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Abstract

The influence of overcharge on the performance of the vanadium redox cell that employs graphite-felt electrodes is examined.
The electrical, electrochemical and surface properties of the graphite-felt electrodes are investigated mn order to determine
the contribution and effect of each detenoration mechamism to the loss in cell performance during overcharge. The electrical
resistivity of the electrodes and the cell resistance show a shight increase after overcharge. The effect of overcharge on the
surface chemustry of three types of graphite-felt electrodes is mvestigated using X-ray photoelectron spectroscopy (XPS). The
XPS analysis reveal a slight increase in the overall surface oxygen content of the graphite felts after overcharge, together
with a shift to higher oxidation states that is consistant with the formation of C-OH, -C=0, -COOH and -COOR groups.
The proportion of each of these groups varies between graphite-felt types. The measured change in the relative concentrations
of surface oxygen functional groups on the graphite felt is believed to be responsible for the observed increase in the electrical
resistivity and electrochemical activity of the electrode materials during cell overcharge.
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1. Introduction

Carbon or graphite felts are widely used as electrode
active layers in carbon-plastic composite electrodes for
redox flow-cell applications [1-7]. Depending on the
precursors, processing conditions, forming methods, and
other parameters such as heating rate and final tem-
perature, the final characteristics of the felts vary con-
siderably [8-11]. These differences are attributed to
the surface microstructure and defect concentration of
the fibres of the felts which affect the extent of car-
bon-oxygen interaction. This is of great importance for
electrode materials, since it will result in different
behaviour towards the formation of carbon-oxygen sur-
face functional groups, which links directly to the elec-
troactivity and oxidation stability of the graphite-felt
electrodes [5-7].

The vanadium redox flow cell employs V{IT)/V(III)
and V(IV)/V(V) couples in the negative and positive
half-cell electrolytes, respectively, with H,SO, as the
supporting electrolyte and graphite felt as the electrode
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material. Under overcharge conditions, O, and CO,
evolution can occur at the anode while H, evolution
takes place at the cathode.

In a previous paper [12], we reported a comparison
of two typical graphite felts that are currently used as
electrodes in prototype vanadium redox batteries. Some
differences were found in the physical, chemical and
electrochemical properties of rayon and polyacrylonitrile
(PAN)-based graphite-felt materials. In the present
paper, the overcharge behaviour of three types of
graphite-felt electrodes in the positive half-cell of the
vanadium redox battery 1s presented, and the effect of
overcharge on the formation of carbon—oxygen surface
functional groups on the felt electrodes is reported.
The oxidation behaviour of the three typical graphite
felts operated in a vanadium redox cell under normal
cell operation and overcharge conditions has been
studied by cyclic voltammetry, electrical resistivity mea-
surements and X-ray photoelectron spectroscopy (XPS).
Graphite felts, based on rayon and PAN, were anodically
oxidized at a positive electrode potential to compare
the effect of anodic oxidation on the electrochemical
response of the felt in sulfuric acid solution. Gas
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oxidation experiments were also performed on these
felt samples.

2. Experimental

The graphite felts were fabricated into rectangular
electrodes and subjected to various overcharge con-
ditions within a single redox flow cell. The electrical
and electrochemical properties, as well as the surface
chemistry of these felt materials, were characterized
before and after overcharge.

2.1. Graphite-felt materials

The following three types of felt materials were
examined:
(i) Sigri GFD2 graphite felt, approximately 2.8 mm
thickness, PAN-based (Sigri Electrographite GmbH,
Germany);
(ii) Sigri GFDS5 graphite felt, approximately 5.9 mm
thickness, PAN-based (Sigri Electrographite GmbH,
Germany), and
(iii) FMI graphite felt, approximately 6 mm thickness,
rayon-based (Fibre Materials Inc., Maine, USA).

2.2, Electrical resistiity

The volume resistivities of various felt materials were
measured, before and after overcharge, according to
the ASTM-D991.

2.3. Test cell

A modified NASA-design cavity fill-in redox flow cell
[13] was employed for the overcharge studies. The
expanded diagram of a laboratory-scale cell used for
evaluating the overcharge behaviour of the graphite-
felt electrodes is shown in Fig. 1. The components of
each half-cell consist of an end-electrode, separator,
flow frame, current collector, insulating plate and end-
plate. The projected area of the electrodes was 138
cm?®. The graphite felt was compressed against a graph-
ite-plate current collector. In the case of the GFD2
sample, two sheets were inserted to obtain adequate
compression and electrical contact with the current
collector. A cation-exchange membrane (Selemion
CMV-Asahi Glass Co., Japan) was employed as the
separator, while a window-cut poly(vinyl chloride)
(PVC) plate with solution outlet and inlet was served
as a flow frame. Two copper plates, identical in size
to the electrodes, acted as current collectors. Before
the aluminium end-plate, a PVC plate was employed
as an insulating layer to prevent the two halves of the
cell from short-circuiting. Both half-cells had the same
components and configuration and were assembled by
bolts and nuts between two end-plates.

Equal volumes of 1 M V(IV) in 2.5 M H,SO, solution
were used initially in each half-cell to generate the
V(V) positive and V(II) negative fully charged elec-
trolytes from an initial charging cycle.

2.4. Cell resistance

The electrochemical properties of the felt-electrode-
based cells were determined by measuring the cell
resistance, R, (£} cm?), which is a criterion for eval-
uation of the entire system resistance. This term reflects
any changes in the electronic or ionic resistance of a
cell/battery due to changes in the characteristics of the
electrodes, electrolyte and/or membrane. Values of cell
resistance were obtained from plots of cell current
versus cell voltage obtained at 50% SOC during both
charge and discharge of a vanadium redox cell [12].

2.5. Overcharge of felt electrodes

One or two pieces of felt (6 cm X 5 cm), with measured
electrical resistivity, were placed between the graphite
current collector and the membrane in each half-cell
of the flow cell, shown in Fig. 1. Cell resistance mea-
surements were carried out at 50% state-of-charge
(SOC) before any treatment, and then the cell was
tully charged to 100% SOC. An overcharge condition
was applied to the cell by passing a current of 21.7
mA cm~? through the fully charged cell for either 50
min or 3 h. To characterize the effect of overcharge
on the graphite felt alone, the cell was then pulled
apart and the positive graphite-plate current collector
was polished with 1200 um sandpaper and washed with
distilled water until an even, clean and conductive
surface was achieved. The cell was then reassembled
and the cell resistance at 50% SOC was measured.
The cell was again disassembled and the felt electrodes
removed from the cell, washed an immersed in distilled
water for three days. The felt samples were dried in
air and their volume resistivity redetermined.

2.6. Preparation of graphite-felt samples for XPS
analysis

The overcharged positive electrodes were removed
from the cell, washed thoroughly with tap water, and
then immersed in distilled water overnight. After drain-
ing the water from the felts, the cleaned electrodes
were dried either in air or in an oven at 60 °C for 8
h. For comparison, FMI and GFD2 felt samples were
also taken from the positive electrodes operated for
25 cycles (100 h) in a vanadium redox battery under
normal charging/discharging conditions, i.e., in the po-
tential range of 0.8 to 1.7 V where the vanadium redox
reactions are predominant (named as ‘AC’). These
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Fig. 1. Expanded diagram of a single cell vanadium redox flow battery used for overcharge study of graphite-felt electrodes

samples were cleaned in the same way and dried in
an oven at 60 °C for 8 h.

2.7. X-ray photoelectron spectroscopy (XPS)

The felt electrode samples were cut into 15 mm
diameter discs and fixed on to the sample stub with
double-sided tape for the XPS analysis. The XPS spectra
were collected on a KRATOS XSAM 800 spectrometer
(hemispherical analyser) wusing unmonochromated
Mg Ka radiation at 180 W power. The spectrometer
binding energy scale was calibrated to the Cu 2p,,, line
(Fs=932.7 eV) and Ag 3ds, (Ex=386.2 eV) line. The
spectrometer was run 1 the FAT (fixed angular trans-
mission) mode. The analyser pass energy was set at
160 eV (1 eV step size) for the wide scans and elemental
analysis, and at 40 eV (0.1 eV step size), to yield an
instrumental resolution of approximately 1.1 eV, for
the detailed C 1s and O 1s lineshape analysis. Mixed
50/56 lorentzian-gaussian lineshapes and non-linear
Shirley background subtraction were used for the
O 1Is and C 1s curve fitting.

2 8. Cyclic voltammetry

The supporting electrolyte of the vanadium redox
flow cell, 3 M H.SO,, was used for anodic oxidation
experiments on the PAN and rayon graphite-felt elec-
trodes. Cyclic voltammograms were recorded before
and after anodic oxidation. The latter was performed
by holding the electrodes at a positive potential of
+1.5 V versus a Hg/Hg,SO, reference electrode for
15 min. In order to avoid an accumulation of gas
bubbles inside the felt, the electrode was rotated at a
speed of 500 rpm during the anodic oxidation.

3. Results and discussion
3.1. Effect of overcharge on electrical resistivity

Table 1 shows the effect of overcharge on the electrical
resistivity of various felt materials overcharged in 2 M
VO,*/3 M H,SO, solution (catholyte) at 21.7 mA cm >
for 50 and 180 min. As is obvious from these results,
for both the rayon (FMI) and PAN-based (GFD)
graphite-felt electrodes, the volume resistivity of the
positive felt electrode increased slightly after overcharge.
The effect of the net overcharge time in the range
studied (up to 3 h) is not significant. From comparison
of the resistivity values of each Sigri positive felt elec-
trode overcharged for 180 min with those obtained for
50 min overcharge, a slight increase can be seen. The
results obtained for the FMI sample do not follow this
trend. The FMI sample overcharged for 180 min was,
however, from a different batch which may possibly
have been more graphitized and thus less susceptible
to interaction with oxygen compared with the FMI
sample overcharged for 50 min. The electrical resistivity
of the negative felt electrodes was also measured and
it was found that even at the severe overcharge condition
of 3 h, the change in electrical resistivity was less than
0.014 Q cm?.

3.2. Effect of overcharge on cell resistance

A series of resistance measurements of a cell that
employed various felt electrodes was performed before
and after overcharge to characterize the effect of over-
charge on cell performance.

Table 2 shows the values of resistance for a cell with
either untreated electrodes or electrodes that had been
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Table 1

Effect of overcharge on electrical resistivity of graphite-felt materials, anodically overcharged in 2 M VO,*/2 M H,S0O, at 21.7 mA cm™>

Felt Overcharge time Puntreat Povercharge AP Ap dpo‘
electrode (min) (02 cm) (2 cm) (2 cm) (22 cm?)
FM1 50 0.1692 05721 0.4029 024
FMI 180 0.1523 04002 0.2479 013
Sigrt GFDS5S 50 01417 0.3314 0.1819 011
Sigrn1 GFD5 180 0.1340 0.4890 0.3550 021
Signn GFD2 50 01003 0.2380 0.1377 0038
Sign GFD2 180 0.1087 0.2471 0.1384 0039
Table 2

Cell resistance after overcharge with 2 M VOSO,/3 M H,SO, at 21.7 mA cm™2

Felt electrode Overcharge time Untreated R . Overcharge R ARcen
(min) (2 cm?) (22 em®) (Q cm?)
FMI 50 4.19 484 065
FMmI 180 4.97 540 043
Signn GFD5 50 3.67 486 119
Signn GFD35 180 4.61 596 135
Sigri GFD2 50 7.61 7.78 017
Signt GFD2 180 7.35 8.53 118

overcharged in 2 M VO,*/3 M H,SO, at 21.7 mA
cm~? for 50 and 180 min with subsequent polishing
of the graphite-plate current-collector. The difference
in cell resistance that is due solely to oxidation of the
felt 1s also summarized. For both rayon and PAN-based
graphite felts, a slight increase in the cell resistance
after overcharge is observed. The highest increase in
cell resistance with overcharge corresponds to the GFDS5
electrode which showed an increase from 4.61 to 5.96
Q cm? after 3 h overcharge. For the GFD2 felt, a
slightly higher resistance was measured and this is
attnibuted to the poorer contact between the GFD2
felt with the graphite current collector that is caused
by the lower compression of the thinner felt sample
in the cell cavity. Again, the FMI sample used for the
180 min test was from a different bath than that
overcharged for 50 min, so direct comparison cannot
be made. These results for the FMI felt do, however,
highlight the great variability in properties of graphite-
felt materials from different batches from the same
manufacturer.

3.3 XPS analysis

The surface elemental composition, as well as the
changes in surface functionality, of the felt electrodes
due to overcharge were characterized using XPS anal-
ysis. The overcharged graphite-felt samples were pre-
pared as explained earlier, and their surface chemistry
compared with that of untreated and thermally-treated
samples in N, at 400 °C for 30 h.

3.4. General spectra

Fig. 2 illustrates a typical XPS wide-scan spectrum
obtained from graphite-felt electrodes, along with the
spectrum obtained from a GDFS5 sample overcharged
for 50 min (OC1). In all cases, strong C 1s and O 1s
photoelectron lines are observed at Ep=285 and 533
eV, respectively. Weaker O(KLL) and C(KLL) Auger
features are in evidence at approximately 760 and 1000
eV. In general, the O 1s line is seen to increase in
intensity with overcharging (increasing oxidation) and
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Fig 2 Typical wide-scan X-ray photoelectron spectroscopy spectrum
obtamed from a graphite-felt electrode sample (GDF5 sample shown
here). The main O 1s and C 1s peaks are indicated.
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the general spectra for graphite felts have been reported
earlier [12,13]. High-resolution scans of the C 1s and
O 1s regions are presented here. Table 3 summarizes
the measured surface O and C elemental composition
(atomic percentages) for the various felt-electrode sam-
ples (GFD5, GFD2 and FMI) exposed to different
treatments abbreviated as UNT, AIR, AC, OC1 and
ocC2.

The increase in the atomic oxygen concentration of
the GFDS felt after various treatments is shown 1in
Table 3. The overall oxygen content of the samples
increases with increasing severity of oxidation. Com-
parison of the N2T and OC2 samples shows a slight
increase in the O/C ratio from 0.177 to 0.217 for the
positive electrode sample that has been overcharged
for 3 h in the test cell (OC2).

Comparing the oxygen concentration of the N2T-
treated GFD5, GFD2 and FMI samples in Table 3, a
considerable difference between samples is observed.
In each case, the oxygen concentration 1s seen to increase
in the overcharged samples. The effect of normal cell
operation on the oxygen concentration is also given in
Table 3 for the GFD2 and FMI felt samples, and an
increase in the O/C ratio is again observed, although
this is not as great as for the overcharged samples.

3.5. O 1s and C Is spectra

The high-resolution spectra of the O 1s and C 1s
peaks were obtained to determine oxygen functionality
of the felts both before and after overcharge. Figs. 3
(a) to (c) present the curve-fitted O 1s and C 1s spectra
of samples N2T, OC1 and OC2 for the GFD5 felt.
The spectra have been fitted to various C-O functional
groups that are known to be found on carbon/graphite
surfaces, mainly based on the peak assignment of Sher-
wood and co-workers [14-23]. The main carbon peak
at the lowest binding energy lies in the range at 283.6
to 284.6 eV. The four types of oxide (labelled oxide
1, 2, 3 and 4) were fitted to component peaks shifted
by 1.5, 3.1, 4.5 and 6.0 ¢V from the main peak, re-
spectively. Oxide 1 corresponds to carbon atoms in
hydroxide (C-OH) or ether (C-O-C) groups, and oxide

Table 3

2 is assigned to carbon atoms in carbonyl (C=0) type
groups. Oxide 3 is the peak corresponding to ether
carboxyl (COOH) or ester (COOR) types of groups.
Oxide 4 is attributed to the 7™ shake-up satellite
that serves as an indicator of the degree of aromaticity
(graphitization) of the surface, as well as -CO; ™ -type
groups. The O 1s region was fitted with a two-component
curve fit. The main lower binding energy peak (Eg
about 332 eV) is attributed to carbonyl (C=0) and
ether (C-O-C) oxygen functionalities, while the higher
binding energy component, shifted by 1.5 eV is attributed
to hydroxyl (-OH) groups.

The peak position and peak area percentage for the
C 1s and O 1s spectra are given in Tables 4 and 5,
respectively. Although the change in the graphitic peak
area is not significant for the OCL samples, a more
pronounced decrease in this peak area is seen for the
OC?2 sample. In oxide 4, C 1s peak decreases in intensity
with overcharging, and is very weak in the OC2 sample,
which strongly suggests that a 7— 7™ shake-up reso-
nance is lost when the aromaticity of the graphite felt
is destroyed through the oxidation process. It can also
be seen that overcharge results in an increase in the
oxide 1 peak area, and that with increased overcharge
time the corresponding amount of —OH groups in-
creases. The highest peak area corresponding to oxide
2 and oxide 3 is exhibited by samples OC2. This indicates
that with prolonged overcharging there is an overall
shift to surface functional groups of higher oxidation
state {e.g., C=0).

Operation under severe oxidation conditions of ov-
ercharge thus resuits in oxidation of the graphite felt
by the formation of various C-O functional groups,
particularly —OH groups (oxide 1). These findings also
show that the ~CO, ™ -type groups constitute only about
1% of the total oxide produced on the surface of the
GFD5 felt electrode, even after 3 h of overcharge. It
can thus be concluded that the formation of this func-
tional group on the surface of a felt electrode should
not be a major contributor to any serious changes in
the electrical and electrochemical properties of the
electrode. Nevertheless, the opening of the phenyl rings
upon oxidation is evidenced by the loss of the w— #*

Atomic concentration of O and C in graphite-felt samples with the indicated treatments The oxygen-to-carbon ratios are also shown (O/C)

Sample Treatment condition GFD5 GFD2 FMI
identification

% O % C o/C % O % C O/C 9% O % C o/C
UNT Untreated 16.19 83.87 0187
AIR Air, 400 °C, 30 h 28 972 0.288 74 92.6 0 800
N2T N,, 400 °C, 30 h 1502 84.98 0.177 22 978 0225 40 96 0 0417
AC After 25 cycles in vanadium cell 18.3 817 0244 230 77.0 029
OC1 Overcharged, 50 min 16.44 83.56 0.197 283 717 0394 293 70.7 0.414

ocC2 Overcharged, 3 h 17.84 82.16

0.217
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Fig 3 O 1s and C 1s spectra of GFDS sample: (a) thermally treated in N, at 400 °C for 30 h (N2T); (b) after overcharge for 50 min at
21.7 mA cm~2 (OC1), and (c) after overcharge for 3 h at 21.7 mA cm~2 (OC2). The O 1s and C 1s component peaks are shown and therr
values given 1 Tables 4 and 5.

Table 4

C 1s component peak positions (binding energies in eV) and relative concentrations (peak areas) for GDF5 sample

Sample Main peak Oxide 1 Oxide 2 Oxide 3 Oxide 4
identification
Position Area Position Area Position Area Position Area Position Area
(eV) (%) (eV) (%) (eV) (%) (V) (%) (eV) (%)
GFDS5, N2T 284 3 703 285.8 18.7 287.4 3.2 288.8 2.3 290.3 5.8
GFDS5, OC1 283.6 68.8 285.1 24.1 286.8 4.5 288.1 2.2 289.5 31
GFDS5, OC2 283.8 66.4 285.3 21.2 287 94 2883 3.0 289.8 004
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Table 5
O 1s component peak positions (binding energies 1n eV) and relative
concentrations (peak areas) for GDF5 sample

Sample Peak 1 Peak 2
identification
Position Area Position Area
(V) (%) (V) (%)
N2T 531.8 438 5335 56 2
0OC1 531.7 74.1 5332 259
oC2 531.6 796 533.2 20.4

resonance (‘oxide 4’) which indicates that the surface
loses its graphitic character upon overcharge.

The peak position and peak area percentage for the
C 1s spectra of the GFD2 and FMI felt samples are
given in Table 6 for overcharged samples (OC1) and
for samples that have been cycled normally (25 cycles)
in a vanadium redox cell (AC). A large decrease in
the graphite peak area is observed for the overcharge
samples, compared with those subjected to normal
cycling. For all samples, the C-OH group (oxide 1) is
the predominant species, although the concentration
of C-OH groups is slightly higher after overcharge. In
the case of oxides 2 and 3, however, a large difference
is observed between the AC and OCl samples. This
indicates that, under overcharge conditions, the con-
centration of the higher oxides C=0, COOH and COOR
is increased significantly for both types of felts; the
effect is greatest with GFD2 felt.

3.6. Cyclic voltammetry

Fig. 4 shows cyclic voltammograms of the FMI and
GFD?2 felt electrodes in 3 M H,SO,. The potential
range was from —1.6 V to +2.50 V. In Fig. 4(a) and
(b), curves 1 and 2 refer to the voltammograms obtained
before and after anodic oxidation, respectively. Similar
cyclic voltammograms for both FMI and GFD2 felt
electrodes were observed before anodic oxidation. In
addition to the hydrogen and oxygen evolution, a re-
duction peak around —0.5 V (peak B in Fig. 4(a) and
(b)) appears. This indicates that some carbon-oxygen
functional groups exist and are reduced at that potential.
The results of the XPS analysis presented above suggest
that these peaks are predominantly associated with the
C-OH groups on the carbon surface. After anodic
oxidation, a more clear oxidation peak around +1.3
V (peak A in both cases) is observed. This demonstrates
that the concentration of these surface carbon-oxygen
functional groups increases at the electrode surface.
For the GFD?2 felt electrode, an extra reduction peak,
peak C, appears at the electrode potential of —1.10
V. This is due to the presence of increased levels of
oxides (C=0, COOH and/or COOR) on the surface.
These results are consistent with the XPS analysis of
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Fig. 4. Cyclic voltamograms for graphite-felt electrodes m 3 M H,SO,
solution (1) before anodic oxidation; (2) after holding at +1.5 V
for 15 mun; (a) FMI, and (b) GFD2. Sweep rate: 60 mV s~ '

Table 5 which showed a greater tendency for the PAN-
based GFD2 felt to form the higher oxides under
overcharge conditions (e.g., oxide 2 increased by a
factor of more than 5 for the GFD2 compared with
a factor of 3 for the FMI felt).

4. Conclusions

The electrical resistivity of the positive graphite-felt
electrode increased slightly after overcharge with the
contribution of less than 0.45 Q) cm® to the cell resistance
in the case of the GFDS5 felt. The increase in cell
resistance due to severe electrochemical oxidation of
the same felt electrode during overcharge was as high
as 1.35 & cm? however, and suggested that a slight
loss in electrochemical activity of the felt may also
result from cell overcharge.

The XPS analysis revealed that overcharge of the
vanadium redox cell results in oxidation of the graphite-
felt electrodes by the formation of various C-O func-
tional groups (particularly —-OH and C=0 groups) so
that, with increasing overcharge time, the concentration
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Table 6

C 1s peak positions and relative peak area for overcharged and normal operation felt electrodes

Sample Mamn Peak Oxide 1 Oxide 2 Oxide 3
1dentification
Position Area Position Area Position Area Position Area
(eV) (%) (eV) (%) (eV) (%) (eV) (%)
FMI, AC 2845 81.3 285.9 13.0 287.6 2.2 2889 33
FMI, OC1 284.5 71.2 285.9 152 286.7 7.4 2889 52
GFD2, AC 2845 855 285.9 11.2 287.7 1.7 2890 1.6
GFD2, 0C1 2846 71.2 286.1 14.9 2874 9.5 2889 4.6
of higher oxidation-state groups increases on the surface. [2] NASA redox storage system development project, Calendar
Compared with graphite-felt samples cycled normally year 1980, DOE/NASA/12726-18, NASA TM-829{0, 1982, p. 19.
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