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Properties of mesoporous carbon modified carbon felt
for anode of all-vanadium redox flow battery
Charles N. Schmidt and Guozhong Cao*

ABSTRACT  A novel anode material for all-vanadium re-
dox flow battery was synthesized by dispersion coating of
sol-gel processed (resorcinol-furaldehyde) mesoporous car-
bon (MPC) onto the surface of polyacrylonitrile carbon felt
(CF). The coated samples were then annealed at 900°C and
1100°C and the subsequent morphology, surface chemistry,
and electrochemical properties of the MPC coated CF were
characterized and compared with an uncoated CF. Addition
of the MPC coating is shown to dramatically increase surface
area while also increasing the number of active surface
oxygen groups particularly for samples annealed at 1100°C.
MPC coating shows a mixed effect on electrochemical prop-
erties. Characterization with cyclic voltammetry reveals the
introduction of MPC coating provides roughly 30% increase
in peak current density for the oxidation and reduction re-
actions of the V(IV)/V(V) redox couple, which is attributed
to the significantly increased number of active reaction sites.
However, MPC coating seems to be accompanied by a re-
duction in conductivity as demonstrated by increased redox
peak separation and charge transfer resistance. This negative
effect on conductivity can be mitigated by heat treatment (at
or above 1100°C) which improves surface graphitization re-
ducing redox peak separation and charge transfer resistance
such that it is comparable with uncoated samples.

Keywords:  vanadium redox flow battery, carbon felt, meso-
porous carbon, catalyst, surface area

INTRODUCTION
Renewable energy sources have expanded to become an
ever increasing portion of the national and global energy
portfolio [1,2]. However, the intrinsic intermittent nature
of production from many renewable sources (solar, wind,
wave, etc.) is incompatible with current methods of power
distribution, and integration of renewable sources over
20% of the energy supply could threaten grid stability
[3]. This, creates an imperative need for development of

effective, utility-scale, stationary, electrical energy storage
(EES) [3,4]. Among potential electrochemical storage
options, redox flow batteries (RFB) have garnered signifi-
cant interest given their readily scalable capacity, extended
discharge times, and long cyclic lifetime.
While a variety of RFB chemistries have been developed,

aqueous RFB chemistries and in particular all-vanadium
systems, are the most thoroughly investigated. Perhaps the
most promising aqueousRFB chemistry, all-vanadiumRFB
(VRFB) has by far garnered the most research and com-
mercial attention [4–6]. Initially, studied by Skyllas-Kaza-
cos et al. [7–10] at the University of New South Wales in
the 1980s, VRFB take advantage of vanadium’s four oxida-
tion states employing theV2+/V3+ in the anode half-cell, and
VO2+/VO2

+ couple in the cathode half-cell [7,10]. Equa-
tions (1)–(3) display the redox chemistry for VRFB:
positive side:

(1)
negative side:

(2)
cell reaction:

(3)
The use of vanadium as the active species in both

halves of the cell, ideally, eliminates problems with cross
contamination of the anolyte and catholyte which is the
primary cause of self-discharge in other RFB systems [11].
Furthermore, VRFB have garnered considerable interest
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as stationary energy storage options because of their long
lifespan, high cyclic stability, high energy efficiency, and
low maintenance costs [12]. However, VRFB systems
have been plagued with several consistent performance
issues one of which is poor electrochemical performance
in carbon based VRFB electrode materials.
While not involved in direct energy storage, electrode

materials play a crucial role in the overall power density
and energy efficiency as the electrodes must provide sites
for reactions and efficiently transport charge to and from
the active species [13]. Thus, potential VRFB electrode
materials must have high electrical conductivity, mechan-
ical strength, large specific surface area, good stability
in (acidic) electrolytes, and electrochemical activity [14].
Carbon fiber based materials (CFBM) such as carbon
felts (CFs) [14–17], and papers [18] meet many of these
requirements, along with being robust, relatively inexpen-
sive, and easily manufactured, and thus they have gained
considerable research and commercial attention. However,
these prospective carbon materials suffer from relatively
poor electrochemical activities leading to poor reaction ki-
netics and reversibility, particularly for positive electrodes
[19]. Many efforts have been undertaken to remedy these
aforementioned shortcomings, with several strategies be-
ing pursued to enhance and modify the surface area and
surface chemistry.
Early research by Sun et al. [20] identified graphitic

as well as mixed (amorphous and graphitic) carbon fiber
materials as candidates for effective VRFB electrodes due
to their good mechanical and chemical stability, low cost,
and suitable surface area. Because these materials leave
something to be desired in terms of electrochemical ac-
tivity and reaction kinetics, many studies have focused on
understanding the kinetic processes that take place both
at the anode and cathode using primarily cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy
(EIS). Standard rate constant (k0) and charge-transfer
resistance are among the more common figures of merit
for discussing reaction kinetics at the electrode surface.
Looking at the anodic side of redox couple, k0 for the
cathodic reduction of V(III) is fairly high with a value of
about 1.12 × 10–3 to 4.0 × 10–3 cm s–1 [21]. These relatively
high values are attributed to the general simplicity of the
single electron transfer process of the V(II)/V(III) couple
[9,22]. Unfortunately, the V(IV)/V(V) couple does not
display such favorable kinetics and has proven to be one of
the primary barriers in VRFB electrode development with
significantly lower k0values (for anodic oxidation) ranging
from 3.0 × 10–7 to 4.09 × 10–5 cm s–1 [8,23]. This poor

electrochemical activity has largely been attributed to two
primary phenomena: (1) the multi-step/electron transfer
required by the reaction [24,25]; (2) the large relative size
and hydration of the V(IV) and V(V) ions that result in
slowed diffusion, hydrophobic repulsion, steric hindrance
[26], and lack of reactive surface functional groups on
the electrode [21]. If an all-vanadium chemistry is to be
utilized, the multistep nature of the V(IV)/V(V) reaction
must be accepted. Furthermore, the size and shape of the
V(IV) and V(V) ions are better addressed by modification
of the electrolyte itself or left alone. The only suitable re-
course is to control the surface chemistry and structure of
the electrode materials. As such, it is critical to understand
which surface functional groups act as effective sites for
the reaction.
Sun et al. [27] originally proposed that surface hydroxyls

(C–OH) act as the active reaction sites, wherein one or two
C–OH groups react with the V(V) species displacing hy-
drogen from the hydroxyl group. Next, electron and (one)
oxygen transfer occurs along the –C–O–V by reacting with
a water molecule. Finally the V(V) ion is exchanged with
excess H+ from the electrolyte and proceeds to diffuse back
into the bulk solution [20]. Similarly, surface carboxyl and
carbonyl groups have also been suggested as similar sites
for reaction [28]. The common tie among all potential sites
is that they increase the surface hydrophilicity and electro-
catalytic activity which agrees with the fact that V(IV) and
V(V) exist as hydrated complexes in sulfuric electrolytes
[26,29]. Ultimately, any effective strategy must manipulate
the electrode surface such that its electrochemical activity
and number of potential sites for reaction are enhanced.
Early studies on VRFB electrode development have

shown that thermal activation/annealing, in an oxygenated
atmosphere can introduce favorable surface functional
groups onto the carbon fiber surfaces [22]. Sun et al.
[27] demonstrated that annealing in air (activation) from
200–500°C resulted in formation of oxygenated functional
groups, namely hydroxyl groups consequently improv-
ing VRFB energy efficiency by 10% compared with the
untreated counterpart. As previously discussed, surface
hydroxyl groups can increase surface hydrophilicity and
catalyze the V(VI)/V(V) redox couple. Kim et al. [16] also
reported optimal activity was obtained when annealing at
400°C, with samples annealed at higher temperature suf-
fering from mass loss indicating the evolution of CO and
CO2 at the cost for oxygenated surface functional groups.
Another popular strategy to improve electrochemical ac-

tivity of (carbon fiber) electrode materials is the introduc-
tion of surface electrocatalysts, often as a means to reduce
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activation overpotential for the conversion of the active
species or suppress gas evolution reactions on the electrode
surface. Among potential electrocatalysts, metal dopants
and nanoparticles followed by metal oxides (in efforts to
reduce cost) were investigated [30–32]. However, the pres-
ence of rare or expensive metal containing precursors ul-
timately necessitates a move toward earth abundant elec-
trocatalysts namely carbon based ones such as carbon nan-
otubes [32], nanofibers [33,34], and graphene oxide [35].
In previous studies, Cao’s group [36–39] have demon-

strated that graphitic carbon materials, particularly sol-gel
derived carbon aerogels and cryogels, have wide applica-
tions as electrode materials in supercapacitors, lithium ion
batteries, lithium sulfur batteries, lithium-air batteries and
a variety of other applications. Among the more applicable
and interesting studies (that pertain to VRFB) is the use of
nitrogenmodification onhighly porous resorcinol-furalde-
hyde derived carbon for electrochemical supercapacitors
by Candelaria et al. [40]. In that work, introduction of
nitrogen as a heteroatom into the bulk carbon and a more
concentrated surface coating (4-fold compared with bulk
concentration) was found to increase the capacitance via a
combination of double layer formation and pseudocapac-
itive faradaic reactions, and more interestingly dramatic
improvement of surface wetting behavior. Others have
also produced similar nitrogen doped carbon materials
[41,42] such as partially graphitic 3D mesoporous carbon
networks [43] and carbon nanopipes [42]. Furthermore,
boron and nitrogen co-doped porous carbons were also
shown to enhance capacitance, increasemesopore size, and
improve surface wetting behavior [41]. The results of these
studies, particularly the improved surface wetting, suggest
that suchmesoporous carbonmaterials could be utilized as
VRFB electrode materials. In fact, Shao et al. [44] demon-
strated their use on the V(IV)/V(V) redox couple, wherein
nitrogen doped mesoporous carbon was shown to improve
the reversibility of the positive redox reaction and reduce
charge transfer resistance in comparison to both graphite
and undoped mesoporous carbon. The improvement was
attributed to improved surface wetting as a result of surface
nitrogen functional groups, reduced activation energy
resulting from bulk (quaternary) nitrogen doping for V–O
bond formation, and improved electronic conductivity
also associated with nitrogen doping of the bulk carbon.
Jin et al. [19] further confirmed the importance of quater-
nary nitrogen, demonstrating that it was the most likely
active reaction site because other surface localized nitro-
gen species (pyridinic-N and pyrrolic-N) would become
inactive through protonation of their lone electron pairs.

While the latter work has confirmed that mesoporous
carbon materials can act as VRFB electrodes and nitrogen
doping can improve their electrochemical performance, it
is unlikely that the entirety of their available surface area
(particularly surface area associated with deeper internal
porosity) is active given that: (1) solvated V(IV) and V(V)
ions are relatively large and suffer from slower diffusivity
[45]; (2) flow rates for optimized battery performance are
sufficiently high that mass transfer of the active species is
predominately convective [46] which may obstruct active
species from reaching deeper and smaller internal pores
which are mostly stagnant in comparison to the surface
level pores [4].
However, the improved electrochemical activity of these

mesoporous carbon materials could potentially be em-
ployed as means to modify or coat the surface of CFBM. A
few such porous or high surface area coated CFs and papers
have been investigated. Two such porous carbon-modified
CFs were created by Cho’s group [47,48]. The first utilized
carbon black (CB) nanoparticle doped with nitrogen using
the corn-derived “zein” protein as the nitrogen precursor.
This nitrogen doped CB was then coated onto CF to create
the composite electrode which showed a 24% increase
in mass transfer rate and 50 mV higher reduction onset
potential compared to an electrode modified only with
CB, suggesting that nitrogen doping of the CB improved
the electron transfer rate [47]. In a follow-up study, Cho’s
group created boron and nitrogen co-doped porous carbon
electrocatalyst modified with Ketjenblack nanoparticles
(for improved conductivity) resulting in increased redox
current density and reversibility [48]. Another such exam-
ple of porous carbon (PC) electrocatalyst coating on CF
is that Liu et al. [49] used shaddock peels to synthesize P
doped PC, wherein dried shaddock peel was ground and
dispersed into 35 mL of 55% H3PO4 (P dopant source)
then hydrothermally processed, dried, and pyrolyzed
(800°C) to create the PC catalyst coating. The PC catalyst
was subsequently dispersed into an ink used to coat a
CF. These PC-CF electrodes displayed higher voltage effi-
ciency, higher discharge capacity, and improved capacity
retention compared to untreated CF. While these previous
studies demonstrate that PC-CF composites electrodes
can be utilized to improve VRFB electrode performance,
the incorporation of both porosity and dopant species are
often not taken into account separately thus obscuring the
origin of observed improvement in performance. As such
it is necessary to look at undoped MPC as an electrocata-
lyst and assess what effects it will have on electrochemical
performance and also the origin of said effects (surface
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area increase, presence of certain functional groups, degree
of graphitization, etc.).
To investigate the latter question, the authors utilize a

previously documented synthesis method for controlling
pore size mesoporous carbon from resorcinol-furaldehyde
sol-gel chemistry [50] to produce composite MPC coated
CFs at two different pyrolysis temperatures (900°C and
1100°C) as potential cathode material for VRFB. The
morphology, surface area, and pore size distribution were
characterized using scanning electron microscopy (SEM)
and nitrogen physisorption. The composition and distri-
bution of the surface functional groups were characterized
using X-ray photoelectron spectroscopy (XPS). The degree
of graphitization was determined via Raman spectroscopy.
Finally, the MPC coated CF (MPC-CF)’s electrochemical
behavior for the VO2+/VO2

+ redox couple was evaluated
using CV and EIS and is presented herein. Overall, the
MPC-CF samples show a mixed performance, increasing
pore size (compared to the substrate fiber), observed peak
current density, and increased charge transfer resistance.

EXPERIMENTAL

Preparation of MPC-CF
Commercial 3.18 mm polyacrylonitrile (PAN) based CF
was purchased from CeraMaterials, New York. The as-re-
ceived CF was thermally activated at a temperature of
420°C for 3 h in tube furnace under dry air atmosphere
(referred to hereupon as Act CF) and was used as the
experimental control. Mesoporous carbon was synthe-
sized via a sol-gel process with the monomers resorcinol,
furaldehyde, and hexamethylenetetramine (HMTA) us-
ing methods adapted from García et al. [50]. The solid
content of the sol was fixed at 25% with molar ratios of
resorcinol:HMTA at 50:1 and resorcinol:furaldehyde at
2.5:1, using tert-butyl alcohol (t-BuOH) as the solvent.
After ensuring complete mixing, the sol was placed in a
furnace at 80°C and allowed to gelate and age for 7 days.
The aged gels were freeze dried under vacuum at −50°C
in a Labconco FreeZone 1 L Freeze dryer. Pyrolysis was
performed at 900°C and 1100°C to create MPC samples
which were then thermally activated in dry air at 420°C.
A dispersion coating method was employed to produce
the MPC-CF. The MPC was finely ground using mortar
and pestle along with 3 wt.% PVDF binder. This powder
was then mixed inN-methyl-2-pyrrolidone (NMP) solvent
at a concentration of 1 mg mL–1 and then dispersed via
ultrasonication for 30 min, creating the coating mixture.
Next, the Act CF was submerged in the MPC dispersion

and ultrasonicated for 1 h and then soaked without pertur-
bation for 24 h at room temperature. The MPC dispersion
soaked felt was then dried under air at 80°C and then an-
nealed under nitrogen atmosphere at their respective py-
rolysis temperature. Finally the treated felts were thermally
activated at 420°C in dry air. The resultingMPC-coated CF
samples are distinguished by pyrolysis/annealing tempera-
ture, 900°C and 1100°C, and are referred to as DRFCF 900
and DRFCF 1100, respectively.

Characterization of MPC-CF

Structural characterizations
Morphologies of both the Act CF and MPC-CF were an-
alyzed using an FEI XL830 Dual Beam FIB/SEM at an ac-
celerating voltage of 5 keV. The averageMPC coating thick-
ness was estimated frommeasurement of SEM images from
cross-sectioned samples of the two MPC-CFs. Nitrogen
adsorption isotherms were obtained using a Quantachome
NOVA 4200e. Total surface area was determined using
multi-point Brunauer-Emmett-Teller (BET) methods. Mi-
cropore size distribution and volume were measured using
the Dubinin-Astakhov (DA) method. Non-linear density
functional theory (NL-DFT) method was utilized to de-
termine the mesopore size distribution and volume from
desorption isotherms. XPS analysis was performed using a
surface sciences instruments (SSI) M-Probe, to character-
ize surface chemistry including elemental composition and
chemical state before and after modification of the CFs.
Finally, Raman spectroscopywas employed to investigate

the degree of graphitization within both the Act CF and
MPC-CF composites. Raman spectra were obtained with
a Renishaw InVia Raman microscope using a 514 nm exci-
tation source focused through 50× objective. Spectra inte-
gration time was 30 s over 100–3200 cm–1, across three dif-
ferent sample regions. The resulting spectra were normal-
ized and the background effect was corrected. Degree of
graphitization was estimated by the ratio of D1 to G1 band
intensity and the characteristic size of graphitic domains (l)
was calculated according to Equation (4) [51], where Ig and
Id are the G1 and D1 Raman intensity, respectively

l(Å) 44 .
I
I

g

d

= (4)

Electrochemical characterization
Electrochemical activity of the CF electrodes was analyzed
using CV and EIS. Both CV and EIS results were recorded
using CH Instruments 605C electrochemical analyzer in
0.5 mol L–1 VOSO4 + 2 mol L–1 H2SO4 solutions at room

 1040  December 2016 | Vol.59 No.12
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

ARTICLES SCIENCE CHINA Materials



temperature. Electrochemical tests employed a three elec-
trode setup with: MPC-CF or Act CF, Pt wire, and satu-
rated calomel electrode as the working, counter, and ref-
erence electrode, respectively. Scanning range of CV was
limited from 0 to 1.6 V and the scan rates were varied from
0.25–2.5 mV s–1. Impedance spectra were recorded from
10–3 to 105 Hz at amplitude of 5 mV and the potential was
fixed at 0.75 V to ensure similar polarization across all tests.

RESULTS

General morphology
The morphologies of MPC-CF, produced through immer-
sion in MPC dispersion solution and then thermal activa-
tion, were evaluated via SEM micrographs. Fig. 1 com-
pares the SEM results of the Act CF (Figs 1a and d), DRFCF
900 (Figs 1b and e), and DRFCF 1100 (Figs 1c and f). The
Act CF fibers have a relatively smooth but ridged porous
surface. However, both DRFCF samples clearly have coat-
ing over the CF surface. The DRFCF 900 appears to form
a coating roughly 146 nm thick. Moving to the DRFCF
1100, there is also a coating present on the surface, though
it seems thinner than the DRFCF 900, with an approximate
thickness of 136 nm. Furthermore, the DRFCF 1100 coat-
ing appears much more uniform across the surface.

Pore structure and distribution
The cornerstone concept of the proposed modification
method is a “brute force” increase in (electroactive) surface
area. By increasing the overall surface area of the electrode

material and ensuring proper thermal activation of the
coated electrodes, additional reaction sites should be intro-
duced to the electrode surface to statistically compensate
for the poor kinetics in the positive half-cell. Therefore,
it is critical to characterize the physical surface area as
well as the pore characteristics and distribution. As such
nitrogen physisorption analysis was utilized to fulfill the
aforementioned need. The key results are summarized
in Table 1, which contains BET surface area, non-linear
density functional theory (NL-DFT) pore characteriza-
tion, and DA micropore characterization. Fig. 2 shows
isotherms (Fig. 2a), NL-DFT pore distribution (Fig. 2b),
and DA micropore distribution (Fig. 2c). In terms of BET
surface area, both MPC coated samples show appreciable
improvements, with DRFCF 900 and DRFCF 1100 exhibit-
ing a 165% and 843% increase, respectively. Compared
with previous studies of Cao’s group, the surface area (for
the DRFCF 1100) seems to be in same realm with the
most comparable samples (35% solid content, RC=50,
in t-BuOH), displaying a BET surface area of 593 m2 g–1

[50]. Work by Ryu et al. [48] using B and N co-doped
porous carbon with Ketjenblack nanoparticles also showed
comparable BET surface area of 191.13 m2 g–1 at 900°C.
However, compared to Candelaria’s work on nitrogen
doped MPC, the surface area in the present study is con-
siderably lower [40]. Despite being lower than Candelaria’s
nitrogen MPC, this is encouraging (particularly for the
DRFCF 1100) since it demonstrates that the MPC coating
can introduce a vast amount of surface area onto CF. The
NL-DFT and DA pore size distributions  indicate  that  the

Figure 1   SEM micrographs of the as-prepared Act CF (a and d), DRFCF 900 (b and e), and DRFCF 1100 (c and f).
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Table 1 Surface area and pore characteristics of the Act CF, DRFCF 900, and DRFCF 1100

Surface area (m2 g–1) Pore volume (cm−3 g–1) Pore diameter (nm)
Sample

BET DFT DFT DA DFT DA

Act CF 60.6 60.4 0.058 0.034 1.41 1.32

DRFCF 900 160.2 91.8 0.232 0.082 2.90 2.12

DRFCF 1100 571.6 218.5 0.541 0.428 3.17 3.04

Figure 2    (a) Nitrogen physisorption isotherms for the Act CF, DRFCF 900, and DRFCF 1100 samples; (b) non-linear density functional theory (NL-
DFT) pore size distributions; (c) DA micropore size distributions.

Act CF fibers are mostly microporous with an average pore
size of 1.41 and 1.32 nm for DFT and DAmethods, respec-
tively. This implies that the carbon fibers composed of the
felt are relatively dense and thus rely solely on external sur-
face area. However, the introduction of dispersion coated
carbon shifts the pore size into the low end of the meso-
porous regime. The DFT and DA average pore diameters
of DRFCF 900 and DRFCF 1100 are 2.90, 2.12, and 3.17,
3.04 nm, respectively. Both treated felts show increased
pore volume in addition to the increase in pore diameter.
ComparedwithMPC fromwhich the presented synthesis is
adapted [50], the pore distributions match fairly well; how-
ever, the MPC-CF here appears to be lacking larger meso-

pores (>10 nm diameter). This may be a result of how the
MPC was milled and then dispersed to create a coating.
The milling process may have destroyed these larger meso-
pores while preserving the smaller pores on the CF sur-
face. While the MPC-CF clearly displays a larger amount
of physical surface area compared to the Act CF, that sur-
face is irrelevant if there are not oxygen functional groups
to catalyze the V(IV)/V(V) redox reaction. As such, it is
critical that the external surface of the electrode has favor-
able surface functional groups that will readily catalyze the
redox reaction. Thus, XPS was utilized to characterize the
surface functional groups present and is further discussed
in the next section.
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Surface composition
As previously stated, ex-situ XPS analysis was utilized for
characterizing the surface functional groups of the Act CF
and DRFCF (both 900 and 1100) CFs. All peaks were first
calibrated using the C 1s peak at 284.2 eV. Previous stud-
ies have suggested that the carbon-oxygen based functional
groups are crucial in determining the electrochemical ac-
tivity and performance of the electrode material. In par-
ticular, the surface carbonyl (C=O) and carboxyl (COOH)
groups have been suggested to be critical in improving elec-
trochemical performance while C–O groups are relatively
unreactive by comparison [52]. Specifically, the presence of
carbon-oxygen double bonds in the group likely facilitates
the reaction, movement, and eventual transfer of electrons
from the vanadium species.
As such, introducing surface carbonyl and carboxyl

groups is an effective way to increase electrochemically
active reaction sites on the electrode surface [52,53]. Figs
3a–d show the XPS survey scans (175–900 eV) and high

resolution XPS spectra of the O 1s peaks (approximately
540–526 eV) for the Act CF, DRFCF 900, and DRFCF 1100
felts, respectively. Table 2 reports the XPS surface com-
position for the three CFs and the proportion of surface
groups derived from the O 1s chemical shifts. From the
general XPS surveys, the DRFCF 900 shows only a minute
increase in the surface oxygen concentration of about 0.3%,
whereas the DRFCF 1100 displays an appreciable increase
in surface oxygen concentration of 3.4%. The Act CF
forms the baseline for comparison, with two deconvoluted
peaks corresponding to the C=O and C–O bonds at 531
and 533 eV, respectively [27,33]. The fit of the Act CF O
1s appears to be poor above 536 eV which is attributed to
low signal to noise ratio in the region. Deconvolution of
the carbon coated (DRFCF) samples O 1s also displays the
previous C=O and C–O peaks as well as a third peak likely
caused by carbonate groups at approximately 536 eV [33].
When studying thermally treated graphite felts Sun and
Skyllas-Kazacos linked C–O to phenolic  groups  while  the

Figure 3    (a) XPS survey scans of the Act CF, DRFCF 900, and DRFCF 1100 and high resolution XPS spectra of O 1s for the Act CF (b), DRFCF 900
(c), and DRFCF 1100 CFs (d).
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Table 2 XPS surface composition data from survey scans and O 1s spectra

Sample C (at.%) O (at.%) C=O (group %) C–O (group %) Carbonate (group %)
Act CF 91.5 8.5 41.0 59.0 –

DRFCF 900 91.2 8.8 42.1 51.8 6.1
DRFCF 1100 88.1 11.9 47.7 46.3 6.0

C=Owere associated primarily with carboxyl and carbonyl
groups [27]. In fact, the Act CF shows general agreement
with their previous studies [27,28] where C–O bonds dom-
inate. However, the increase in C=O groups is marginal
for DRFCF 900 with only a 1.1% increase compared to the
Act CF which appears to agree with the composition of the
survey scan. While the DRCF 1100 sample shows a more
pronounced increase in C=O at 6.7%. BetweenDRFCF 900
and 1100 the proportion of carbonate groups is practically
the same at 6.1 and 6.0, respectively. Perhaps most interest-
ingly, theDRFCF 1100 sample shows near equal proportion
(1.4% difference) of C–O and C=O indicating the potential
possibility that the sample surface is dominated by carboxyl
groups (COOH).

Degree of graphitization
In order to investigate the graphitic character of the CF, Ra-
man spectroscopy was employed and the resultant spectra
from 600–3200 cm–1 and derived statistics are shown in Fig.
4 and Table 3. In the first order spectra (1000–2000 cm–1)
the disorder induced (D) and graphite (G) bands appear at
1360 and 1580 cm–1, respectively [54,55]. Of the first order
peaks, the D band is the most prominent across all sam-
ples. The second order spectra from 2000–3200 cm–1 also
show two peaks, one at approximately 2700 cm–1 attributed
to 1st overtone of the D band (2D) [56] and the other at ap-
proximately 2950 cm–1 which is assigned to the sum of the
D and G bands [56]. These results are associated with the
presence and growth of graphite microcrystalline domains
over the surface of PAN fibers (Act CF) and MPC coatings
(DRFCF 900 and 1100). The ratio of the intensity of the D
and G bands (Ig/Id) can be used to characterize the degree
of graphitization in the material (and inversely the degree
of disorder) and by applying Equation (4) the size of these
graphitic domains can be estimated [51]. Using the Act CF
as baseline, the DRFCF 900 shows very little discernable
difference (~–0.5%) indicating that the graphitic character
between the two is practically the same with graphitic do-
mains of 36.6 and 36.5 Å, respectively. However, the DR-
FCF 1100 shows an increase in Ig/Id (compared to the Act
CF) of 17.9% resulting in an estimated size increase of the
graphitic domains of approximately 6.6 Å. Based solely on
the increase in the proportion and characteristic size of the

Figure 4   Raman spectra of the Act CF, DRFCF 900, DRFCF 1100 along
with ratios of the intensity between the D1 and G1 bands.

Table 3 Degree of Graphitization and characteristic domain size

Sample Ig/Id l (Å)

Act CF 0.833 36.6

DRFCF 900 0.829 36.5

DRFCF 1100 0.982 43.2

graphitic domains, one would expect that the DRFC 1100
should possess a higher conductivity than the Act CF and
DRFCF 900 samples which should be fairly similar.

Electrochemical characterization results
The CVs taken at 1 mV s–1 for the Act CF, DRFCF 900 and
DRFCF 1100 are compared in Fig. 5a, displaying the re-
duction and oxidation peaks corresponding to VO2+↔VO2

+

couple at approximately 0.62 and 1.1 V, respectively which
is in agreement with previous work [31]. Fig. 5b shows
the cyclic voltammograms for DRFCF 1100 at scan rates
ranging from 0.25 to 2.5 mV s–1 in 0.5 mol L–1 VOSO4 +
2 mol L–1 H2SO4 solutions. Fig. 5c displays the anodic
and cathodic peak currents as a function of square root
of scan rate. Relative to the peak currents of the ACT CF,
DRFCF 900 displays an average increase of 26.4% and
32.6% in the anodic and cathodic peak current densities,
respectively, while DRFCF 1100 displays an average in-
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crease of 33.3% and 37.1% in the anodic and cathodic peak
current densities, respectively. In terms of average peak
current increase, the two MPC-CF samples only differ
by approximately 6.8% and 4.5% for anodic and cathodic
peak current densities, respectively. All samples were fitted
using the Randles-Sevcik equation and determination
coefficients (R2) are above 99% for all samples indicating
that V(IV)/(V) oxidation and reduction are controlled
by diffusion. Furthermore, both DRFCF samples show
slightly steeper slopes (Randles-Sevik) indicating faster
mass transfer rates (DRFCF 1100 slightly faster than DR-
FCF 900). Fig. 5d displays ∆V as a function of square
root of scan rate and among the three samples, the Act CF
shows the lowest ∆V followed by DRFCF 1100 and DRFCF
900 which is at odds with the increase in oxygen surface
groups. Therefore, there is likely a secondary effect from
theMPC coating that increases ∆V, the most probable pos-
sibility being increased electrical impedance. As such EIS
was employed to further investigate the changes in charge
transfer resistance, the results of which are compared in

Nyquist plots of Fig. 6. The Nyquist plots of all three sam-
ples exhibit similar features: a gap at Zʺ=0, indicating the
solution (Rs which is approximately 3–4 Ω), a small high
frequency arc, a larger depressed semicircle in the mid to
high frequency range, and sloping straight line in the low
frequency range. The impedance results were modeled
using the equivalent circuit shown in Fig. 6. The smaller
high frequency arc was modeled by the circuit elements
R2 and CPE2 for contact impedance. The larger semicircle,
in the mid to high frequency range, was modeled using
the elements Rct and CPE1 which accounted for the charge
transfer resistance and double layer capacitance. Table
4 summarizes the relevant equivalent circuit parameters
extracted from the fit of each EIS data set. Most important
among these are the Rct values which increase in order
from the Act CF (9.7 Ω cm2), DRFCF 1100 (10.2 Ω cm2),
and DRFCF 900 (18.2 Ω cm2). These results agree with
the increased ∆Vs observed in the CV results, indicating
the MPC coating is the source of this behavior. Finally, the
sloped line in the low frequency region was modeled using

Figure 5   CV of the VO2+/VO2
+ redox couple. (a) The Act CF, and MPC-CF DRFCF 900 and 1100 taken at 1 mV s–1; (b) CV of DRFCF 1100 electrode

taken at various scan rates for use in Randles-Sevcik; (c) Randles-Sevcik plot of peak current density vs. square root of the scan rate; (d) plot of anodic
and cathodic peak separation vs. square root of scan rate.
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Figure 6   Nyquist plots of EIS for the Act CF, DRFCF 900 and DRFCF
1100 and corresponding fits to the equivalent circuit shown above.

Table 4 Relevant equivalent circuit parameter extracted from fits of EIS
data

Sample Rs (Ω cm2) R2 (Ω cm2) Rct (Ω cm2)

Act CF 1.2 1.2 9.7

DRFCF 900 1.5 1.3 18.2

DRFCF 1100 1.5 0.8 10.2

a Warburg impedance to account for diffusion of the VO2+

and VO2
+ ions through the solution. The slopes between

the samples are comparable but the DRFCF 1100 shows a
slightly higher slope than the other two samples indicating
that the increased presence of mesopores aids in the diffu-
sion of V(IV) ions.

DISCUSSION
To summarize, a novel positive electrode material was
synthesized by modification of commercially available CFs
with sol-gel produced mesoporous carbon. The resulting
composites demonstrate greatly improved surface area on
the order of 165%–843% increase, attributable to the MPC
carbon coatings. Introduction of MPC coating was also
found to shift the average pore size from the microporous
into the mesoporous regime while increasing pyrolysis
temperature was found to provide further expansion of
pore size up to approximately 3.04 nm. According to Gar-
cia, use of high concentration hexamine catalyst in water
deficient environments (as is the case in this work) leads
to formation of larger deformed rough microstructure
[50]. The MPC powder used to create the coating should
have this rough microstructure and therefore the addition
of MPC coating leads to increase in the MPC-CF surface

area compared to its relatively smooth Act CF counter-
part. Again, DRFCF 1100 shows the largest improvements
suggesting that the increased pyrolysis temperature is
probably responsible for the larger pore diameter as the
higher temperature during synthesis would likely allow
for the collation of smaller pores into slightly larger ones.
However, the fact that DRFCF 1100 has a larger surface
area than DRFCF 900 is counterintuitive given that the
larger pore sizes should reduce the overall surface area
which is shown to be the case in work with B/N co-doped
porous carbon by Ryu et al. [48]. It is possible that differ-
ences in handling caused the DRFCF 1100 to load more
MPC onto the surface (evidenced by the much higher pore
volume compared with DRFCF 900) but presently there is
not a solid explanation yet.
Furthermore, MPCmodified samples display larger pro-

portions (up to 6.7%) of C=O to C–O compared with the
Act CF indicating increased presence of high activity sur-
face carboxyl or carbonyl groups. This suggests that ad-
dition of MPC coating along with their pyrolysis and final
annealing temperatures plays a crucial role in creating sur-
face carboxyl groups or at least producingC=Obonds at the
electrode surface. Under the structural transition temper-
ature of graphite (2200°C), heat treatment is known to in-
duce the growth of graphite-like structure [57]. If theMPC
surface becomes more graphitic then the amount of edge
rich sp2 hybridized C should be increased, and is thought
to be conducive to the formation of C=O surface groups
[33]. Given that DRFCF 1100 shows the highest graphitic
character and proportion of C=O groups, it can be sur-
mised that in order to maximize the number of active sites
MPC coatings should possess a mostly graphitic surface
structure. Furthermore, the analysis of XPS and Raman
data shows the amount of reactive surface oxygen groups
is largely dependent and sensitive to the surface structure
of the MPC coating.
Electrochemical characterization reveals that MPC-CF

composites demonstrate improved peak current on the
order of 30% greater for the VO2+/VO2

+ redox couple com-
pared with the Act CF. Given the previously established
enhancement of active surface area, the improvement in
peak current density may be attributed to an increased
number of active reaction sites. Based on other similar
studies, it is expected that the reversibility would also
improve which has been previously demonstrated usually
by way of reduced anodic and cathodic peak separation
(∆V) [16,28,33,51,52]. However, for the samples presented
herein, the latter is not the case and introduction of MPC
coating actually increases ∆V and Rct. This contradiction
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suggests that peak current density is largely dictated by the
amount of active surface area (number of reaction sites)
present on the electrode surface, while electrochemical
activity (gauged by ∆V and Rct) is most strongly dependent
on the electronic conductivity of the MPC surface. Both
the CV (∆V) and EIS (Rct) results display clear positive
correlation with the graphitic character of the MPC coated
samples. Accounting for the greater degree of graphitiza-
tion in DRFCF 1100 compared to DRFCF 900, its lower
Rct makes sense as the latter should possess a higher con-
ductivity due to increased size and presence of graphitic
domains. However, the Act CF’s Rct is unexpectedly lower
than that of both MPC-CF. It is important to note that the
MPC coating should not contain any appreciable amount
of nitrogen (in the bulk or at the surface). However, PAN
derived CFs and paper contain intrinsic bulk nitrogen
heteroatoms (as result of PAN fiber precursor) which im-
prove the conductivity of the fiber [58]. Because the MPC
coating lacks the bulk nitrogen doping, it is reasonable
that they may be less conductive than the fiber which
ultimately results in increased charge transfer resistance
compared to the substrate fibers. Furthermore, while
oxygen surface functionalization is necessary for higher
peak current density, it is likely that the surface oxidation
lowers the electronic conductivity, which is also the case
with graphene oxide catalysts [59]. Therefore, there is
likely a “give-take” relationship between the number of
active reaction sites and electronic conductivity in terms
of how much surface oxygen functionalization is present.
Comparison of DRFCF samples to carbon catalysts with

significantly larger mesopores shows that larger intercon-
nected mesopores may have a more drastic impact on the
diffusivity of the active species [60]. Given the relatively
minor impact of MPC catalyst, this presents two possibili-
ties, (1) changes in pore size do not matter and all the sur-
face area is accessible for reaction or (2) pore size change
has little effect because the majority of them are too small
or inaccessible to begin with and there is just a significant
difference in the amount of externally available surface area
between the three samples. Based on the size of the bond
lengths of hydrated V(IV) and V(V) in sulfuric solutions
[2,5,29], it is unlikely that many active species would be
able to reach surfaces of more internal and smaller pores.
Considering that solvent molecules must also infiltrate the
interior pores to facilitate transport of the vanadium com-
plexes, and ignoring other factors such as flow within the
internal pores and gradients in concentration, the small
pore sizes observed relative to the solvent and solute sizes
seem unlikely to play a significant role in affecting the dif-

fusion. Therefore, mesoporosity most likely improves the
diffusion of the active species but requires some minimum
or optimal pore size range in order for their surface to be-
come accessible and therefore active; and in the case of
these MPC-CF electrodes the smaller mesopore sizes lead
to a lesser effect on the diffusivity of the active species.
While the MPC-CF composites do possess the afore-

mentioned shortcomings, which can likely be overcome
by nitrogen doping or increasing graphitic character at the
surface, they reveal some fundamental interplay between
the compositional, structural properties, and electrochem-
ical properties. First, the observed current density is most
dependent on the total (active) surface area, which re-
quires not only high physical surface area but also surface
functionalization containing C=O groups (or a dopants
such as N). Second, increased graphitization (particularly
at the electrode surface) improves electronic conductiv-
ity and thus electrochemical activity. Lastly, it appears
that the latter two behaviors are largely independent of
one another, which may have largely gone unnoticed be-
cause many previous studies characterized catalysts that
displayed both increased active surface area and higher
conductivity [47–49,59]. In that light, both properties
would appear linked to electrochemical activity and their
independent nature only comes to light when the coating
materials show less desirable performance, whereas suit-
able electrode or catalyst materials should possess both
high active surface area and higher conductivity. However,
while the method for creating the MPC composites herein
produced mixed properties, it also demonstrates a great
potential for producing other novel VRFB electrodes, in
that, MPC dispersion coating offers substantial versatility
and adaptability for the use as a delivery method of dopant
species, nanoparticle modification, and other treatments
already demonstrated.
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介孔碳修饰碳毡作为全钒氧化还原液流电池阳极的性能
Charles N. Schmidt,曹国忠*

摘要   本文采用分散涂层法在聚丙烯腈碳毡表面涂覆溶胶凝胶处理的间二苯酚糖醛介孔碳,合成了一种新型的全钒氧化还原液流电池阳
极材料. 介孔碳涂层修饰的碳毡分别在900和1100°C下经过退火处理,对所得样品的形貌、表面化学性质、电化学性能进行了表征,并与
未经修饰的碳毡进行了比较. 结果表明,介孔碳涂层的引入显著增加了材料的比表面积,特别是1100°C下退火处理的样品,其表面的活性
含氧基团明显增多. 介孔碳涂层对电化学性能的影响呈现出混合效应. 循环伏安法测试表明,介孔碳涂层修饰使V(IV)/V(V)氧化还原反应
对的氧化和还原反应的最大电淋度增加了约30%,这可以归因于材料表面活性反应位点的增加. 然而,介孔碳涂层同时导致了电导率的降
低,体现为氧化还原峰分离和电荷迁移阻抗的增加. 对电导率的这一负面效应可通过1100°C以上高温热处理缓解,从而改善其表面石墨化
以减弱氧化还原峰分离和电荷迁移阻抗,使其能与未修饰的碳毡相当.
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