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HIGHLIGHTS

e Ultra porous carbon blacks (CBs) are
produced by high temperature
oxidation.

e Oxygen diffuses & reacts with the bulk
CB particle, disordering its
nanostructure.

e The oxidized CB has high specific sur-
face area, 2185 m?/g, & pores of 2-8 nm
radius.

e This porous CB enables superior super-
capacitance than any commercial
carbon.

e Judicious CB oxidation is essential to
improve CB performance in energy
storage.
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ABSTRACT

Ultra porous carbonaceous nanoparticles were prepared by judicious oxidation of various commercial carbon
blacks (CBs) at high temperatures (1200 °C). X-ray diffraction, N3 adsorption and microscopy analyses revealed
that during such oxidation, Oy diffuses through and reacts with CB, disordering its crystalline structure. The
concurrent external and internal oxidation of CB results in tiny pores that greatly increase the specific surface
area, SSA, from 240 up to 2185 =+ 199 m?%/g. This is about 150-200 % larger than the SSA of CB oxidized at low
temperatures (450-550 °C), 50-100 % larger than the SSA of most porous CB commercially available and on par
with that of commercial activated carbons (e.g. YP80). The potential of this ultra porous CB generated here for
energy storage is showcased using electric double layer capacitors (EDLCs). The gravimetric capacitance of
EDLCs using the above high SSA CB as active material is up to 60 % larger than those obtained from EDLCs based
on YP80 or Ketjenblack at high scan rates (> 100 mV/s) and current densities of 0.02-5 A/g. The superior rate
performance of these CBs is attributed to the high concentration of pores with a 2-8 nm radius formed largely by
internal oxidation. Such pores cannot be produced at large concentrations by low temperature oxidation of CB
that is used widely to enhance CB porosity. Hence, close control of the oxidation dynamics of CB can substan-
tially increase supercapacitor performance.
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1. Introduction

Porous carbonaceous materials are attractive for efficient energy
storage using Li-ion batteries [1] and supercapacitors [2] due to their
accessibility and relatively low cost. The potential of such materials is
typically showcased for electric double layer capacitors (EDLCs) that are
used for fast charging of Li-ion batteries and energy harvesting in
hybrid/electric vehicles [3] and other transportation systems (e.g.
trams, buses, aircrafts) [4]. The EDLC electrodes rely on porous carbo-
naceous materials to store charge electrostatically by electrosorption of
electrolyte ions [5].

Currently activated carbon (AC) is mostly used in EDLCs due to its
low cost and large porosity [4]. Porous ACs are commonly produced by
gaseous [6] or wet [7] oxidation of coal [8], tar pitch [9] or biomass (e.g.
coconut [10], walnut shells [11], lignin [12], carbon cloth [13]) parti-
cles. Oxidation of these particles results in a high fraction of small mi-
cropores (< 1 nm), decreasing the particle conductivity and area-
normalized capacitance [14] but enhancing the particle specific sur-
face area, SSA [8], as well as the gravimetric capacitance due to
increased confinement [15]. So, EDLC electrodes are commonly pro-
duced using coconut shell ACs (e.g. YP80, Kuraray Co., Ltd) that have
SSA > 1800 m?/g and exhibit large specific capacitance, C,, at current
densities <1 A/g [16]. However, the C; of such EDLCs generally de-
creases at higher current densities [16], which are most desirable for
high power storage applications [17]. This can be attributed to the
tortuosity of the micropores and particle size typically in the pm range of
such ACs, limiting the access of electrolyte ions deep into the particle
interior [18]. Carbonaceous particles with smaller primary particle sizes
and with mesopores of 2-5 nm in size can improve the power density of
EDLCs [18]. Scalable synthesis of such porous nanomaterials is essential
to address the ever increasing energy storage demands [19].

In this regard, carbon black (CB) is the largest nanomaterial pro-
duced industrially today, having an annual worldwide production of
14.5 Mt. in 2022 [20]. It is manufactured by incomplete combustion of
fossil fuels to form by surface reactions and coagulation ramified ag-
gregates with high conductivity [21]. Such CB aggregates are often
included as conductive additives (2-10 wt%) in EDLCs to reduce the
equivalent series resistance as well as the electrolyte mass fraction [22].
The use of as-prepared (unoxidized) aggregated CB particles as an active
material in supercapacitors is limited due to their small SSA and packing
density [23] that result in thick electrodes with low Cg [14,24]. To this
end, annealing [25] and oxidation [26] of CBs have been used even in
large scale ovens [14] to enhance CB SSA and C,. For example, CB
oxidation at 10 vol% O3 and 550 °C resulted in 2-8 nm in radius pores
and increased the CB SSA [27] from 250 up to about 900 m?/g. Ink-jet
printing of such oxidized CB grades with large SSA enabled also the
assembly of ultrathin EDLC electrodes [22]. So, oxidation at low tem-
peratures can increase C, of EDLC electrodes based on CB up to a factor
of 36 [14]. The C; of EDLC electrodes based on carbonaceous materials
increases linearly with their SSA [24]. In this regard, the SSA of hollow
CB particles produced by low temperature oxidation is, at least, 50 %
smaller than that of commercial ACs (e.g. YP80). So, the performance of
such hollow CB particles is not comparable to commercial ACs. Ket-
jenblack (ECP600JD, Nouryon) is currently one of the most porous CB
grades available in the market, having SSA = 1270-1445 m2/g [23,28].
So, Ketjenblack has been used as a conductive nanofiller in classic EDLCs
[28] and as an active material in concrete-like supercapacitors [29].
However, the measured Cg from Ketjenblack EDLC electrodes [28] is still
smaller than that obtained by coconut shell ACs with large SSA [16].

Recent advances in moving sectional [30] and lattice Monte Carlo
[31] modelling have contributed to the design of CB with high SSA by
internal and external oxidation. For instance, such oxidation [31] of CBs
having a core-shell structure leads to hollow CB, explaining data from
low temperature oxidation of Regal 600 [32] and Printex 95 [27] CB. In
this regard, closely-controlled oxidation of CBs could further enhance
their SSA [31] and thus their performance in EDLCs.
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In this work, ultra porous CBs are generated thermogravimetrically
by high temperature oxidation of commercial CBs capitalizing on the
quantitative understanding of internal and external CB oxidation [31].
The porosity and crystallinity dynamics of the oxidized CB are moni-
tored using X-Ray diffraction (XRD), N5 adsorption and microscopy and
compared to those of commercial ACs (Supelcarb, Sigma Aldrich &
YP80) and Ketjenblack CB. The potential of the oxidized CB generated
here for energy storage is showcased by assembling and characterizing
EDLCs. The electrochemical performance of the oxidized CB is bench-
marked against EDLCs made conventionally with Supelcarb, YP80 and
Ketjenblack.

2. Methods
2.1. Oxidation of commercial CB grade

Commercial CB grades (Printex 95, Printex U, Printex G, Orion
Engineered Carbons) with an average particle diameter of 15-50 nm
were oxidized by thermogravimetric analysis (TGA) using a thermoba-
lance (DSC 3+ STARe system, Mettler Toledo). About 40 mg of as-
received CB were weighed in 600 pL alumina crucibles (Mettler
Toledo). First, the samples were held at T = 30 °C for 30 mins in Nj.
Then, the T was increased at 20 °C/min up to 1200 °C and held there for
10 min [27]. Afterwards, 10 vol% of Os in N3 was flown through the
TGA balance [27] and the CB mass decreased linearly with time (Sup-
plementary Information: Fig. S1) consistent with TGA measurements of
Printex 95 [27] and Regal 600 [32] oxidation. The CB mass conversion is
obtained from the difference in CB mass before and after oxidation. Pure
Nj was introduced after 8, 16 and 24 mins to stop oxidation at 25, 50 and
75 % CB mass conversion, respectively. Then, T was decreased to 50 °C
at 100 °C/min using the TGA thermobalance and kept there for 5 min to
ensure the stability of the sample mass. The cooling rate used here is one
order of magnitude smaller than those used during manufacture of
furnace CB [33] and as such it should not affect the structural stability of
CB. More than thirty samples were obtained by TGA using the procedure
described above to collect enough sample mass for N, adsorption, XRD
and microscopy as well as for preparation of the EDLC electrodes.

2.2. Characterization of CB and AC porosity and crystallinity

High-resolution transmission electron microscopy images were ac-
quired from as-received and oxidized CBs, as well as commercial Ket-
jenblack (Nouryon), Supelcarb (Sigma Aldrich) and YP80 (Kuraray Co.,
Ltd) on a Tecnai F30 microscope (FEI) operated at 300 kV. All CBs and
ACs were analyzed by N adsorption on a Tristar II Plus surface area and
porosity system (Micromeritics) at 77.3 K after degassing in vacuum
(VacPrep 061, Micromeritics) at 200 °C overnight. In particular, the Ny
adsorption and desorption isotherms were obtained at relative pressure,
p/Po = 0.05-0.99, where p, is the standard atmospheric pressure. The
SSA was derived from the N5 adsorbed at five p/p, ranging from 0.05 to
0.25 using the Brunauer-Emmett-Teller (BET) method [34], while the
area-based pore size distributions, micro-, meso- and macropore area
and volume (Table S1) were obtained from the whole Ny adsorption
isotherm using the Barrett-Joyner-Halenda (BJH) method [35]. For
completeness, the pore size distributions were also obtained using the
density functional theory (DFT) method based on the manufacturer
(Micrometrics) software (Fig. S2). So, the measured full isotherms were
fitted to theoretical ones derived previously by DFT for N, adsorption in
slit-shaped pores [36]. The pore size distributions measured for Supel-
carb, Ketjenblack and oxidized CB using the BJH method are similar to
those obtained using the DFT method. However, the smallest pores (rpore
< 2 nm) have been identified here using the BJH method.

The XRD patterns of CBs and ACs at diffraction angles, 20 = 10° - 70°
were obtained using an AXS D8 diffractometer (Bruker) at a scan rate of
0.0197°/s. Here, the average interlayer distance, d, of CB was obtained
by analysing the 002 XRD peak using Bragg’s law [37]:
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where K = 0.89 is the peak shape factor [37] and Sz is the full width of
the half maximum of the 002 peak. The crystallite d and L, were
determined using Egs. (1) and (2) with the o2 and Sz derived from the
measured XRD patterns. In specific, the CB gg2 and fpg2 were obtained
by fitting a Gaussian distribution to the measured 002 peak [38].

Raman spectra of CB nanoparticles were obtained using a 515 nm
laser having 50 mW power (Renshaw inVia). The laser was focused with
a x 20 magnification optical microscope, which gives a 2 pm spot size,
while a 10 % laser power was focused on the sample for 120 s and three
acquisitions [39]. The intensities of the disorder (D ~ 1350 cm’l) and
graphitic (G ~ 1580 cm’l) bands [39] were obtained after straight line
subtraction of the baseline [40].

2.3. Preparation and characterization of EDLCs

Electrode pastes were prepared by mixing the active material, i.e.
Supelcarb, YP80 or the oxidized CB produced here, with the conductive
material (Ketjenblack) and polytetrafluoroethylene (PTFE, Sigma
Aldrich) binder suspended in water (60 wt% concentration) at a mass
ratio of 8:1:1 [16]. Electrode pastes containing only Ketjenblack and
PTFE at a ratio of 9:1 were prepared to benchmark the EDLC perfor-
mance of Ketjenblack as both active and conductive material. All pastes
are rolled into a thin film and dried at ambient conditions overnight. The
dried films are punched then into disc electrodes of 1.3 cm in diameter.
The average electrode thickness, mass and density were measured and
reported in Table S2. Prior to mass measurements and cell preparation,
the electrodes are dried at 80 °C for 2 h under vacuum.

All custom-built coin-type EDLC cells were assembled in an argon
filled glovebox (<1 ppm Og, Ny and H20) by placing two symmetric
electrodes in a stainless steel case. The electrodes were placed on
aluminum foils with 1.7 cm diameter, isolated by a 2 cm glass fiber
separator (Whatman GF/A glass microfiber filters) and wetted using
120 pL of tetraethylammonium tetrafluoroborate dissolved in acetoni-
trile (1 M TEABF4 in AN). The latter is a standard organic electrolyte
used to prepare supercapacitors based on carbonaceous materials [16].
Cyclic voltammetry (CV) and galvanostatic cycling with potential limi-
tation (GCPL) measurements were conducted on the electrochemistry
workstations (Biologic VMP3, EC-Lab). The CV curves were recorded
with scan rates of 5-200 mV/s (4 cycles each rate). The equivalent GCPL
measurements were done using I = 0.02 to 5 A/g at 0-2.5 V. The mass
for the current normalization corresponds to the active material mass of
a single electrode. The EDLC C, was calculated based on the measured
discharge time, At [41]:

Cy = 2Atl /AU 3
where AU is the operating voltage. A constant AU = 2.5 V was used
regardless of current density and without including the IR drop to avoid
overestimating Ci.
3. Results and discussion
3.1. Porosity and crystallinity dynamics of CB during oxidation

Fig. 1 shows images (a-c), Ny adsorbed per unit mass (d), measured

(symbols) and predicted (lines & insets [31]) SSA (e), area-based pore
size distribution (f) and XRD patterns along with the average d and L. (g)
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of CB (Printex 95) oxidized at 10 vol% O in N5, 1200 °C and conversion,
¥ = 0-75 %. In addition, lower magnification images that include more
CB particles are given in Fig. S3.

As received (unoxidized) CB has a core-shell structure and contains
only a few tiny pores that are not visible by microscopy (Fig. 1a) but can
be quantified by Ny adsorption (Fig. 1f: triangles). These CB particles
contain a graphitic shell with lower reactivity than their amorphous
core. This core-shell structure is not apparent in Fig. 1a but has been
confirmed by high resolution microscopy [42], as well as by comparing
SSA data to lattice Monte Carlo (LMC) simulations [31]. The porosity
and crystallinity dynamics of this CB have been elucidated [27] during
oxidation at 10 vol% O in N3 and low temperatures (T < 1200 °C). For
example, at T = 550 °C, hollow CB particles are formed mostly by in-
ternal oxidation of the CB core [27]. At T = 800 °C, largely external
oxidation decreases the particle diameter but does not affect its internal
structure and porosity [27]. Most interestingly, oxidation at T = 1200 °C
seems to disorder the CB internal structure and forms rather large pores
(Fig. 1b, ¢).

The CB porosity dynamics during oxidation at these conditions were
quantified using Ny adsorption (Fig. 1d). The volume of the adsorbed Ny,
Vv, increases with increasing y, suggesting that CB becomes more porous
by oxidation at 1200 °C. This is corroborated by the area-based pore size
distributions obtained by the BJH [35] method (Fig. 1f). The area con-
centration of small pores with radius, rpore < 2 nm increases up to y = 50
%. At y =75 %, some of these small pores fuse to form larger ones (rpore
> 3 nm) while many more small ones are formed. The formation of such
pores increases significantly the CB SSA from 240 m?/g up to 2185 +
199 m?/g at y = 75 % (Fig. le: squares). The SSA evolution measured
here is underestimated up to 65 % by lattice Monte Carlo simulations
[31] for external and internal oxidation of core-shell CB (solid line). This
underestimation indicates that as the graphitic shell of CB is oxidized at
1200 °C, its structure disintegrates and becomes more amorphous. In
this regard, the measured SSA evolution is explained nicely by the
oxidation dynamics derived for amorphous CB particles (broken line).
This suggests that at 1200 °C oxidation takes place throughout the CB
nanoparticle. This is partly explained by the XRD patterns of unoxidized
and oxidized CB obtained here (Fig. 1g). As y increases from O to 75 %,
the d increases from 3.68 to 3.81 /i’\, while L. hardly decreases from 1.4 to
1.3 nm. The latter is due to the increase of the mean crystallite size by
the d enhancement. The increase of d and decrease of L. nicely elucidate
the defect formation in the CB crystal structure. The XRD patterns
measured here are consistent with the d increase measured for coal-
derived soot [43] oxidized at 1000-1200 °C. It indicates that oxida-
tion at such high T disorders the graphitic shell structure of CB by
enabling O, to diffuse and react with the bulk CB particle. This is further
corroborated by the Raman spectra analysis (Fig. S4) showing that the
disorder (D) over graphitic (G) band ratio, D/G, increases with y
increasing up to 50 %.

The oxidation of carbonaceous particles is sensitive to temperature
and affects their internal nanostructure [27]. For example, oxidation at
550 °C makes CB more graphitic [27] by consuming the amorphous CB
core leaving its graphitic shell intact. At 800 °C, oxidation takes place at
the CB surface, reducing the particle size without affecting its internal
nanostructure [27]. Here, microscopy, Ny adsorption, XRD and Raman
spectroscopy reveal that further increasing the oxidation temperature to
1200 °C results in amorphous CB. This enables O, to diffuse through the
CB shell and react with the entire CB particle increasing significantly its
porosity and SSA. This can be attributed to the large energy that is
transferred to the CB particle by prolonged oxidation at high tempera-
tures (i.e. large conversions) that causes substantial atomic displace-
ments, as indicated by molecular dynamics simulations [44]. So, the
oxidation mechanism of CB changes by increasing the temperature from
550 to 1200 °C altering its internal nanostructure.

It should be noted that oxidation increases the CB oxygen content
introducing C-O and O-C=O functional groups on the particle surface
[14]. In this regard, oxidation of CB for 5 h increased the oxygen content
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Fig. 1. Microscopy images (a-c), N, adsorbed per unit mass (d), measured (symbols) and predicted (lines & insets [31]) SSA (e), area-based pore size distribution (f)
and XRD patterns along with the average d and L, (g) of Printex 95 CB oxidized at 10 vol% O in N3, 1200 °C and conversion y = 0-75 %. The measured SSA is also
compared to that derived by lattice Monte Carlo [31] for amorphous (broken line) and core-shell CB (solid line).

by 10 % without deteriorating its cycle performance in supercapacitors
[14]. Here, CB is oxidized for only up to 24 mins (Fig. S1). So the
presence of any oxygenated functional groups should not affect its cycle
performance.

The impact of high temperature oxidation was also quantified for
other commercial CBs. Fig. 2 shows microscopy images of as-received (a-
¢) and oxidized (d-f) Printex 95 (a, d), Printex U (b, e) and Printex G (c, f)
CBs along with their specific surface area, SSA. As-received Printex 95 is
the finest CB among the grades investigated here having an average
particle diameter, d, = 15 nm and SSA = 240 mz/g [45]. Printex G
contains the largest CB particles with d, = 51 nm and SSA = 44 m?/g
[45]. Oxidation at 1200 °C increases the SSA of all CB grades by a factor
of 4-10. The oxidized CB SSA increases with decreasing d, of the as-

Printex 95

Printex U Printex G

As-received §
CB

Oxidized
I

893 m?/g ~180 m2/g

2185 * 199 m?/g

Fig. 2. Microscopy images of as-received (a-c) and oxidized (d-f) Printex 95 (a,
d), Printex U (b, e) and Printex G (c, f) CBs along with their SSA.

received CB. So, oxidized Printex 95 has the largest SSA (2185 + 99
m?/g) among all commercial CB grades and seems to be the optimal CB
material. It should be noted that higher conversions might enhance SSA
as has been shown theoretically [31] and experimentally [9]. However,
these are accompanied typically by low yields that might be economi-
cally unattractive. For example, one of the highest SSA in the literature
(2438 m?/g) was attained at a yield of 6 % [9]. This SSA is marginally
higher (~10 %) than that obtained here (2185 + 199 mz/g) at more
than fourfold higher yield (25 %, Fig. 1e).

3.2. Comparison of oxidized CB porosity to commercial CBs and ACs

Table 1 compares the SSA measured here for CB oxidized at T =
1200 °C and y = 75 % to those obtained from the most porous CB grades
commercially available. Printex XE2 (Orion Engineered Materials) and
BP2000 (Cabot Corporation) are oxidized CB grades [23]. In specific,
Printex XE2 contains hollow spheres generated by oxidation of CB
grades at low T (500-600 °C) [27]. The SC3 grade produced by Cabot
Corporation [22] has larger SSA than that of BP2000 but it is not
currently available in the market. Ketjenblack is produced by shell
gasification of coal tar [46]. These particles have SSA = 1270-1445 m2/

Table 1
The SSA measured here for CB oxidized at T = 1200 °C and y = 75 % is compared
to those obtained from the most porous & commercially available CBs.

Manufacturer SSA, mz/g
Printex XE2 Orion Engineered Materials [23] 1000
BP2000 Cabot Corporation [23] 1475
SC3 /7 /7 [22] 1880
Ketjenblack Nouryon [23,28] 1270-1445
Oxidized CB This work 2185 + 199
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g [23,28] and are widely used in supercapacitors as a conductive [28] or
active [29] material. The SSA of 2185 + 199 m?/ g measured here for CB
oxidized at 1200 °C is the highest SSA among all porous CB grades
commercially available. Furthermore, this SSA is 150-200 % larger than
the SSA of CB oxidized at low temperatures (450 °C [14] - 550 °C [27]).

It should be noted that the porosity and SSA determined by N3 or CO»
adsorption vary with degassing time [47], temperature [48] and
adsorption gas [49]. To this end, the porosity and SSA of the present
oxidized CB are compared consistently to those measured by Ny
adsorption at identical conditions for commercial ACs (Supelcarb, YP80)
and CB (Ketjenblack). Fig. 3 shows microscopy images (a-d), Ny
adsorption along with SSA (e) and area-based pore size distribution (f)
measured here for two commercial ACs, Supelcarb and YP80, as well as
for Ketjenblack in comparison to those of CB oxidized here at T =
1200 °C and y = 75 %. The YP80 is produced by activation of coconut
shells and used as an active material in supercapacitors [16]. Supelcarb
is a carbonaceous molecular sieve used for filtration of hydrocarbons
from the air [50]. Ketjenblack and the CB oxidized here contain disor-
dered graphene layers that form rather large pores (> 2 nm). In contrast,
Supelcarb and YP80 contain rather small micropores (< 2 nm) that are
not visible by microscopy.

The porosity of ACs and CBs was quantified by Ny adsorption
(Fig. 3e). The obtained SSA of 2352.1 and 1356 m2/g for YP80 and
Ketjenblack, respectively, are in excellent agreement with those
measured in literature for these materials [16,23,28] validating the
present Ny adsorption measurements. The adsorbed Ny volume, vy, of
ACs increases as the relative pressure, p/p,, increases from 0 to 0.05.
This confirms that the ACs are mostly microporous (rpere < 2 nm) [51].
As p/p, further increases to 1, the vy remains constant at 100 and 700
cm3/g for Supelcarb and YP80, respectively, in excellent agreement with
the literature for Ny adsorption of YP80 [16]. The lack of a hysteresis
ring indicates that the present ACs do not contain any mesopores [51].
This is confirmed by the measured area-based pore size distribution
(Fig. 3f). The YP80 and Supelcarb contain only a few pores with r,or, of
about 2 nm. In contrast, the vy measured for Ketjenblack and the
oxidized CB generated here exhibit a hysteresis ring (starting around p/
Do = 0.4, Fig. 3e) proving that these CBs contain mesopores with rpore =

a) Supelcarb

d) Oxidized CB,
This work

b) YP80
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2-8 nm, the optimal pore size range for supercapacitors [5]. In this re-
gard, the oxidized CB produced here has the highest area concentration
of such pores.

The micropore volume and area of Supelcarb, YP80, Ketjenblack and
the oxidized CB are presented in Table S1. Supelcarb contains mostly
micropores that result in a micropore volume of 0.358 c¢m®/g. In
contrast, Ketjenblack contains mostly meso- and macropores, having a
negligible micropore volume of 0.001 cm®/g. YP80 has a micropore
volume of 0.17 cm®/g, while its micropore area makes up 15 % of its
total SSA. The oxidized CB has a similar micropore content with YP80
having a micropore volume of 0.066 + 0.018 cm®/g. The micropore area
of the oxidized CB accounts for just 7 % of its total SSA.

3.3. Performance of EDLCs based on oxidized CB

The electrochemical energy storage performance of the present
oxidized CB was quantified by preparing EDLCs benchmarked with
commercial ACs and CB, a common practice for novel carbonaceous
materials in supercapacitors [16]. All electrodes were compressed to
attain the minimum thickness and maximum density with the present set
up. The electrode thickness and density depend on the particle structure,
as the film porosity increases with increasing particle sizes [52]. Ket-
jenblack primary particles have an average diameter of 37 nm and bond
chemically with each other to form hard aggregates [53]. So, electrodes
made here with Ketjenblack are 146.1 &+ 6 pm thick resulting in a den-
sity of 0.25 g/cm® (Table $2). In this regard, oxidation of Printex 95
nanoparticles with a mean diameter of 15 nm at 1200 °C seems to
disintegrate their aggregates and result in almost single graphene layers
(Fig. 1c). This enables synthesis of thin electrodes, 97.5 + 10.2 pm thick
and 0.44 g/cm® density, on par with those made of YP80.

Fig. 4 shows the cyclic voltammograms obtained with scan rates of 5
(a) and 200 mV/s (b) for CB (solid lines & squares, this work) oxidized at
the conditions of Fig. 3 to those of Supelcarb (dot-broken lines & tri-
angles), YP80 (dotted lines, diamonds) and Ketjenblack (broken lines &
circles). At 5mV/s (Fig. 4a), all ACs and CBs exhibit a rather rectangular
voltammogram, confirming the pure double layer capacitance mecha-
nism for charge storage [5]. The discharge I exhibited by the oxidized CB
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Fig. 3. Images (a-d), N, adsorbed per unit CB mass along with SSA (e) and area-based pore size distribution (f) measured for two commercial ACs, Supelcarb and
YP80 as well as for Ketjenblack in comparison to those of Printex 95 CB oxidized at T = 1200 °C and y = 75 %.
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produced here is about twice larger than that of Supelcarb and on par
(within 15 %) with those of YP80 and Ketjenblack. At scan rates of 50,
100 (Fig. S5) and 200 mV/s (Fig. 4b), however, the voltammograms
obtained for the oxidized CB and Supelcarb retain their rectangular
shapes, while those of YP80 and Ketjenblack are significantly distorted.
This can be attributed to larger electronic and ionic resistance with the
YP80 and Ketjenblack electrodes [54]. Furthermore, the maximum I
exhibited by the oxidized CB at 200 mV/s is about 60 % higher than
those of YP80 and twice larger than that of Ketjenblack and Supelcarb
(Fig. S6). The cyclic voltammogram of oxidized CB obtained at 200 mV/
s is stable over the four cycles tested here (Fig. S7).

Galvanostatic charge-discharge curves were obtained for EDLC
electrodes at current densities, I = 0.2-5 A/g. As expected, the charge-
discharge profiles obtained at I = 0.2 A/g are triangular for all ACs
and CBs used here (Fig. 4c). Unlike the oxidized CB and Supelcarb, the
YP80 and Ketjenblack exhibit small voltage drops (Fig. 4c). This in-
dicates that the internal resistance of the oxidized CB produced here is
smaller than those of YP80 and Ketjenblack [55]. The charge-discharge
time obtained for the oxidized CB is more than twice larger than that of
Supelcarb, about 25 % larger than that of Ketjenblack and 15 % smaller
than that of YP80. Based on the measured charge-discharge times, the Cg
is derived for I = 0.2-5 A/g (Fig. 4d).

Carbonaceous materials store electrical energy mainly through an
electrochemical double-layer formed at the interface between electrode
and electrolyte [2]. So, the Cg is determined by the pore surface area
accessible to the electrolyte [56]. Organic electrolyte ions are larger
than 1 nm [5] and cannot access the sub-nanometer micropores that are
present in Supelcarb (Fig. 3f: triangles) resulting in low C, (Fig. 4d:
triangles). YP80 contains mostly 1 nm pores (Fig. 3f: circles &
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diamonds). There, an electrochemical double-layer can be formed only
at small I <1 A/g. So, the C, of YP80 decrease at increasing I due to the
limited electrochemical double-layer formation [18]. In contrast, Ket-
jenblack and the oxidized CB produced here contain 2-8 nm pores that
ensure high effective diffusion coefficients for the electrolyte ions and
facilitate the electrochemical double layer formation at the entire I
range used here. However, the SSA of Ketjenblack is 42 % smaller than
that of YP80 (Fig. 3e). This results in low I and C; for supercapacitors
based on Ketjenblack despite the presence of 2-8 nm pores. The oxidized
CB has large SSA and retains its Cgat I > 1 A/g that is about thrice larger
than that of Supelcarb and about 40 % larger than those of YP80 and
Ketjenblack (Fig. 4d).

Commercial CB grades contain aggregated nanoparticles [21]. So,
EDLC electrodes based on such commercial CBs have typically low
density and exhibit low volumetric capacitance, C, [23]. For example,
the C, measured here for electrodes based on Ketjenblack is 50-60 %
lower than that with YP80 (Fig. S8). The present ultra porous oxidized
CB contains nearly single graphene layers (Fig. 1c) that can be com-
pacted to thinner films than those made with aggregated particles. As
such they can be used for compact electrodes of high density (Table S2).
As a result, the C, of oxidized CB is twice as large as that of commercial
Supelcarb and Ketjenblack at all I and practically on par with that of
YP80.

So, the large SSA of the oxidized CB presented here enhances C; and
C, at large current densities and scan rates. To the best of our knowledge,
this is the first time shown that oxidized CBs can exhibit superior EDLC
performance than commercial ACs. The robust EDLC performance of the
oxidized CB produced here is similar to that obtained for activated
graphite oxide with similar SSA and pore size distribution [57]. Instead
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Fig. 4. Cyclic voltammograms with a scan rate of 5 (a) and 200 mV/s (b), galvanostatic charge-discharge curves at a current density, I = 0.2 A/g (c) and gravimetric
capacitance, Cj, as a function of I (d) for CB (solid lines & squares, this work) oxidized at the conditions of Fig. 2 in comparison to those of Supelcarb (dot-broken lines
& triangles), YP80 (dotted lines, diamonds) and Ketjenblack (broken lines & circles).
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of microwave processing [58] and chemical activation of expensive
graphite oxide (~200000 $/kg) with liquid oxidizers [57], the ultra
porous CB is produced here by oxidizing inexpensive commercial CB
(few $/kg) in a 10 vol% O, atmosphere.

4. Conclusions

Here, ultra porous carbonaceous nanoparticles were prepared by
judicious oxidation of commercial carbon black (CB) at 1200 °C in a 10
vol% Oy in Ny atmosphere. That way, it is shown that using high
oxidation temperatures is essential for synthesis of ultra porous CBs that
have superior EDLC performance than commercial ACs and CBs. Mi-
croscopy and X-Ray diffraction analysis revealed that CB nanoparticles
become more disordered during oxidation at these conditions. The
higher degree of disordering improves O, diffusion and enables the O, to
react with the bulk CB, forming 2-8 nm pores. This increases the specific
surface area, SSA, of CB by an order of magnitude, consistent with lattice
Monte Carlo modelling of CB internal and external oxidation [31]. The
resulting SSA of 2185 + 199 m%/g, obtained at 75 % conversion is twice
to thrice larger than the SSA of CB oxidized at low temperatures
[14,271), 50-100 % larger than the SSA of most porous CB grades that
are currently available in the market and on par with that of commercial
activated carbons (ACs), e.g. YP80, commonly used in supercapacitors.

The electrochemical double layer capacitance of the oxidized CB is
similar to the benchmark materials YP80 and Ketjenblack at lower rates
(I=0.2 A/g during GCPL and 5 mV/s during CV). However, at large scan
rates and currents, the specific capacitance of the oxidized CB was 40 %
larger than those of YP80 or Ketjenblack. This superior performance is
attributed to the large concentration of pores with 2-8 nm radius formed
by internal oxidation and lattice disordering of the present CB. Such
pores cannot be produced at large concentrations by low temperature
oxidation of CB [14,27] that is used widely to enhance the particle
porosity. So, close control of the internal oxidation dynamics of CB is
essential to design ultra porous carbonaceous nanomaterials and opti-
mize their performance for electrochemical energy storage. In this re-
gard, the data presented here can assist and facilitate the design and
operation of large scale processes (i.e. ovens and flame reactors) for
synthesis of ultra porous carbonaceous materials as it has been done
even in our labs for nanomaterials from 0.01 kg/h [59] to over a kg/h
[60].

Beyond, supercapacitors the ultra porous CB material might be useful
as an effective lightweight conductive additive for Li-ion and post-Li-ion
battery electrodes. For future battery technologies, such as conversion
type metal-sulfur batteries, the high-surface area CB could also serve as
an ideal conductive host with significant mesoporosity and optimized
diffusion pathways for the sulfur/sulfide conversion reaction.
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