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Abstract 

Studies on the electrochemical oxidation of carbon 
blacks in concentrated phosphoric acid at 135-160°c 
will be reviewed. The objective of the paper is to 
provide some understanding of the electrochemical
oxidation mechanism and the influence of physicochemi
cal properties on the oxidation rate of carbon blacks. 
The effects of heat-treatment on the surface area and 
crystal structure of carbon black and 
electrochemical-oxidation rate will be discussed. 
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INTRODUCTION 

Carbon blacks play a major role as a structural component, conduc
tive support, and electrocatalyst in batteries and fuel cells. Despite 
the many applications of carbon blacks in electrochemical systems, there 
still exists a paucity of information on the electrochemical behavior of 
carbon blacks in these systems. Part of the reason lies in the wide 
variety of carbon blacks that are available and the diverse physicochem
ical properties of these carbons. Selection of the most suitable carbon 
black for the particular application is, in many instances, subject to 
trial-and-error procedures. 

In this paper, results on the electrochemical oxidation of selected 
carbon blacks in hot, concentrated phosphoric acid are reviewed. The 
objective of the paper is to provide some.understanding of the oxidation 
mechanism and the influence of physicochemical properties on the oxida
tion rate of carbon blacks. The effects of heat-treatment on the phy
sicochemical properties (surface area, 002 d-spacing) and electrochemi
cal oxidation rates of carbon blacks were investigated. Electrochemical 
measurements, co2 volumetric measurements, and oxygen analyses were per
formed to determine the rate and mechanism of electrochemical-oxidation 
of carbon blacks, and BET-surface area and X-ray diffraction analyses 
were used to characterize the carbon microstructure. 

EXPERIMENTAL 

Studies on the electrochemical oxidation of Neo Spectra (Columbian 
Carbon Co., surface area of 1000 m2/g), Graphon (graphitized Spheron 6, 
Cabot Corp., surface area of 100 m2 I g), Vulcan XC-72 (Cabot Corp., sur
face area of 220 m2 /g), and graphitized Vulcan XC-72 (hea~-treated at 
2700°C, surface area of 70 m2 /g) were reported elsewhere. {1 ' 2) These 
results will be discussed with previously unpublished data on the influ
ence of heat-treatment on the electrochemical oxidation of carbon black. 
For this study, samples of Vulcan XC-72 (Cabot Corp., surface area of 
265m2/g) were heat-treated in a helium environment for 2 hours at vari
ous temperatures to 2700°C. The physical properties of the carbon sam
ples were characterized by X-ray diffraction analysis and measurement of 
the BET surface area. Data on the effect of heat treatment on the sur
face area and 002 d-spacing of Vulcan XC-72 are summarized in Figure 1. 
Also included in Figure 1 are published data by Biscoe and Warren~ 3 ) for 
the change in 002 d-spacing of Spheron 6 with heat-treatment at various 
temperatures for 2 hours in an inert environment. The results show that 
the 002 d-spacing remains essentially unchanged with heat-treatment up 
to about 1000°c; at higher temperatures, the d-spacing shows a large 
decrease, although the value does not approach that of graphite, i.e. 
3.354 Angstroms.< 4 ) The surface area of Vulcan XC-72 initially 
increases with heat treatment to 1000°C due to activation of ~he carbon 
black upon removal· of volatile matter as oxides of carbon. t 5) Above 
1000°C, the surface area decreases sharply as crystallite growth takes 
place. 
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The apparatus and procedure used to measure the total oxidation 
current~ and co2 evolution rates were described in detail in a previous 
report. 1) Briefly, the electrochemical cell consisted of a gas-tight 
glass vessel containing the counter electrode, working electrode, refer
ence electrode, and a graduated column in which the evolved co2 was col
lected and measured volumetrically. The electrolyte, 96 wt. % H3Po4 , 
was purged with co2 for at least 16 hours prior to the experiment, as 
well as during the electrochemical measurement. The H3Po4 was heated to 
135-160°c and the carbon-oxidation studies were conducted at constant 
potentials (versus hydrogen electrode in the same electrolyte) between 
700 and 1200 mV. 

The carbon blacks were fabricated into a PTFE-bonded structureCl) 
and then placed into the electrochemical cell for the electrochemical· 
oxidation studies. In separate experiments, carbon powder samples were 
packed into a platinum crucible and subjected to electrochemical oxida
tion at the same temperature and potential as the PTFE-bonded carbon 
electrodes. After electrochemical oxidation, the carbon samples were 
removed from the platinum crucible, washed thoroughly with distilled 
water to remove residual acid, dried, and then analyzed for oxygen con
tent in a LECO Nitrogen/Oxygen De terminator (Model TC-30, Laboratory 
Equipment Corp.). 

The volume of co2 that was evolved during carbon oxidation in hot 
concentrated H3Po 4 was measured periodically and the amount was con
verted to co2 cbarge (QCO ) by use of Faraday's law. The ideal gas law 
was applied and co2 forma!ion was considered to occur by a four electron 
process. Since the temperature of the gas collecting column was close 
to room temperature, no correction for H2o vapor pressure was made. 

RESULTS 

(i) Oxidation Current 

The current obtained at constant potential showed the following 
transient response for the electrochemical oxidation of carbon blacks in 
H3Po4. Initially, the oxidation current was relatively high, but 
decreased rapidly and appeared to asymptotically approach zero with 
time. This general behavior of the oxidation current with time was 
observed with all carbon black samples at 700-1200 mV in 96% H3Po4 at 
135-160°C. (1' 2) Similar behavior was observed for the oxidation of 
heat-treated Vulcan XC-72. The change in the oxidation current, it, 
with time, t, can be described by the equation 

i tn • k 
t t 

where kt is a constant that depends on the potential, temperature, and 
the carbon black. The exponent, n, is obtained from the slope of log it 
versus log t plots. Average values of n obtained in this study and those 
reported elsewhereC1,2) are summarized in Table 1. Within the accuracy 
of the experimental measurements, the value of the exponent did not vary 
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with carbon black or temperature (135-160°C), but decreased with 
increasing potential. 

Table 1. Experimental Constant (n) From log it - log t 
Relation for Electrochemically-Oxidized Carbon Blacks in Hot 

Concentrated H3Po4 (135-160°c) 

Potential (mV) Slope 

700 0.76 
800 0.70 
900 0.62 

1000 o.so 
1200 0.20 

The data obtained earlier< 2 ) clearly showed that the specific
oxidation currents (mA/cm2 surface area) were different on the various 
carbon black samples. The specific-oxidation current for Vulcan XC-72 
was greater than that for Neo Spectra, although the latter carbon black 
has a higher surface area. On the other hand, heat treatment of Vulcan 
XC-72 resulted in a decrease in the specific-oxidation current, as 
determined by the data for Vulcan-2700.* Graphon, which is Spheron 6 
that is heat-treated at high temperature, showed the lowest specific
oxidation current of the carbon blacks. 

Because the slopes (i.e., exponent n) of the (log-log) oxidation 
current-time relationships were similar for carbon blacks at comparable 
temperatures and potentials, their relative oxidation rates are indepen
dent of time. Thus, the electrochemical-oxidation rates of the carbon 
blacks can be easily compared without invoking a dependence on oxidation 
time. For convenience, the effect of heat-treatment of Vulcan XC-72 on 
the electrochemical-oxidation rate was analyzed from data obtained at 
100 min. These data are presented in Table 2 along with the ini tia1 
oxygen content of the carbon blacks. The results presented in Table 2 
were obtained from electrochemical measurements of "as-received" samples 
and heat-treated samples of Vulcan XC-72 in 96% H3Po4 at 160°C and 1000 
mV. The specific-oxidation rate decreases by about an order of magni
tude upon heat-treatment at 2700°c. Clearly this decrease is greater 
than the decrease in surface area, which changes by only a factor of 
3.2. On the other hand, the oxygen content decreases by a factor of 
31.7 upon heat-treatment at 2700°c. 

* Heat-treated samples of Vulcan XC-72 are designated in this paper by 
temperature. Vulcan-2700, for example was heat-treated at 2700°C. 
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Table 2. Effect of Heat-Treatment on the Electrochemical-Oxidation 
Rate of Vulcan XC-72 

Heat-treatment 
Temperature 

oc 
25 
500 

1000 
1350 
2000 
2700 

(1000 mV, 96% H3Po4 , 160°C) 

Surface 
Area 

m2/g 

265 
340 
375 
217 

99 
84 

Current at 100 mino 

mA/cm2 C 

5.o x lo-5 
3.4 X 10-5 
3.8 X 10-5 
3.4 X 10-5 
1.9 X 10-5 
3.6 X 10-6 

mA/mg C 

1.30 X 10-l 
1.15 X 10-l 
1.42 X 10-l 
6.90 X 10-2 
1.86 X 10-2 
3.00 X 10-3 

Initial Oxygen 
Content 

% 

1.9 
0.8 
0.8 
1.0 
0.15 
0.06 

The current-potential data for the electrochemical oxidation of Vul
can XC-72 and Vulcan-2700 in 96% H3Po4 are presented in the form of 
Tafel plots in Figure 2. Although the accuracy is not great, the Tafel 
slope is approximately 270 mV/decade, and within the limited range of 
the experiments, it is independent of temperature, poten)ial, and 
microstructure of the carbon black. Analysis of the data< 1 for the 
electrochemical oxidation of Neo-Spectra in H3Po4 also indicated a Tafel 
slope of about 270 mV/decade. 

An apparent-activation energy of 18 kcal/mole was determined from 
the temperature-dependence of the electrochemical oxidation rates for 
carbon blacks in 96% H3Po (see Figure 3). The data in Figure 3 show 
that the apparent-activat'ion energy is similar for Vulcan XC-72 and 
Vulcan-2700 and, furthermore, is independent of oxidation potentials 
between 800 and 1200 mV. The apparent-activation energy obtained from 
the plots in Figure 3 tlJrees remarkably well with that reported by 
Stonehart and MacDonald. They reported a value of 14.2 kcal/mole for 
H3Po4 concentrations of 93% and below, while at acid concentrations of 
97% and above, the activation energy was 25.8 kcal/mole. Because the 
transition in phosphoric acid from ortho- to para- occurs at about 96%, 
a chaf~e in apparent-activation energy may occur at this concentra
tion. 

(ii) co2 Evolution 

At the temperatures and potentials used in the present study, 
measurable quantities of co2 were produced during the electrochemical 
oxidation of carbon black ~n hot concentrated phosphoric acid. The 
amount of co2 that was formed are shown by the plots presented in Fig
ures 4-6. The rate of co2 evolution decreased with time and the amount 
of co2 evolved increased with increase in potential and/or temperature. 
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In addition, the rate of co2 evolution was lower on carbon blacks that 
were heat-treated. 

From the amount of co2 evolved, QCO , and the total charge, Qt, 
passed during electrochemical oxidation, 2 the relative fraction of the 
oxidation current, QCO /Qt, that is consumed by co2 formation can be 
determined. These data2 are plotted in Figures 7 ana 8, which show the 
effects of heat-treatment and potential on the relative amount of oxida
tion current for co2 evolution. The results indicate that the fraction 
of the total charge for co2 formation was small initially, but, as oxi
dation proceeded, the amount of charge for C02 formation became a major 
fraction. Figure 7 shows that the relative fraction of charge for co, 
formation is higher for Vulcan XC-72 than the two carbon blacks thaf 
were heat-treated. In Figure 8, the results show that the potential has 
a marked effect on the relative charge for CO evolution. It is 
apparent that QCO /Qt increases more rapidly with tlme as the potential 
increases and al~o, at comparable times, the fraction of the total 
charge consumed by co2 formation is greater at higher potentials. 

(iii) Oxide Formation 

The amount of surface oxide formed on carbon black that was oxidized 
in hot concentrated phosphoric acid was measured. The data for Vulcan· 
XC-72 and Vulcan-2700 are presented graphically in Figure 9 for experi
ments conducted at 800 and 1200 mV in 96% H3Po4 at 160°C. At short 
times, a rapid increase in the amount of carbon oxide is evident (during 
the init.ial 100 minutes of oxidation), then a gradual increase to an 
approximate limiting value occurs. According to the data in Figure 10, 
the amount of surface oxide increases with an increase in the oxidation 
potential. The approximate limiting coverages of oxygen on Vulcan XC-72 
and gulcan-2700 that were calculated from the data in Figure 9 are 7.4 x 
10-1 moles oxygen/cm2 C and 4. 5 x 10-10 moles oxygen/cm2 C, respec
tively. The higher value obtained on Vulcan XC-72 is indicative of a 
carbon surface that is more reactive to oxygen, and consistent with the 
hypothesis that Vulcan XC-72 contains more active sites than heat
treated Vulcan XC-72. If a ~~nolayer of oxyge~ on fge carbon surface~ 
has a coverage of 1.66 x 10 moles oxygen/em (10 atoms oxygen/em 
C), then the limiting-coverage obtained on Vulcan XC-72 and Vulcan-2700 
correspond to 45% and 27%, respectively, of surface saturation. These 
simple approximations indicate that a large fraction of the surface is 
still available where electrochemical reaction may occur or where the 
reactivity is low due to the presence of basal-plane sites. 

DISCUSSION 

(i) Oxidation Rate 

The experimental studies on the various "as-received" carbon blacks 
and heat-treated samples indicate that the specific-oxidation rates 
decrease rapidly with time at constant potential. Furthermore, the 
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specific-oxidation rate is lower on carbon blacks that are heat-treated 
to impart some degree of "graphitization." The graphitized Vulcan XC-72 
samples, which have lower surface area and d-spacing in Figure 1 (i.e. 
samples heat-treated at higher than 2000°C), showed a markedly lower 
specific-oxidation rate. Since the specific-oxidation rates at a given 
potential and temperature are not the same for the various carbon 
blacks, there evidently exists heterogeneous surface sites with some 
sites more electrochemically-active than others. Heat-treatment of the 
carbon black apparently decreases the relative fraction of active sites 
and consequently, a lower specific-oxidation rate is observed on heat
treated carbon.blacks. 

Several studies in the published literature have described correla
tions between the 002 d-spacing of carbon black and parameters related 
to the oxidation rate of carbon. Donnet et al(7) presented a correla
tion between the d-spacing of carbon blacks and their oxidation rate by 
ozone in aqueous solutions. Stonehart and MacDonald( 6) reported that 
the Tafel slope for the electrochemical oxidation of heat-treated carbon 
black at 1000 minutes in 103% H3Po4 at 180°C decreased linearly with the 
002 d-spacing. When the Tafel slope was extrapolated to a d-spacing of 
3.35 Angstroms (fully graphitized structure), the Tafel slope was equal 
to RT/F at 180°C. This result led Stonehart and MacDonald to suggest 
that the Tafel slope is sensitive to the amount of order and disorder in 
the carbon black. The data obtained in the present study show that the 
Tafel slope (see Figure 2) does not change with d-spacing or the amount 
of order-disorder of the carbon black sanrple. However, the oxidation 
rate of carbon black in 96% H3Po4 is a function of the 002 d-spacing. 
This is illustrated in Figure IO by the plot of oxidation rate (mA/mg C) 
of heat-treated Vulcan XC-72 and the corresponding 002 d-spacing, which 
indicates that the oxidation rate increases as the d-spacing increases. 
The 002 d-spacing is considered to be ~ measure of the crystalline
degree of organization of carbon blacks.~ 7 ) Thus, as the 002 d-spacing 
increases, the degree of organization decreases. Based on our experi
mental data, heat-treatment of carbon black decreases the 002 d-spacing 
and increases the degree of organization; these changes result in a 
decreased oxidation rate of carbon in hot, concentrated H3Po4• 

There are other examples in the published literature to support the 
view that the oxidation rate of carbon blacks is strongly influenced by 
the heterogeneity of the carbon surface. Graphite has a lower concen
tration of sites for edge-atom attack than carbon or coke, and for this 
reason, graphite anodes are used in brine electrolysis.C8) It has also 
been reported that amorphous carbons are more vigorously attacked than 
graphite in acids and bases due primarily to the higher concentration of 
edge-atoms in the former material.(8) Gas-phase oxidation studies have 
shown that the carbon oxidation rate is about 17 times faster in the 
direction parallel to the basal plane (edge sites) than that in the per
pendicular direction.C 9) Similarly, Smith and Polley(lO) reported that 
the rate of gas-phase oxidation of carbon blacks decreased upon graphit
ization, which supports the hypothesis that chemical or electrochemical 
attack on carbon black occurs preferentially at specific-high energy 
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sites on the surface such as edge atoms in the layer lattice or other 
defect sites. Clearly, a carbon with a higher degree of disorder (more 
active sites, higher degree of surface heterogeneity) is susceptible to 
more rapid-electrochemical reaction than is a graphitized carbon with a 
more-ordered structure. 

(ii) Oxidation Mechanism 

The electrochemical oxidation of carbon black in hot concentrated 
phosphoric acid is believed to occur with the formation of two reaction 
products} namely, co2 and carbon-surface oxides. In an earlier 
study,< 1 evidence was presented to suggest that these two products were 
formed by independent-electrochemical processes. The exact identity of 
the surface oxides still remains to be identified. However, cyclic vol
tammetry of carbon blacks, which were electrochemically oxidized in 
H3Po4 and chemically oxidized in chromic acid, suggested that quinone
hydroquinone species were present on the ·carbon surface. ( 11 ) Based on 
experiments reported elsewhere, ( 2) intercalated-graphitic oxide can be 
ruled-out as an oxidation product in the present study. 

The results presented in Figures 8 and 9 show that the formation of 
co2 becomes the dominant oxidation reaction upon prolonged electrochemi
cal oxidation of carbon black in H3po4 • This finding suggests that the 
surface oxides tend to passivate the surface sites where oxide formation 
occurs. Those sites where oxidation to form co2 occurs must be gradu
ally consumed and the oxidation rate should decrease. A similar conclu
sion was reached by Dhooge and Park(l2) from their studies on the elec
trochemical oxidation of coal slurries. In this study, the current 
efficiency for co2 evolution increased with oxidation-time due to the 
gradual saturation of oxide-surface sites. Binder et al(lJ) reported 
that a protective oxide layer was formed on carbon during anodic oxida
tion in H2so4 and H3Po4• These authors also reported that the relative 
fraction of co2 produced during oxidation of carbon increased with time, 
in qualitative agreement with the data in Figures 7 and 8. Evidence in 
the present paper supporting the hypothesis that a passivating surface 
oxide is formed during oxidation is presented in Figure 9. A limiting
oxide content is produced at 800 and 1200 mV, which suggest that a pro
tective layer similar to that reported by Binder, et al(lJ) may be 
present. 

There is evidence in the literature that organic products are also 
formed during the anodic oxidation of carbon. Humic acid was reported 
to caus~ ~ brown coloration to clear electrolyte during electrolysis of 
carbon.~ 8 J The early review by Thiele< 14 ) reported that a brown colora
tion was observed during the anodic oxidation of amorphous carbon in 
alkali solutions. The oxidation products co2 and humic acid were 
reported. Janes(lS) reported finding an organic compound of the 
mellitic-acid-type in graphite anodes after electrolysis of brine solu
tions. Mellitic acid was also reported(l6) to form during chemical oxi
dation of graphite in a mixture of nitric, sulfuric, and perchloric 
acids in a ratio 1:6:1. There was no visible evidence of coloration of 
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the solution during anodic oxidation of carbon blacks in the present 
study. However, no chemical analyses were performed to identify 
dissolved-organic acids such as the mellitic acids. 

A mechanism proposed by Donnet et al( 7) for the chemical oxidation 
of carbon black in an aqueous-ozone solution may serve to explain the 
mechanism for the electrochemical oxidation of carbon in H3Po4• Donnet 
et al proposed that two distinct and simultaneous reactions occur during 
the chemical oxidation of carbon by ozone: formation of degradation 
products, which are partially oxidized to co2 , and direct oxidation of 
carbon to co2• These reactions can be represented schematically by -

ydegradation products~ 

carbon 3 co2 

The oxidation rate to form co2 from the degradation product (path 2) was 
shown to be dependent on the structural characteristics (d-spacing, 
disorganization factor) of the carbon sample. For the electrochemical 
oxidation of carbon, the following reaction scheme may be considered -

ycarQ.on sur:ace oxide "'Z 
carbon----------~~-----------+co2 

In this representation, the formation of co2 can occur by the direct 
oxidation of carbon and the oxidation of surface oxides. Due to the 
fact that at long times the oxide content of the carbon appears to reach 
a limiting value and co2 becomes the dominant electrochemical reaction, 
the oxidation of surface oxides to co2 is believed to be a slow reac
tion. This mechanism proposed for the electrochemical oxidation of car
bon in H3Po4 is speculative and requires further experimental verifica
tion. on the other hand, the experimental data presented in this paper 
gives some insight into the overall-electrochemical oxidation rates of 
carbon blacks under conditions comparable .. to that in phosphoric acid 
fuel cells. Furthermore, the data show that heat-treatment to increase 
"graphitization" offers an approach to decrease the oxidation of carbon 
blacks in phosphoric acid. 

SUMMARY 

Results obtained on the electrochemical oxidation of carbon blacks 
in 96% H3Po4 at 135-160°C are presented. Two major products are formed 
during anodic oxidation; these are co2 and surface oxides. The experi
mental measurements suggest that co2 becomes the dominant 
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electrochemical reaction as oxidation progresses. The data show that the 
specific-oxidation rate of carbon black is decreased by heat-treatment, 
which reduced the heterogeneity of the carbon surface and decreased the 
surface area. 
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