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Carbon materials have been widely used as cathodes in lithium oxygen batteries but the
detailed influence of the structure of these materials on their performance is not very clear
yet. In this study, the same starting pristine commercial carbon black (N330) was treated
under different atmospheres and the resultant carbons were employed as cathode materi-
als for lithium oxygen batteries. It was demonstrated that the porosity and surface topol-
ogy of these carbons tremendously changed as their treating time increased. The
parameters that influenced the battery performance were identified. It was found that
the main factor determining the battery performance is the specific surface area of the car-
bon mesopores, while nitrogen- or oxygen-bearing functionalities, introduced in these car-
bons during their heat-treatment or by contact with air after their pyrolysis, had little or no

influence on the battery performance.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium oxygen battery is one of the most promising energy
storage candidates for meeting the future demands of the
electric vehicles (EVs) or hybrid electric vehicles (HEVs) [1,2].
However, the challenges for this battery system, such as the
rate capability, cycle life, power performance, etc. should be
overcome before lithium oxygen batteries can be used in
practical applications [3]. It was reported that during dis-
charge process of the battery, the product, Li,O,, deposits on
the surface of the electrodes and eventually blocks the path
ways for electrolyte and oxygen transportation, terminating
the discharge process. Therefore, the electrodes are directly
determining the battery performance.

To date, carbon materials are still the most studied cath-
ode materials for lithium oxygen batteries, and efforts have

been made to increase the oxygen solubility and diffusion,
to decrease the accumulation of reaction products, and to cre-
ate effective three-phase electrochemical interface of these
materials [4-8]. For example, one-dimensional carbon materi-
als (CNTs, CNFs) have been reported to exhibit good perfor-
mance because they could form an interconnected porous
electrode with high void volume [9,10]. Graphene nanosheets,
a two-dimensional material showed significantly improve-
ment for the battery performance due to its unique morphol-
ogy and structures [11-13]. It was also reported that
heteroatom-doping to carbon nanotubes and graphene nano-
sheets further increased the battery performance because of
the active sites introduced into the pristine samples [14-16].
Due to abundance and low cost, carbon black has also been
extensively studied as a cathode in lithium oxygen batteries.
For example, several carbon black powders have been studied
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by Xiao et al. [4] and the results suggested that the pore vol-
ume and the pore size affect the battery performance. Hall
et al. [8] also suggested that electrode made of carbon aerogel
with appropriate pore volume and pore diameter delivered
high discharge capacity. The findings indicated that the lim-
ited discharge capacity was associated to pore clogging as
claimed by others [17]. However, recently Luntz et al. [18,19]
reported that the electrical passivation caused by the forma-
tion of discharge product layer on the electrode was the lim-
iting factor by using the electrochemical experiments and
modeling. They found that even a very thin layer (4-5nm)
of the insulated film of Li,O, was sufficient to terminate the
discharge reaction due to the increased electrical resistance
at the electrode/electrolyte interface, then preventing further
O, reduction. This would imply that the specific capacity
should be related to the effective carbon surface area, acces-
sible to the electrolyte and oxygen. In the present paper, var-
ious carbons all derived from the same starting commercial
pristine carbon black (N330) were obtained by threating this
carbon black in different treating atmospheres and for differ-
ent times. The resulting carbons have been used as cathode in
lithium oxygen batteries, revealing that the discharge capac-
ity is proportional to the specific surface area of mesopores in
these carbon electrodes. For the first time, the influence of
various parameters resulting from the heat-treatment of the
same starting carbon black, such as the content of disorga-
nized carbon and heteroatom-doping effects, is studied in
detail as well on the performance of the lithium oxygen
battery.

2. Experimental
2.1. Sample preparation

Commercial N330 furnace carbon black (from Sid Richardson
Carbon Corporation) was used as the starting material. It was
heat-treated under NH; or CO, (with or without H,) atmo-
spheres. The percentage of mass that was lost during the
heat-treatment, W, was calculated as follows:

initial mass — final mass

W= - x 100 (1)
initial mass

2.1.1. Samples treated by NH3

500 mg of carbon black powder spread in a fused silica boat
was pyrolysed in a fused silica reactor under NH; at 1050 °C
until the desired mass losses (10%, 35%, 54%, 75%, 85%) were
obtained. For the 75% and 85% mass losses, the samples were
made with several pyrolysis to obtain around 150-200 mg of
final powder.

2.1.2. Samples treated by CO, (with or without H,)

500 mg of carbon black spread in a fused silica boat was pyr-
olysed in a fused silica reactor under CO, at 1050 °C until the
desired mass losses (13%, 35%, 50%, 75%) were obtained. For
the 75% mass loss, the sample was again made with several
pyrolysis to obtain around 150-200 mg of final powder. These
samples were further pyrolysed under H, at 950 °C to remove
oxygen. It is possible that some oxygen was introduced in the
sample by simple contact with air after pyrolysis.

2.2.  Physical characterizations

The morphologies of the samples were characterized by Hit-
achi S-4800 field-emission scanning electron microscope
(SEM) operated at 5.0 kV. N, adsorption/desorption isotherms
were obtained using a Folio Micromeritics TriStar II Surface
Area and Pore Size Analyser. The nitrogen and oxygen con-
tents of the carbon materials were determined by Kratos Axis
Ultra Al (alpha) X-ray photoelectron spectroscopy (XPS). Ra-
man scattering (RS) spectra were recorded on a HORIBA Scien-
tific LabRAM HR Raman spectrometer system equipped with a
532.4 nm laser.

2.3. Electrochemical measurements

Cathodes were prepared by casting a mixture of carbon mate-
rials and Polyvinylidene fluoride (PVDF) (Alfa Aesar) with a
weight ratio of 9:1 onto a separator (Celgard 3500). The elec-
trodes were 3/8 inch in diameter and the loadings were
~0.3 mg. Swagelok type cells composed of lithium foil anode,
Celgard 3500 separator, different cathodes and a stainless
steel mesh as current collector were used to carry out the
electrochemical measurements. The electrolyte was
1moldm™2 LiCFsSO; dissolved in Tetraethylene glycol di-
methyl ether (TEGDME). The discharge/charge characteristics
were performed by using an Arbin BT-2000 battery station in a
1 atm oxygen atmosphere at room temperature (25 °C).

3. Results and discussion

The morphology and the distribution of particle sizes of some
samples resulting from the heat-treatment of N330 in NH; are
shown in Fig. 1. The distribution of particle sizes of the carbon
black was obtained from the analysis of SEM micrographs
based on about 300 particles. It can be seen that the shape
of the particles is kept almost the same, even after a loss of
75% of the pristine N330 carbon mass. However, the particle
size is decreasing after the heat treatment. Several large par-
ticles (>40 nm) are observed at 0% mass loss but their number
decreases at 75% mass loss, while the mean diameter of the
maximum number of particles shifted from an initial value
of 40-45nm, at 0% mass loss, to 25-30 nm after 75% mass
loss.

It is known that NH; etches the carbon black at 1050 °C
according to the following reactions [20]

C+NH; — HCN + H, (2)

C+H, — CH, (3)

The gasification reactions of carbon blacks results in
decreasing particle sizes and the occurrence of porosity lead-
ing to an increasing specific surface area of the remaining car-
bon black.

Fig. 2 shows the voltage profiles of initial discharge—-charge
cycle of lithium oxygen batteries employed carbon blacks
with different mass losses as cathode materials at a current
density of 75 mA g~*. Both the discharge and charge specific
capacities increase with the mass loss of carbon black in-
creases and the values are summarized in Table S1. For in-
stance, a discharge capacity of ~1062mAhg' with a
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Fig. 1 - SEM images and particle size distributions of carbon blacks with mass loss of (a, b) 0%, (c, d) 35%, and (e, f) 75%.
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Fig. 2 - The first discharge-charge voltage profiles of

lithium-oxygen batteries containing carbon blacks with
different mass losses as cathode materials.

nominal discharge voltage of ~2.56 V was observed for the
pristine sample (0% mass loss) while the charge capacity is
~533 mAh g and nominal charge voltage is ~4.37 V. Also a
discharge capacity of ~5045mAhg ' with a nominal dis-
charge voltage of ~2.67 V was observed for the sample with
a 85% mass loss, while the charge capacity is ~4631 mAh g’
and nominal charge voltage is ~4.21 V. It is also noticed that
the electrode polarizations decrease as the mass loss in-
creases (from 1.81V at 0% mass loss to 1.54 V for 85% mass
loss; last column in Table S1).

The total specific surface area, the specific surface areas of
micro-, meso-, and macro-pores of the samples have been
measured as a function of mass loss. These results are pre-
sented in Fig. 3a. It can be seen that the total specific surface
area and the mesopore surface areas of the samples both
steadily increase as the mass loss increases. This behavior
is different from that of the specific surface area of the
micropores, which first increases, reaches a maximum, and
then decreases as the mass loss increases. A formation mech-
anism of the porosity in carbon blacks has been well de-
scribed by Jaouen et al. [21,22]. According to these authors,
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Fig. 3 - (a) Total specific area (BET) and specific surface areas for micropores, mesopores, and macropores vs. mass loss, (b)
discharge capacity (left Y axis), the specific area of micropores, mesopores, and macropores (right Y axis) vs. mass loss during
pyrolysis, (c) discharge capacity vs. the specific area for micropores, mesopores, and macropores and (d) the pore size
distribution (PSD) curves for carbon blacks with various mass losses.

the surface area of the pristine carbon black is only that of the
outer spheres of the carbon particles with almost no pores;
then, as gasification of carbon proceeds according to Egs. (2)
and (3), disordered carbon is removed from the outer surface
and some edge surface is created. As more disordered carbon
is removed from the particle, the micropores become larger in
size and deeper in length leading to the formation of mesop-
ores. The surface area of mesopores increases as the treating
time increases. It has been reported that the catalytic activity
of Fe/N/C catalysts used for oxygen reduction reaction at the
cathode of proton exchange membrane (PEM) fuel cells is re-
lated to the microporosity of their carbon black support, since
their most active sites are hosted in these micropores [23,24].
However, in our case, it can be seen in Fig. 3b (right Y axis)
that, for lithium oxygen batteries, only the specific surface
area of mesopores vs. mass loss curve well matches the
behavior of the discharge specific capacity vs. mass loss curve
(Fig. 2b, left Y axis). This indicates that the surface area of
mesopores plays the major role in determining the battery
discharge performance. The correlation between discharge
capacity and specific surface areas is further illustrated in
Fig. 3c, where it is indeed shown that the discharge capacity
only increases nearly linearly with an increase of the surface
area of the mesopores.

Fig. 3d shows the pore size distribution (PSD) curves of car-
bon blacks with different mass losses. As can be seen, for the
pristine carbon black, only the pores centered at size of
~30 nm are present. They are probably voids between the car-
bon black particles. Even when the mass loss increases to
35%, the volume of pores having sizes between 2 and 4 nm
only slightly increases, while the volume of pores having sizes
centered at ~30 nm remains almost the same. It has been re-
ported that the discharge product, Li,O,, would not deposit in
micropores because the electrolyte could not have access to
them [7]. Therefore, the discharge product would deposit on
the surface of the voids between carbon particles. When the
mass loss reaches 54%, not only a peak at ~3.5 nm appears
in Fig. 3d, but also the volume of the pore sizes in the range
of 10-50nnm increases, as a result to the enlargement of
micropores. As the pyrolysis time increases, the pore volume
peaks at a pore size of ~3.8 nm, indicating that this is the
main pore size in such carbon black when the mass loss is
75%. As expected, the volume of the pore with sizes of 10-
50 nm continues to increase in these conditions. When the
mass loss increases from 75% to 85%, the volume of pore size
at ~4 nm does not increase anymore, but the volume of pore
sizes from 10-50 nm increases a lot. This should be beneficial
for discharge product accommodation. However, it can be
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seen in Fig. S1 that the discharge capacity only slightly in-
creases (~6%), while the volume of mesopores increases by
more than 50%. From this observation, one may suggest that
the very large increase in the volume of mesopores, when
mass loss increases from 75% to 85%, is not more effective
for accommodating discharge product deposition.

Recent studies have shown that oxygen reduction reaction
kinetics in lithium air battery system is not a catalyzed reac-
tion while the increase of discharge voltage is resulting from
the increased amount of defects at the surface edge structure
on carbon [25]. The charge process, which involves the
decomposition of discharge product Li,O,, is expected to be
governed by much slower kinetic than discharge process
and the decreased charge voltage could be due to the electri-
cal conductivity of electrode surface [26]. The cycle perfor-
mance of the batteries employed carbon blacks with
different mass losses at a current density of 300mA g~ is
shown in Fig. S2. As can be seen, all the samples deliver rea-
sonably high discharge capacity for the first cycle; however,
the capacities decay rapidly after only a few cycles which
are accompanied by increased in the polarization, mainly
attributed to the rise in the electrode resistance as we dis-
cussed above. In addition, the reaction between Li,O, with
carbon and electrolyte during charge (>3.5V) would also in-
crease the electrode overpotential due to the formation of Li,.
CO; [27,28]. Therefore, it is necessary to explore new
approaches to reduce the charge potential, and recently,
Bruce et al. reported that lithium air cell contained a redox-
mediating molecule, tetrathiafulvalene (TTF), were cycled
100 times with complete reversibility of Li,O, formation/
decomposition on each cycle, and the charge voltage is less
than 3.5V [29]. Another possible solution is to apply a car-
bon-free cathode for lithium oxygen battery. Zhou et al. have
suggested that the carbon-free cathodes should have high
conductivity and no catalytic activity for electrolyte decompo-
sition during discharge/charge processes, high stability to-
ward oxygen radicals and not reactive with Li* in the
working window [30]. An issue should also be considered is
the dehydrofluorination of PVDF (a typical binder used in lith-
ium oxygen battery) caused by the reaction with the interme-
diate discharge product, LiO,, which reduces the discharge
and charge capacities [31]. Furthermore, the electrode struc-
ture will change progressively due to the decomposition of
binder, affecting the cycle performance.

While some of the pores are clogged as discharge product
forms, passivation is the main issue for the cathode due to
the low electrical conductivity of Li,O,. The actual nucle-
ation-growth of Li,O, on electrode should be somewhat com-
plicated and it has been reported that the morphologies of the
final products are varied from one carbon material to another.
For example, disc-like and toroid-like shapes of Li,O, particles
were observed on carbon nanotube electrode [32]. Li,O, nano-
rods and nanosheets were found on the sulphur-doped
graphene nanosheet electrode [16]. There must be some vari-
ations in the thickness of the electrochemical deposition, i.e.,
generally the crystals prefer to grow at kink or step sites
where the adspeciesare more stable. However, no matter
how the crystal growth occurs, the electron-transport-limited
reaction will take place at the interface of solid discharge
product and carbon. Therefore, it is meaningful to estimate

the thickness of Li,0, on carbon electrode after battery dis-
charge [33]. Shao-Horn and Gasteiger et al. have reported that
260 uC cm™2 carbon is the estimated normalized discharge
which is corresponding to the deposition of one monolayer
of Li,O, on carbon black, and the number of monolayers of
discharge products for our carbons can be estimated conse-
quently [34,35]. The discharge capacity based on carbon mass
can be expressed to the surface-normalized discharge capac-
ity based on the specific area of the mesopores. It is shown in-
Table 1, that the sample with 10% mass loss has a surface-
normalized discharge capacity very similar to that of pristine
carbon (~5500 uC cm~?). As the mass loss increases to 35%,
the capacity decreases to 4158 uC cm~2 and the thickness of
discharge product decreases from ~7 to ~5nm accordingly
[36]. The reason for the decreasing thickness of discharge
products on carbon samples may be due to the different
cathodic polarization of the carbon surface caused by the var-
ious surface-normalized currents (last column in Table 1) [37].
It is important to note that when the mass loss is more than
54%, the capacity values drop to 1600-1650 uC cm ™2 for these
samples; these values suggest that about six monolayers of
Li,O, are formed on the carbon surface, corresponding to a
~2 nm thick layer. It is expected that only a thin layer of prod-
uct can stop the discharge reaction, which supports the
hypothesis proposed by Luntz et al. [18,19]. As can be seen
from Fig. 4, the estimated thickness of discharge product on
carbon surface is smaller than the average pore size of each
sample, suggesting that a too large pore size in the mesopor-
ous range leads to a less efficient use of mesopore volumes,
which is consistent with our observations described above.
Fig. S3 shows the curve of discharge specific capacity vs.mes-
opore size. One can see that when the pore size is about
3.5 nm, the capacity is maximum, indicating that it is the de-
sired pore size considering the passivation.

So far, we have shown that the specific surface area of car-
bon black mesopores is an important factor determining the
lithium oxygen battery performance. These mesopores were
obtained by pyrolysing N330 in NH; at 1050 °C. Now, it will
be shown that similar results are also obtained when the
porosity in N330 is generated by pyrolysing at 1050 °C the
same carbon black in CO, (or CO, + H,; to remove at least par-
tially the oxygen-bearing functionalities introduced by the
pyrolysis under CO,). Indeed, as seen in Fig. S4, both groups
of samples show that the specific surface areas of mesopores
are also proportional to the discharge capacities. The pore
size distribution curves are shown in Fig. S5 and it can be seen
that all the curves steadly shift upwards for pore volumes in
the small and large pore diameter regions. However, the
amount of pores of which size at ~3.8 nm is relatively less
in the carbon blacks refer to the pores in the diameter range
of 10-50 nm. From Table S2, similar results about the deposit
of discharge products as a thin film are also demonstrated for
the carbon blacks treated by CO, with/without H,, and the
thickness of discharge products is very similar to that of the
carbon samples treated by NHj3, especially at the mass losses
are more than 40% (Fig. S6).

Raman spectroscopy is a powerful technique to identify
the structure of carbon blacks. Fig. 5a and Fig. S7 show the Ra-
man spectra of the NHs-treated samples. Each spectrum was
deconvoluted into five peaks as suggested by Sadezky et al.
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Table 1 — Surface-normalized discharge capacity and cur-
rent, and the corresponding number of Li,O, monolayers

deposited on the surface of mesopores for carbon blacks
ith different mass losses.

Mass Surface- Number of Surface-
loss/% normalized monolayers normalized
discharge current/pA
capacity/uC cm?
cm—2
0 5577 21.5 0.328
10 5349 20.6 0.268
35 4158 16.0 0.127
54 1641 6.3 0.035
75 1617 6.2 0.021
85 1600 6.2 0.020

[38]. The D band (~1365 cm™*) and G band (~1590 cm™?) corre-
spond to disordered and graphitic carbon phase, respectively.

The peaks at about 1190, 1530, and 1620 cm™?! are associ-
ated with the sp® carbon, amorphous carbon, and another
band accounting for structural disorder, respectively. The
width at half maximum (FWHM) of the D band, Wp, in the Ra-
man spectroscopy of the carbon black indicates the degree of
structural disorder in the samples [39]. As can be seen from
Fig. 5b, Wp decreases from 200 to 118 cm~ ! as the mass loss
increases from 0 to 85%. The constant decrease of the Wp
clearly indicates the decrease of the amount of disordered
carbon phase in the samples. Fig. 5c depicts the discharge
specific capacity vs. Wp; it is obvious that the capacity in-
creases as the amount of disordered carbon phase decreases
in the carbon black. This finding is interesting because in our
previous study about graphene nanosheets, the electrode
made of nitrogen doped graphene nanosheets which have
more defects delivered higher discharge capacity than pris-
tine sample [12,13,15]. In this study, we believe that the differ-
ent behavior comes from the nature of the carbon black and
graphene nanosheets. A model for heat treatment of carbon
blacks under NH; has been proposed by Jaouen et al. [27,28]
and is shown in Fig. S8. The pristine carbon black particle
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Fig. 4 - Estimated thickness of the discharge product on the

surface (left Y axis) and pore size (right Y axis) of carbon
blacks with different mass losses.

has no pores and consists of disordered carbon and graphitic
crystallites. Both disordered carbon and graphitic crystallite
edges contribute to the D band in the Raman spectrum. At
the beginning of the heat treatment, NH; only reacts with
the outer surface of the disordered carbon, and it will take
time t. to remove all the disordered carbon from shell 1, thus
micropores are created. However, as the heat treatment con-
tinues, NH3 reacts not only with the disordered carbon on
shell 2, but also with the edges of the graphitic crystallites
on shell 1. It was found that, at 950 °C, NH; reacts about ten
times faster with disordered carbon than with graphitic crys-
tallites. As carbon black reaction with NH; proceeds, the
microporous surface area increases therefore rapidly, but
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the obtained micropores become larger at a slower rate. It is
important to notice that, at certain time, the outmost gra-
phitic crystallite layer will vanish, leading to a decrease in
the particle diameter, and the micropores in that layer will
vanish as well. From the calculations made with this model,
it is predicted that, in a carbon black like N330, the surface
area of micropores will increase from 0 to 30-35% mass loss,
and then decrease (from mass loss >40%). The prediction
matches very well our experimental results as shown in
Fig. 3a. Due to the decreased amount of disordered carbon,
Wp will continue to decrease as the treating time increases,
however, the relative amount of edges of the graphitic crystal-
lites to disorder carbon increase then, resulting in increasing
battery discharge voltage, which is consistence of our finding
above.

This work also enabled us to study the correlation (if any)
between the nitrogen content of the carbon pyrolysed in NH;
and the battery performance since nitrogen doping into the
carbon framework and the occurrence of N-bearing func-
tional groups has already been reputed to have a favorable
influence on the performance of lithium oxygen batteries
[14-16]. Fig. S9 shows the XPS survey spectra of the carbon
blacks as the mass loss increased. As can be seen, nitrogen
atoms were successfully doped into carbon blacks and the
presence of oxygen may also be noticed at various amounts
after the heat-treatments in NH; (Fig. 6). It is obvious that
nitrogen content also follows the same trend as the micropo-
rosity vs. mass loss, that is it increases from 0 to 30-35% mass
loss, and then decrease for mass loss >40%. Most of the nitro-
gen atoms are therefore located in the micropores. As these
micropores have little influence on the performance of lith-
ium oxygen batteries, the nitrogen doped sites are therefore
not effective for improving battery performance (Fig. 6a).

Experimental results and density functional theory (DFT)
calculations have shown that oxygen-containing functional
groups on graphene electrode play an important role for bat-
tery performance [13]. However, it can be seen in Fig. 6b that
the oxygen-bearing functional groups here also have no influ-
ence on the battery performance. The maximum of the oxy-
gen surface concentration occurs at 54% mass loss, out of

phase with the development of the microporous surface area,
and simply decreases for mass losses larger than 54%, while
the specific capacity of the carbon material continues to rise
with the development of the mesoporous surface area.

4, Conclusions

In summary, commercial carbon black (N330) was treated un-
der various atmospheres (NHs, CO, and CO,/H,). The meso-
pore surface areas increased as the treating time increased
while the micropore surface area only increased until the
mass loss reached 35% and then decreased. It is suggested
that the surface area of mesopores plays an important role
for the discharge capacity of lithium oxygen batteries due to
the passivation effect of discharge product film on the carbon
surface. Nitrogen and oxygen-containing functional groups
introduced by the gas treatments or by contact of the pyroly-
sed product with air, have very little or no influence on the
performance of these carbon materials in lithium oxygen bat-
teries. However, too large pore size in the mesoporous range
leads to a less efficient use of mesopore volumes and the
the desired pore size is about 3.5 nm considering the passiv-
ation effect. These findings established a correlation between
the structure of carbon black and battery discharge capacity,
which provides new insights into further designing or opti-
mizing electrode materials for lithium oxygen batteries.
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