the initial activity of the cata-

lysts in most researches although the stability, especially

the long-term stability of catalysts is the same important as

its activity in methanol electrochemical oxidation [21].
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Graphene, a newly found carbon material, constructed by

a single layer of carbon atom possessing large surface area

as well as excellent electronic conductivity, large thermal

conductivity [22–24], has stimulated great interest and in-

tense studies in recent years because of its various potential

applications in many technological fields [25–28]. Till now, dif-

ferent techniques including micromechanical exfoliation,

epitaxial growth and chemical vapor deposition have been

developed for producing graphene. Chemically converted

graphene (CCG) synthesized by using graphite, graphene

oxide (GO) or other graphite derivatives as starting materials

has been found to be an useful component in various com-

posites [29,30] and can improve the properties of the compos-

ites. Recently, it is found that CCG can improve the activity of

Pt catalyst towards methanol oxidation dramatically in

DMFCs [31–34]. However, the surface area of the CCG will be

decreased strikingly when the separated graphene sheets

aggregate together through the force of van der Waals and

the interaction of p–p although the separated graphene sheets

exhibit large surface area, this will influence the utility and

performances of the catalysts supported on them. It is ex-

pected that the performances including the activity and sta-

bility of Pt catalyst will be improved when the hybrid carbon

materials prepared from one- and two-dimensional materials

of carbon are used as a support considering that the surface

of the fibers will be modified by CCG and the CCG sheets will

be separated by the nanofibers when the structures of one-

dimensional nanofibers prepared by electrospinning and the

two-dimensional CCG are combined.

In present work, GO is used as decorator to modify the sur-

face of electrospun polyacrylonitrile (PAN) fibers firstly by sim-

ply filtering the GO solution through the fiber mats of PAN.

After thermally-treated, graphene-modified carbon fiber mats

(GCFMs) are obtained and used as the supports to load Pt parti-

cles prepared by reacting formaldehyde vapor with H2PtCl6Æ6-

H2O adsorbed on them. The fabricated catalytic electrode is

expected to exhibit high activity and long-term stability.

2. Experimental

2.1. Chemicals and materials

Natural graphite powder (NGP, 325 mesh) was purchased from

Tianjin Guangfu Research Institute. PAN and Nafion solution

(5%) were obtained from Aldrich and the commercial Pt/C

(40%) was bought from JohnsonMatthey Corp. All other chem-

icals employed in this study were of analytical grade. The fiber

mats of PAN were prepared according to the previously re-

ported method [20]. The GO was prepared by oxidizing the

NGP according to the method reported in literature [35]. To

make the size of the GO smaller, the obtained GO was treated

by mixed acids according to the improvedmethod for treating

CNTs [36]. Briefly, GO (400 mg) was added into 20.0 mLmixture

of H2SO4 and HNO3 (3:1 by volume), then the mixture was

poured into coldwater after ultrasonic treating for 16 h. The re-

sultedprecipitatewas collectedandwashedwith large amount

of water, and followed by dialysis for one week to remove the

remaining acid and ions. Finally, the collected gel-like GO

was dried under vacuum condition in the presence of P2O5.

2.2. Preparation of GCFMs

The diluted dispersion of GO was prepared by dispersing

4.5 mg GO into 200 mL water under ultrasonic bath for

60 min. The electrospun fiber mat of PAN was placed on the

filter membrane carefully and the GO dispersion was added

into the cullender cautiously and filtered through the mat

slowly after filtering 100 mL water. The fiber mat of PAN dec-

orated with GO was then obtained when the dispersion of GO

filtered through themat completely, and then the hybrid mats

were transferred into a muffle furnace for oxidative stabiliza-

tion at 280 �C. Finally, the GCFMs were obtained after the oxi-

dative stabilized hybrid fiber mats were heated at 600 �C for

30 min firstly and then the temperature was increased to

1200 �C and kept for 1 h under high-purity argon atmosphere.

The resulted GCFMs (thickness: 50 lm) were cut by a razor

blade into rectangular strips with an approximate size of

10 · 2 mm and used as electrodes directly. For comparison

carbon fiber mats (CFMs) were also prepared according to

the method reported in literature [20].

2.3. Preparation of catalytic electrodes

The Pt particles were synthesized by reacting H2PtCl6Æ6H2O

adsorbed on GCFMs with formaldehyde vapor. The typical

procedure was described as the follows: firstly, tetrahydrofu-

ran (60 lL) was mixed with 0.19 mol L�1 H2PtCl6Æ6H2O aqueous

solution (20 lL), secondly, a certain amount of the mixture

was adsorbed onto GCFM, subsequently the films of GCFMs

containing Pt precursor were placed into a small glass tube

which would be placed into 20 mL Teflon-sealed autoclave

containing 1.0 mL formaldehyde (37%) aqueous solution and

100 lL CH3OH after the solvent was volatilized in the air

(25 �C), and then the Teflon-sealed autoclave was heated in

an oven and kept at 125 �C for 3 h. After cooling, the catalytic

electrodes were washed by ethanol and water thoroughly and

dried in air, and denoted as Pt–GCFM. By comparison, the cat-

alytic electrodes denoted as Pt–CFMwere fabricated by depos-

iting Pt particles on CFMs in the similar procedure. The

electrodes assigned as Pt/C–GCFM were also fabricated by

loading the commercial Pt/C on the GCFM through transfer-

ring 6.4 lL of the ultrasonic-treated mixture of Pt/C catalyst

(5.0 mg), water (1.25 mL) and Nafion solution (0.25 mL) onto

the GCFM. The content of Pt in all the electrodes was kept

about 0.21 mg cm�2. And the geometric surface area of the

electrodes was guaranteed to be about 0.04 cm2.

2.4. Characterization and measurement

Scanning electron micrographs (SEM) and transmission elec-

tron micrographs (TEM) images were observed by employing

a JEOL-JSM-6701 field-emission microscope operating at an

accelerating voltage of 10 kV and a JEM-1011 transmission

electron microscope operating at the accelerating voltage of

80 kV, respectively. Raman spectra were recorded on a Job-

inYvon Lab RAMHR800 microscopic confocal Raman spec-

trometer by employing a laser of 514 nm as incident light.

The time for each measurement was 30 s and the spectra

were recorded by accumulating the measurement for three

times. X-ray diffraction (XRD) patterns were recorded on a
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Bruker D8 Advance X-ray diffractometer with Cu Ka radiation

and graphite monochromator, at the scan speed of 5�min�1

with a step size of 0.02�. The content of Pt was determined

by an IRIS Advantage inductively coupled plasma atomic

emission spectroscopy system. The electrical conductivity

was measured by using the four-probe method, and electro-

chemical measurements were carried out on a CHI 660C elec-

trochemistry workstation at 25 �C. The electrolyte was

0.5 mol L�1 H2SO4 + 1.0 mol L�1 CH3OH aqueous solution, the

Pt–CFM, Pt–GCFM and Pt/C–GCFM electrodes, a Pt plate and

saturated calomel electrode (SCE) were used as working,

counter and reference electrode, respectively. Electrochemical

impedance spectroscopy (EIS) was carried out in the fre-

quency ranging from 100,000 to 0.1 Hz with amplitude of

5 mV, and ZView-2 fitting program was used to analyze the

impedance parameters. High-purity N2 was used to deaerate

the solutions and maintained above the electrolyte solution

during measurements.

3. Results and discussion

3.1. Characteristic of the fiber mats

It can be seen clearly from Fig. 1 that the surface structure of

the CFs has changed obviously after they are modified by CCG

through comparing the typical morphologies of the GCFMs

with that of CFMs. Formed by CFs bearing relatively smooth

surface and an even diameter distribution (�150 nm), the

CFM possesses many cumulate gaps formed by the carbon fi-

bers (Fig. 1A). However, the surface of the CFs in the GCFM has

become quite coarse, and the diameter of the fibers becomes

slightly larger too. Furthermore, some gaps between the fibers

are found to be covered by some CCG sheets (Fig. 1B). From

the TEM image inserted in Fig. 1B, it can be seen that the

CFs are coated closely by the CCG sheets whose surface is

crinkly, which makes the surface of the CFs rough. From the

Raman spectra of the CFM and GCFM, two typical peaks

which are corresponding to the defect/disorder-induced

vibrational mode (D band) and the E2g vibrational modewhich

is activated for sp2 hybridized carbon-based material (G band)

are observed at about 1342 and 1588 cm�1, respectively

(Fig. 1C). The value of D/G (the area ratio of D to G band)

can be used to denote the relative content of graphited carbon

in the carbonaceous materials. It is surprising to find that the

D/G value in the Raman spectrum of the GCFM is larger than

that of CFM, which indicates that the GCFM possesses more

modes of defect/disorder-induced vibration because of the

increment of the sp3 carbon atoms’ variety and the structural

damage on the ordered structure of graphene deposited on

the surface of CFs. That is due to the fact that sp2 carbon net-

work has been broken into nano-scale oxidized domain dur-

ing the process that GO is fabricated [37,38]. As shown in

Fig. 1D, it is clear that the strips of GCFM exhibit good flexibil-

ity, and that the strip with a length of 35 mm and a width of

2 mm can be bent easily. The electrical conductivities are

measured by convenient four-probe method, and it is found

that the GCFM exhibits (65 S cm�1) higher conductivity than

CFM (45 S cm�1).

The double-layer capacities of the GCFM and CFM are also

determined in 1.0 mol L�1 KCl aqueous solution (Fig. 2) in or-

der to illustrate the changes of the surface area. It can be

found that the cyclic voltammetry (CV) curves are rectangu-

lar-like with the almost symmetric I–E responses for the both

electrodes, which are corresponding to the rapid current

Fig. 1 – (A) SEM images of CFM (insertion: magnified SEM image), (B) SEM of GCFM (insertion: TEM image of GCFM), (C) Raman

spectra of the CFM (a) and GCFM (b) as prepared and (D) the GCFM strip under bent situation (insertion: the photograph of the

GCFM strips with the size of 35 · 2 · 0.05 mm).
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response on voltage reversal at each end potential and accord

with the ideal capacitive behavior. The double-layer capacity

of GCFM (3.75 mF cm�2) is about 2.57· as high as that of

CFM (1.46 mF cm�2) based on the geometrical area, indicating

that the modified CCG can increase the surface of CFM. The

above results reveal that the CCG can not only reform the sur-

face structure of carbon nanofibers but also improve the flex-

ibility of the CFM and the electrical conductivity, which will

cause the GCFM to be suitable as supporting materials for

electrochemical catalysts.

3.2. Characteristics of the mats loaded with Pt particles

The noble metallic particles of Pt are loaded on the fiber mats

through reacting Pt precursor with formaldehyde vapor. From

the SEM image shown in Fig. 3A, it can be seen that the Pt par-

ticles are deposited on the surface of the fibers and the CCG in

GCFM, the size of Pt particles is very small and relatively uni-

form, and what is more, relatively more Pt particles are dis-

persed in the intersectional region among the fibers. From

the TEM image (Fig. 3B), it is corroborated clearly that the Pt

particles disperse not only on the surface of CF but also on

the CCG, the size of the Pt particles ranges from 3 to 7 nm; fur-

thermore, it can be also found that the density of the Pt par-

ticles is high on the fringe of the fiber close to the CCG sheets.

In contrast, the Pt particles with the relatively large size are

deposited on the surface of CFs uniformly in CFM (Fig. 3C),

from the inserted TEM image, it can be seen that the size of

the Pt particles deposited on CFM ranges from 5 to 10 nm.

In the XRD patterns (Fig. 3D), the diffraction peak located at

about 24.9� is assigned to the diffraction of C (2 0 0) plane,

while the peaks at 39.8, 46.4 and 67.6� are corresponding to

the diffraction of Pt (1 1 1), (2 0 0) and (2 2 0) plane. According

to the Scherrer formula (d = 0.89k/Bcosh), the average diameter

of Pt particles is calculated to be about 3.7, 5.2 and 7.3 nm for

Pt/C, Pt–GCFM and Pt–CFM electrodes, respectively, which is

consistent with the results obtained from TEM images.

3.3. Performances of the catalytic electrodes

The activity of the catalytic electrodes towards the methanol

oxidation is evaluated by using the CV method in the

electrolyte of 1.0 mol L�1 CH3OH + 0.5 mol L�1 H2SO4 at a po-

tential scan rate of 50 mV s�1. It can be seen clearly from

Fig. 4A that the anodic current density on Pt–GCFM electrode

in the positively going scan (If) increases with the increase of

scan potential, and that at 0.78 V the peak current density

reaches to 101.0 mA cm�2 (468 mAmg�1 Pt) (Fig. 4A-c) which

is significantly larger than 84.0 mA cm�2 (400 mAmg�1 Pt)

on Pt–CFM electrode at 0.75 V (Fig. 4A-b) and 41.2 mA cm�2

(194 mAmg�1 Pt) on commercial Pt/C–GCFM electrode at

0.68 V (Fig. 4A-a) although the CV curve of GCFM does not

show significant redox activity (Fig. 4A-d). At the same time,

the other anodic peak (Ib) observed in the reverse scan can

be attributed to the removal of the incompletely oxidized car-

bonaceous species formed in the positively going scan whose

relative amount can be evaluated by using the If/Ib value. It is

interesting to find that the If/Ib value is about 1.09 for metha-

nol oxidation on the Pt–GCFM electrode, which is higher than

that on Pt–CFM electrode (0.98) and commercial catalyst Pt/C

loaded on GCFM (0.93), indicating that more effective oxida-

tion of methanol occurs on Pt–GCFM electrode during the for-

ward potential scan and that less poisoning species can form

compared with Pt–CFM and Pt/C–GCFM electrodes [20,34].

It can be found from Fig. 4B that the current density of

methanol oxidation on Pt–GCFM electrode is much higher

than that on the Pt–CFM and Pt/C–GCFM electrodes when

the potential is larger than 0.22 V based on the plots of the

potential dependence on the steady-state current density re-

corded at 100 s. The ratios of the current density on Pt–GCFM

versus that acquired on Pt–CFM or Pt/C–GCFM, reach to 344%

for Pt/C–GCFM and 307% for Pt–CFM at 0.35 V, and 244% for Pt/

C–GCFM and 190% for Pt–CFM at 0.45 V, respectively. This

result indicates that the reaction of methanol oxidation oc-

curs on the Pt–GCFM electrode easier than on Pt–CFM and

Pt/C–GCFM electrodes.

Electrochemically active surface areas (ECSAs) of Pt nano-

particles on various electrodes are also measured in deaer-

ated 0.5 mol L�1 H2SO4 aqueous solution by using CV

method at sweep rate of 50 mV s�1, as shown in Fig. 5. It is

clear that all electrodes exhibit the features of hydrogen

adsorption–desorption within the region of �0.24–0.1 V. Using

the value of 0.21 mC cm�2 for a clean planar Pt electrode [39],

the ECSAs of the electrodes are calculated by integrating the

area under the hydrogen desorption wave and found to be

44.5, 34.8 and 32.8 m2 g�1 for Pt nanoparticles on Pt/C–GCFM,

Pt–GCFM and Pt–CFM electrodes, respectively. The results are

consistent with the size of the Pt particles obtained by TEM

image and XRD patterns.

In order to investigate the sole effect of the supports, the

peak current densities of the methanol oxidation normalized

by the ECSA of Pt nanoparticles (jECSA) are obtained by using

the equation according the method reported previously [40]:

jECSA ¼ jMPt

ECSAPt
ð1Þ

where jMPt is the peak current density of methanol oxidation

normalized by the mass of Pt. The values of jECSA are

calculated to be 0.44, 1.34 and 1.22 mA cm�2 for Pt/C–GCFM,

Pt–GCFM and Pt–CFM electrodes, respectively. The results

demonstrate that the activity of Pt particles towards

methanol oxidation can also be influenced by the supporting

Fig. 2 – CV curves in 1.0 mol L�1 KCl aqueous solution for (a)

CFM and (b) GCFM electrodes with a scan rate of

300.0 mV s�1.
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materials, and that the CCGmodified on the carbon fibers can

improve the activity of Pt nanoparticles.

In order to get more information about the reactive pro-

cess and the kinetics of methanol oxidation, EIS from which

the charge transfer resistance (Rct) can be obtained according

to the relationship between ac impedance and the frequency

of ac sources [41] are measured. From the complex plots mea-

sured at 0.35 V (Fig. 6A), it is found that the semicircle or arc at

low frequency appears in all the complex plots and varies

with the difference of electrodes. It is interesting to find that

the impedance data plotted in the complex plane extend into

the fourth quadrant for Pt–GCFM electrode, while the data for

Pt–CFM and Pt/C–GCFM electrodes remain in the first

quadrant, except that the curvature for Pt–CFM electrode is

larger than that for Pt/C–GCFM electrode. The Rct value is eval-

uated as 15.7 X cm2 for Pt–GCFM electrode by using the equiv-

alent circuit inserted in Fig. 6A, which is much smaller than

28.1 Xcm2 for Pt–CFM electrode and 41.6 Xcm2 for Pt/C–GCFM

electrode. Such result shows clearly that a rather quick charge

transfer rate has realized on Pt–GCFM electrode during meth-

anol electro-oxidation.

In practical application, both the activity and the long-

term stability of the catalysts are important. So the stabilities

of the Pt–GCFM, Pt–CFM and Pt/C–GCFM electrodes have also

been determined by chronoamperometric technique at a

technical interesting potential in fuel cell application

Fig. 3 – SEM images of the Pt–GCFM (A) and Pt–CFM (C) electrodes recorded by combining the back-scattered electron and

secondary electron images, the insertion in (C) is the TEM image of Pt–CFM electrode, the TEM image of the Pt–GCFM electrode

(B), and (D) the XRD patterns of GCFM (a), Pt/C–GCFM (b), Pt–GCFM (c) and Pt–CFM (d) electrodes.

Fig. 4 – (A) CV curves for methanol oxidation on (a) Pt/C–GCFM, (b) Pt–CFM, (c) Pt–GCFM and (d) GCFM electrodes at scan rate of

50 mV s�1, (B) Potential-dependent steady-state current densities (left, recorded at 100 s) of the methanol oxidation on the

catalytic electrodes, and the ratios (right) between the current density obtained on Pt–GCFM with that on Pt–CFM and Pt/C–

GCFM electrodes, respectively. Electrolyte: N2 saturated 0.5 mol L�1 H2SO4 + 1.0 mol L�1 CH3OH aqueous solution.
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(0.45 V) for 10,000 s (Fig. 6B). It can be seen obviously that the

current densities of methanol oxidation present continuous

decay with the increment of time after reaching their maxima

of 32.2, 22.9 and 19.7 mA cm�2 on Pt–GCFM, Pt–CFM and Pt/C–

GCFM electrodes, respectively. Moreover, the decay of the cur-

rent density on Pt–GCFM electrode exhibits a more gently

decreasing trend than the other electrodes. After a polariza-

tion for 1000 s, the current densities decrease to 24.4, 11.1

and 5.87 mA cm�2 on Pt–GCFM, Pt–CFM and Pt/C–GCFM elec-

trodes, respectively. Finally, the current densities retain 12.1,

2.7 and 0.97 mA cm�2, which hold the maxima of 37.8%,

11.8% and 4.9% on Pt–GCFM, Pt–CFM and Pt/C–GCFM elec-

trodes after a polarization of 10,000 s, respectively. Namely,

the reserved current density on Pt–GCFM electrode is about

12.9· as high as that on Pt/C–GCFM electrode and about 4.4·
as that on Pt–CFM electrode after steady-state polarization

of 10,000 s. From the results shown in Figs. 4 and 6, it can

be found that the Pt–GCFM electrode exhibits excellent elec-

tro-catalytic activity and long-term stability toward methanol

oxidation, indicating that the Pt–GCFM electrode possesses

good tolerance towards reaction intermediates and favors

long-term application as the anode in DMFCs.

3.4. The structural changes after stability test

Fig. 7 shows the changes of microstructure on the electrodes

after stability test. It can be seen that the density of Pt parti-

cles on graphene becomes higher than that before stability

test and the size of the catalyst particles increases slightly

although the distribution of the Pt particles still keeps rela-

tively uniform (Fig. 7A). Furthermore, from the inserted SEM

image (the white color represents Pt), it is interesting to find

that most of Pt particles have transferred to the intersectional

region among the fibers where more CCG exists comparing

with the electrode as prepared (Fig. 2A). The size of Pt parti-

cles dispersed on the surface of CFs in CFM increases obvi-

ously, for example, it has enlarged from 7.3 to about 10 nm

(Fig. 7B) after stability test. From the inserted SEM image,

one can also find that many particles with the size of about

50 nm have dispersed on the surface of fibers, which is quite

different from the observation on Pt–GCFM electrodes where

the Pt particles are still relatively uniform.

The main causes that lead to the changes may be the fact

that the surface of CFs has been modified by CCG which

Fig. 5 – The CV curves of Pt/C–GCFM (A), Pt–GCFM (B) and Pt–

CFM (C) electrodes in N2 saturated 0.5 mol L�1 H2SO4

solution at a potential scan rate of 50 mV s�1.

Fig. 6 – (A) Complex plane plots of the impedance of the Pt/C–GCFM, Pt–CFM and Pt–GCFM electrodes at potential of 0.35 V

(insertion: the equivalent circuit can simulate the data), (B) Long-term stability test: chronoamperometric curves of methanol

oxidation on Pt/C–GCFM (a), Pt–CFM (b) and Pt–GCFM (c) electrodes a constant potential of 0.45 V (insertion: the

chronoamperometric curves before 1500 s). Electrolyte: N2 saturated 0.5 mol L�1 H2SO4 + 1.0 mol L�1 CH3OH aqueous solution.
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prevents the Pt particles from agglomeration. It is that the

new surface of fibers has now become coarser, and exhibits

larger specific surface area than the old surface without

CCG. On the other hand, the introduced CCG exhibits many

defect-disorder domains which are favorable for the disper-

sion of catalysts, which has been pointed out that the surface

of graphene under the condition of tension can stabilize the

Pt particles [42]. So the high activity and long-term stability

of Pt particles may come from the above-mentioned factors.

4. Conclusions

Graphene-modified carbon fiber mats have been fabricated by

combining the electrospinning, surface decoration and ther-

mal treatment. The surface of the carbon nanofibers becomes

rough after they are modified by CCG and at the same time

the CCG sheets are separated by the fibers. The material used

as the support improves both the activity and long-term sta-

bility of the Pt catalyst towards methanol oxidation dramati-

cally, which indicates that it can be developed as an excellent

supporting material for electrochemical catalysts.
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