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ABSTRACT: In the face of urgent global challenges such as climate change, escalating energy demands, and security concerns, the
shift toward sustainable and low-carbon energy is imperative. Hydrogen (H2), recognized as a versatile and clean energy carrier,
holds significant promise as a key facilitator in achieving these objectives. However, H2 encounters challenges in becoming a reliable
energy carrier due to issues related to energy density, ease of storage, and compatibility with existing infrastructure. This paper
presents a comprehensive investigation of microstructure engineering in high surface area carbon aerogels to enhance H2 uptake,
addressing a pivotal aspect of H2 storage applications. We report engineering microstructure of ultramicroporous carbon aerogels via
sol−gel and CO2 supercritical drying methods, as potential H2 sorbent carriers. Microstructural analysis via N2, Ar, and CO2
physisorption measurements revealed that the alteration of microstructure in carbon aerogels through controlled pyrolysis,
activation, and pore-forming techniques facilitated the formation of ultramicropores with favorable confinement effects which
enhanced intermolecular interactions across the pore walls toward efficient H2 adsorption. The carbon aerogels, regardless of
activation methods, exhibited elevated surface areas between 2970 and 3200 m2/g and pore volumes in the range of 0.7−1.39 cm3/g,
with a microporous surface area ranging from 950 to 2610 m2/g. Notably, the double-activated carbon aerogel (CAT20‑F25‑KOH)
demonstrated the highest H2 storage capacity of 2.1 wt % and 6.8 g/L under 298 K and 100 bar pressure. At cryogenic temperature
(77 K) and 100 bar pressure, CAT20‑F25‑KOH achieved a H2 storage capacities of 6.8 wt % and 28 g/L. These findings underscore the
pivotal role of porosity and surface chemistry in carbon sorbents for H2 storage.

1. INTRODUCTION
In the quest for a sustainable and environmentally friendly
energy future, H2 has emerged as a compelling contender for
the role of a versatile and clean energy carrier. The global
community’s increasing commitment to mitigating climate
change, reducing greenhouse gas emissions, and transitioning
away from fossil fuels has accelerated the exploration and
adoption of innovative solutions to meet our energy needs. H2,
with its unique properties and potential applications, has
captured the imagination of researchers, policymakers, and
industry leaders worldwide. Despite the advantage of high
energy density (120 MJ/kg), the widespread application of H2
as a future energy carrier is limited in terms of underlying
issues with transportation, storage, and application. Hence,
significant progress should be made during the transition to an
H2 fuel economy.

In the past decades, conventional physical storage methods
including (i) high-pressure gaseous (HPG), (ii) liquified, and
(iii) cryogenic liquefaction storage technologies have suffered
from limitations such as low energy density (2.5 wt % and 20
g/L at 400 bar pressure), high energy requirement, boil-off
losses, and safety. To satisfy the DOE’s (Department of
Energy) ultimate targets of 6.5 wt % and 55 g/L,1 solid-state
storage materials such as nanoporous activated carbons
(ACs),2,3 metal−organic frameworks (MOFs),4,5 and metal
hydrides6 are being studied as they offer high capacity,
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chemical and structural tunability, fast kinetics, reversibility,
and overall efficient and safe storage methods. Among them,
physisorption-based materials play a potential role in cryo-
adsorption-based storage systems as they tend to reach the
ultimate targets for onboard applications.7,8

Solid carbon sorbents such as carbon nanotubes,9−12

fullerenes, nanohorns, aerogels,13−15 graphite nanofibers,16,17

zeolite-templated,18−20 and polymer-derived carbons2,21−24 are
among the well-studied materials due to their high specific
surface area and porosity, chemical and structural tunability,
and low cost. The H2 storage capacity of the abovementioned
materials typically lies between 1.5 and 6.0 wt % at 77 K, which
satisfies the DOE’s 2025 system-based target of (5.5 wt %, 40
g/L), considering factors such as weight and volume of the
storage system. The interaction between the carbon surface
and the H2 molecules is mostly weak physisorption, and hence,
the 77 K adsorption capacity is linear to the surface area
(>3000−4000 m2/g) and micropore volume, as predicted by
the Chahine’s rule correlation for nanoporous sorbents.
Among them, carbon aerogels (CAs) have emerged as a
remarkable class of materials from other nanoporous
structured sorbents for their wide range of applications
including catalyst supports, gas separation and purification,
active electrode material for fuel cells, supercapacitors, and H2
storage.
Aerogels are often referred to as “frozen smoke” or “solid

smoke” due to their ultralow density and translucent nature,
having a three-dimensional structure of interconnected nano-
particles with characteristic diameters between 3 and 25 nm.
This nanostructured framework imparts aerogels with a host of
exceptional properties, including an ultrahigh surface area,
tunable pore sizes, low density, and thermal insulating
capabilities. It is these microstructural attributes that make
aerogels an exciting prospect for the efficient adsorption and
storage of H2, a clean and versatile energy carrier crucial to the
realization of a sustainable energy future. They are often
synthesized using carbonization of template-derived (zeolites,
silica, or polymers) method to control their porosity. Another
method involves the sol−gel polycondensation of monomers
such as resorcinol, phenol, formaldehyde, and others. The
solvent extraction is done through supercritical, ambient-

pressure, or freeze-drying to reduce the network shrinkage of
the gels and, finally, the pyrolysis of the polymerized network
to yield a highly porous carbonized aerogel. In general,
aerogels are predominantly mesoporous obtained through
resorcinol-formaldehyde (RF) polymerized network gels dried
through supercritical drying. The fine-tuning of physicochem-
ical and the resulting microstructural properties is achieved
through controlling the synthesis conditions such as precursors
composition, catalyst type (acid or base), the precursor-to-
catalyst ratio, drying procedure, pyrolysis temperature, and
other conditions. For example, Pandey et al.25 studied the
effect of initial precursor concentration and the use of an
organic catalyst such as triethylamine on the H2 storage
properties RF-based aerogels, which were prepared through
the polycondensation of resorcinol with formaldehyde
catalyzed by Na2CO3 in an aqueous medium.15 The organic
aerogels obtained from the polycondensation reaction consist
of a network-like structure formed by interconnected nano-
sized colloidal-like primary particles. At 77 K, 30 bar, RF-
aerogel exhibited an overall uptake of 4.8 wt % that was linearly
correlated with the high micropore volume of 0.271 cm3/g
(having a pore size of 1.96 nm).25 Given the advantages
mentioned earlier, developing a CA that can meet the
necessary H2 storage performance metrics remains a
challenging task. However, the eventual microstructure net-
work of aerogels is expected to have a high density of
ultramicropores having a size range between 3 and 7 Å, which
are considered to be the most effective in H2 storage.

26

Bearing this background in mind, the main goal of this study
was to engineer the ultramicrostructural formation within the
aerogel network, based on the optimization of pyrolysis
conditions during CO2 (oxidizing agent) etching. The
mechanism adopted is based on the initial oxidative ring
fusion aromatization of the phenolic network and the reactive
CO2 etching at higher temperatures to further induce
micropore formation.27 The working hypothesis was that the
physical activation promotes the reaction of CO2 with the
heteroatom active sites located on the surface, thus creating
ultramicroporosity. We also hypothesized that the decrease in
the flow rate of CO2 would increase the residence time of the
etching reaction resulting in the increased probability of CO2

Figure 1. Schematic representation of CAs synthesis.
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diffusion onto the reaction sites and thus enhancing the
overlapping of electrostatic potentials across the ultra-
micropore walls. On the contrary, an increase in activation
time results in the attack of pore walls, thus yielding more
mesoporous carbons.28−30

The present investigation was based on optimizing the
carbonization parameters of CAs as the activation time, CO2
flow rate, and post-activation conditions to enhance their H2
storage capacities. It was therefore the purpose of the work to
create a balance between the overall specific surface area and
ultramicropore volume of the resultant aerogel. The mecha-
nism of pore development as a function of the controlled
oxidation reaction rate was studied to gain a better correlation
between carbon’s microstructural properties and H2 adsorp-
tion. In addition, the high oxygen content on the carbon
surface due to the oxidation reaction was determined, and their
characteristic effect on the H2 uptake properties was
investigated. The isosteric heat of adsorption was also
calculated to determine the strength of interaction between
the H2 molecules on the oxygen-rich carbon surface. Finally, a
comparison was drawn between the double-activated and the
benchmark porous carbon and the MOF sorbents against the
DOE H2 storage target metrics.

2. EXPERIMENTAL SECTION
2.1. Materials. The following materials were used for sorbent

synthesis without further purification: resorcinol, formaldehyde (37%
w/w aqueous solution methanol stabilized), acetonitrile (ACS reagent
grade), potassium hydroxide (KOH, 99.5%), and hydrochloric acid
(HCl-37% N) were purchased from Sigma-Aldrich. Syphon-grade
supercritical liquid CO2, hydrogen (H2), and ultrahigh purity (UHP)
Ar gas were obtained from Airgas.
2.2. Synthesis of Phenolic Resin-Based Aerogels. The

synthesis of the phenolic resin-based aerogels described here followed
an established procedure upon the previously reported sol−gel
polymerization process, as depicted in Figure 1.27 The polycondensa-
tion reaction between phenol or derivatives with formaldehyde results
in the phenolic resin product formation.31 Briefly, resorcinol (0.52 g),
acting as the phenolic monomer, was dissolved in 8.09 mL of
acetonitrile solvent, while formaldehyde (0.477 mL) was dissolved
separately in 4.05 mL of acetonitrile solvent, followed by the addition
of 30 μL of concentrated HCl (12.1 N) was as the catalyst. Both the
prepared solutions were stirred briefly and poured into polypropylene
molds. The molds were then wrapped in parafilm and kept for 24 h at
room temperature for gelation and aging. The formed wet gels were

washed with acetone (3 × 8 h, using 4 times the volume of the gel
each time) and were dried in a supercritical dryer using liquid CO2 as
the supercritical fluid.

2.3. Synthesis of Physically-Activated Carbonized Aerogels.
The as-prepared aerogel monoliths were pyrolyzed in a tube furnace
under flowing UHP Ar (100 mL/min) at 800 °C for 5 h. After
carbonization, the aerogels underwent etching reaction at 1000 °C
under flowing CO2 at prescribed flow rate and time conditions. At the
end of the etching period, the cooling was controlled at 2.5 °C/min
under continuous Ar flow. During pyrolysis, the complete backbone
aromatization yields fused O+ heteroatomic pyrylium rings along their
skeletal framework.32 The oxidation reaction during CO2 etching is
represented in Scheme 1. The CO2 molecules diffuse into the aerogel
bulk and induce char burnoff on the pore channels and surface,
leading to the formation of ultramicropores depending upon the
reaction time and flow rate. The optimized etched CA was double
activated with ZnCl2 and KOH to further induce microporosity. All
the resultant aerogels are labeled and given in Table 1. The synthesis
mechanism of etched CA is illustrated in Figure 1.

2.4. Synthesis of Chemically-Activated Carbonized Aerogel.
The CO2-activated CA sample, CAT20‑F25 synthesized from the above
procedure, was further activated with KOH and ZnCl2 as the double-
activation agents. During KOH and ZnCl2 activation, precursor-to-
carbon mass ratios of 4:1 and 2:1, respectively, were followed. Any
increase in the optimized ratios resulted in the pore widening,
promoting the formation of a mesoporous structure. The mixture was
then heated up to 800 °C at the rate of 2 °C/min for 2 h under N2
flow for chemical activation. During carbonization, the carbon surface
is etched with KOH (oxidizing agent) and ZnCl2 (dehydrating agent),
according to the following eqs 1 and 2.

+ + +6KOH 2C 2K 3H 2K CO2 2 3 (1)

+ + + +ZnCl C H O Zn CO 2HCl2 2 (2)

Scheme 1. Reactive Etching Mechanism of Acid-Catalyzed Phenolic Resin-Based Aerogels

Table 1. Aerogel Sorbents and Thier CO2 Etching
Conditions

sorbent CO2 etching time, flow rate

CAT180‑F300 3 h, 300 mL/min
CAT30‑F80 30 min, 80 mL/min
CAT20‑F80 20 min, 80 mL/min
CAT20‑F50 20 min, 50 mL/min
CAT20‑F25 20 min, 25 mL/min
CAT20‑F25-KOH 20 min, 25 mL/min-KOH
CAT20‑F25-ZnCl2 20 min, 25 mL/min-ZnCl2
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The activated sorbents were then washed with 2 M HCl and
distilled water until the pH turned neutral and finally dried at 120 °C
for 12 h.
2.5. Materials Characterization. N2, Ar, and CO2 physisorption

isotherms were measured at 77, 87, and 273 K, respectively, on a
Micromeritics (3Flex) gas analyzer instrument to determine the
textural properties of the sorbents. Before analysis, all samples were
degassed at 200 °C under vacuum for 12 h on a Micromeritics Smart
VacPrep instrument. Total BET surface areas were determined via the
Brunauer−Emmett−Teller (BET) method from the medium-pressure
N2 and Ar physisorption isotherms at 77 K at P/P0 of 0.995 based on
the Gurvich rule by assuming that N2 has condensed within the pores
at this pressure. In addition, the micropore surface area was also
obtained from the N2 and Ar physisorption isotherms by t-plot
analysis using the Harkins and Jura (H−J) model. The pore size
distribution (PSD) was determined from the nonlinear density
functional theory (NLDFT) assuming finite slit-shaped pores and a
diameter-to-width aspect ratio of 6 in relation to the surface
roughness and heterogeneity on the adsorption mechanism. The
ultramicropore volume (Vμp<1.7nm) was estimated from the Dubinin−
Radushkevich (DR) equation. The micropore volume (Vmicro�
between 1.7 and 2 nm) was obtained from the Barrett, Joyner, and
alenda (BJH) method. The mesopore volume (Vmeso�between 2 and
50 nm), as calculated by VT − (Vμp<1.7nm + Vmicro), and total (d̅p)
average pore sizes were determined based on volume-weighted
average using the NLDFT method. The ultramicropore volume for
pores <2 nm was obtained from the CO2 adsorption data at 1 bar and
273 K using the Horvath−Kawazoe (HK) method. The measurement
of skeletal density was determined by a He pycnometer in a
Micromeritics AccuPyc II 1340 instrument at room temperature. The
aerogel sample surface topographies were assessed using a Hitachi
S4700 field-emission scanning electron microscope (FE-SEM).
Energy dispersive X-ray spectroscopy (EDS) data were collected
from the combination of SEM data and the Genesis software to
determine the elemental analysis for the CA sorbents. X-ray
photoelectron spectroscopy (XPS) was obtained using a Kratos Axis
165 photoelectron spectrometer using an aluminum X-ray source to
excite the samples. To characterize the surface chemistry, the FTIR
spectra were collected on a Nicolet FTIR iS50 Model. The graphitic
nature of the synthesized CA was also assessed by Raman
spectroscopy on a Nicolet-Raman model 550 spectrometer.
2.6. High-Pressure Adsorption Isotherm Measurements. To

assess the suitability of the aerogel-derived carbon sorbents to be used
as H2 storage, excess adsorption isotherms of H2 were obtained at 298
K in the 0−100 bar pressure range on a BELSORP-HP volumetric
adsorption analyzer. Before tests, the samples were degassed under
vacuum at 300 °C for 12 h. The total adsorption isotherms were then
calculated from the excess isotherms that were measured by the
instrument using the following eqs 3−7:

= +G P T G P T P T V( , ) ( , ) ( , )tot grav ex gas a (3)

= + ×G P T G P T P T V( , ) ( , ) ( , )tot vol ex grav bulk gas a (4)

=
+

= +
V

V V
V(1 ( ) )pore

pore skel
skel pore

1 1

(5)

=
+ V
1

d
bulk 1

p
skl (6)

where Gex(P, T) and Gtot(P, T) are the excess and total adsorption
capacities (wt %), respectively, Va is the adsorbed gas film density at
room temperature (g/cm3), Vpore is the pore volume of the sorbent
(cm3/g), Π is the interstitial void space or porosity of the sorbent
(%), ρskel and ρbulk are the skeletal density (cm3/g) and the bulk
density of the sorbent (cm3/g), respectively, and ρgas is the density of
the H2 gas (g/cm3) determined from the NIST database.33 To
calculate the volumetric uptake, the experimentally obtained excess
gravimetric adsorption isotherms were multiplied by the bulk density

of the sorbent and the film volume obtained at room temperature
through Ono−Kondo model, as determined using eq 4. The majority
of research studies in the literature have primarily used crystallo-
graphic or envelope density to calculate the volumetric capacities of
the sorbents.34 In practical applications, however, it is not possible to
pack a storage tank to full capacity of sorbents having a single-crystal
density value. This leads to a packing loss of almost 20%; the skeletal
density approximation was used to account for the sorbent’s skeletal
density, the density of H2 in trapped pores, the interparticle voids, and
the dead volume of the sample cell as a result of compression. The
empty-cell isotherm was measured before each measurement to
subtract from the measured isotherm from the unphysical rise in the
gravimetric excess adsorption. Approximately, 0.2−0.5 g of sample
was placed in the sample cell of volume 3.02 cm3 and outgassed at
120 °C for 4−6 h using the built-in Maker’s spec Ultimate Vacuum
Rotary pump to a pressure of 6.7 × 10−2 Pa (absolute). Using the
gas’s compressibility factor (Z) at each pressure and temperature from
the NIST database, the nonideality of the gases was corrected and
outgassed at 120 °C for 4−6 h using the built-n Maker’s spec
Ultimate Vacuum Rotary pump to a pressure of approximately 6.7 ×
10−2 Pa (absolute).

2.7. Experimental Determination of the Adsorbed Phase
Density. Adsorption of H2 onto the surface of a porous material
occurs when the density profile increases in the vicinity of the pore
walls (ideally closer to the density of liquid H2 ∼ 71 kg/m3) and falls
to the minimum value equal to the density of the system’s bulk gas.
Hence, the total amount of gas (Gabs) adsorbed within the system was
determined, as given in eq 7

= +G G Vabs ex gas film (7)

where Gabs (wt %) is the absolute adsorption, ρgas (g/cm3) is the real
gas phase density, and Vfilm is the adsorbed film volume obtained at
cryogenic temperature (cm3/g). The aforementioned equation
substitutes the film volume for the pore volume in the majority of
the literature research. However, this pore volume approximation
leads to overestimating ΔH, as Vfilm ≤ Vpore. Thus, the pore volume
was substituted by the saturated adsorbed film volume andVfilm was
determined from the cryogenic temperature adsorption isotherm
using the Ono−Kondo model equations, as given in eqs 8 and 9.

=
=

G
V

d
d

ex
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;;

film

gas film,sat (8)
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zzzz
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1 1 e

E RT
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/

gas

film,sat

b

film,sat

gas

b

(9)

where a is the scaling factor, ρfilm,sat is the saturated film density (g/L),
Eb is the binding energy (kJ/mol), and R is the universal gas constant
(8.314 J/mol·K). The assumptions of the model are based on the
density of adsorbed molecules on the slit-shaped pores between the
successive polarizing layers. The uptake increases with increasing gas
density, saturates, and then declines reaching a linear regime toward
the abscissa (Gex = 0, ρgas = ρfilm,sat), to give the adsorbed film density,
ρfilm,sat. Since the saturation occurs in the high-density regime of ρgas >
100 g/L, the extrapolation to obtain the slope of the cryogenic
adsorption isotherm gives the saturated adsorbed film volume (Vfilm)
using the Ono−Kondo fits, as given in eq 8.

2.8. Determination of the Isosteric Heat of Adsorption. The
isosteric heat of adsorption (Qst) is a direct measure of the strength of
interaction between the solid sorbent and the adsorbate molecules.
The common method to determine is based on the Clausius−
Clapeyron equation given in eq 10, using the absolute adsorption
isotherms (Gabs) obtained at three different (close) temperatures at
298, 313, and 328 K.
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=Q
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P
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1 2

2 1

2

1 (10)

The absolute adsorption values were calculated using the
experimentally measured excess adsorption (Gex) and the volume of
the adsorbed film (as determined from the Ono−Kondo fits in eqs 8
and 9). Thus, it leads to accurate estimations of the binding energy as
it involves the assumptions on the film thickness and the potential
binding sites irrespective of the temperature change.

3. RESULTS AND DISCUSSION
3.1. General Textural Characterization of Sorbents.

The N2 physisorption isotherms and PSD profiles of CA
sorbents obtained at 77 K are shown in Figure 2, while the

textural characteristics are outlined in Table 2. According to
the IUPAC classification of isotherms, all sorbents showed a
combination of type Ia and IVa isotherms with type H1
hysteresis loop, demonstrating their predominant micro-
porous-mesoporous structure of the sorbents.35 The initial
steep increase at a very low P/P0 is characterized by the
presence of pore-filling narrow micropores and followed by the
saturation plateau at higher relative pressure P/P0, as shown in
Figure 2a. The open hysteresis loop, which is associated with
capillary condensation in the narrow mesopores, limits the
uptake at high relative pressure.35 However, the change in the
shape of the isotherms suggests the induce of microporosity of
the CA sorbents, resulting in the rise in the initial isotherms’
elbow at low relative pressure as evident for sorbents such as
CAT20‑F25‑KOH, as shown in the inset of Figures 2a and S1 in the
Supporting Information. The PSD profiles in Figure 2b
confirmed the existence of both predominantly micro- and
mesopores with an increase in the overall residence time
during the etching reaction.

The apparent surface area rose from 2470 m2/g for sample
CAT180‑F300 to the highest of 3010 m2/g for CAT20‑F25‑KOH. It
should be noted that the sample CAT20‑F25‑KOH has known to
surpass the other activated carbons known in the literature in
terms of surface area.7,22,27,36−40 It can be seen that the control
sample, CAT180‑F300, exhibited a higher surface area than the
other sorbents synthesized with a decrease in flow rate and
activation time. Though the overall BET surface area
decreased, the micropore surface area was found to be
enhanced in the order of CAT20‑F25‑KOH (2610 m2/g) >
CAT20‑F25 (2100 m2/g) > CAT20‑F50 (1980 m2/g) > CAT20‑F80
(1600 m2/g) > CAT30‑F80 (1450 m2/g) > CAT180‑F300 (1112
m2/g) > CAT20‑F25‑ZnCl2 (950 m2/g). Thus, it can be concluded
that the combined effect of a decrease in flow rate and
activation time prolonged the residence time of the overall
etching reaction resulting in 89% microporosity, as given in
Table 2. The PSD profiles demonstrated a similar upward
trend in ultramicropore volume (Vμp) having pore diameter of
less than 1.7 nm, with a decrease in mesoporosity of nearly
10%, as listed in Table 2. The increase in ultramicropore
volume (Vμp<1.7 nm) formed at the expense of micropore
channel spaces resulted in a reduction in micropore volume
(V1.7−2 nm). This change, observed with decreased CO2 flow
rate, signified an improved formation of ultramicropores within
the open microporous network, as illustrated in Scheme 1. The
increasing order of CA having high ultramicropore volume can
be listed as CAT20‑F25‑KOH (1.23 cm3/g) > CAT20‑F25 (0.86 cm3/
g) > CAT20‑F50 (0.65 cm3/g) > CAT20‑F80 (0.53 cm3/g) >
CAT30‑F80 (0.48 cm3/g) > CAT180‑F300 (0.44 cm3/g) >
CAT20‑F25‑ZnCl2 (0.35 cm3/g), as seen from the rise in initial
uptake in the inset of Figure 2a. The optimization of the
pyrolysis conditions of the CA sorbents involved the
systematic adjustment of flow rate and activation time
parameters, which in turn resulted in the CAT20‑F25 having a
surface area of about 2750 m2/g and a pore volume of 1.06
cm3/g, while the control sample (CAT180‑F300) exhibited a
surface area of 2470 m2/g and a pore volume of 1.0 cm3/g.
Though the sorbents exhibited comparable BET surface area
and total pore volume, the crucial consideration lies in their
microporosity, a trend commonly observed in other carbons
characterized by lower surface area but higher micropore
volume. A possible explanation for this could be due to the
limited accessibility of N2 to infiltrate and diffuse into pores
having a size smaller than 2 nm. In addition, factors such as
molecular size, diffusion kinetics, and interaction effects with
the surface functional groups play a crucial role in surface area

Figure 2. (a) N2 physisorption isotherms including an inset figure
showing the isotherms magnified at low relative pressure region and
(b) PSD profiles of CA sorbents.

Table 2. Textural Properties of CA Sorbents Based on N2 Physisorption at 77 K

sorbent SBET[Sμp] (m2/g)a Vtot (cm3/g)b Vμp(<1.7) (cm3/g)c V1.7−2nm (cm3/g)d V2−50nm (cm3/g)e dp (nm)f Vμp/Vtot (%)
g

CAT180‑F300 2470[1112] 1.0 0.44 0.2 0.36 1.05 44
CAT30‑F80 2098[1450] 0.89 0.48 0.18 0.23 0.99 54
CAT20‑F80 1960[1600] 0.85 0.53 0.05 0.27 0.99 62
CAT20‑F50 2947[1980] 0.92 0.65 0.22 0.05 0.98 71
CAT20‑F25 2750[2100] 1.06 0.86 0.18 0.02 0.99 81
CAT20‑F25‑KOH 3010[2610] 1.39 1.23 0.1 0.01 0.97 88
CAT20‑F25‑ZnCl2 1800[950] 0.71 0.35 0.23 0.13 1.0 49

aFirst number indicates the BET surface area; the number in the square brackets indicates the micropore area given by the t-plot. bSingle highest
volume of N2 adsorbed in the adsorption isotherm at 77 K (where P/P0 ∼ 0.997). cVμp(<1.7) (ultramicropore volume) was calculated via the DR and
NLDFT methods on N2 adsorption up to 1 bar at 77 K. dMicropore volume via BJH. eVia V2−50 nm (mesopore volume) = Vtot − (V1.7−2 nm +
Vμp(<1.7)).

fAverage pore width obtained from the NLDFT method. gRatio of micropore volume to the total pore volume of the sorbents pertaining
to their microporosity.
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estimation. Among the optimized sorbents, CAT20‑F25, initially
tailored by physical CO2 activation, was further subjected to
chemical activation using agents such as KOH and ZnCl2. The
CAT20‑F25‑KOH sample achieved the highest surface area of 3010
m2/g, surpassing the CAT20‑F25‑ZnCl2 surface area of 1800 m2/g.
It can be hypothesized that the KOH activation induced
microporosity at the expense of mesopores, compared to
ZnCl2

41 on account of the strong base nature and oxidizing
properties41,42 that intercalate the carbon surface and
interlayers, thereby promoting the development of ultra-
microporous structures. Although the high uptakes at 1 bar
based on N2 adsorption follow the order of CAT20‑F50 >
CAT20‑F25 > CAT20‑F25‑KOH, the shape and closing pressure of
the hysteresis loop contribute to the increase in total pore
volume. For CAT20‑F50 and CAT20‑F25, the hysteresis shape H1,
consisting of cylindrical mesopores, was observed, whereas for
CAT20‑F25‑KOH, the hysteresis shape H4 over a wide relative
pressure range indicated slit-like narrow mesopores with a well-
connected network of large micropores. This well-connected
structure leads to N2 uptake over a wide range of pressures,
resulting in increased pore volume compared to CAT20‑F50 and
CAT20‑F25.

43 Among the sorbents analyzed in the aforemen-
tioned research, the equilibrium balance between their surface
area and ultramicropore volume was determined to be in the
following order: CAT20‑F50 < CAT20‑F25 < CAT20‑F25‑KOH.
Consequently, these three sorbents were selected for further
analysis in the study.
The Ar physisorption at 87 K on the three selected sorbents

CAT20‑F50, CAT20‑F25, and CAT20‑F25‑KOH was studied, and the
corresponding isotherms are shown in Figure 3a,b. In contrast
to N2, the Ar physisorption isotherms give an accurate
determination of their BET surface area and pore size
distribution as Ar does not have a quadrupole moment and
exhibits fewer specific interactions with surface functional
groups. Moreover, since Ar fills narrow pores at significantly
higher relative pressures, it leads to accelerated equilibration
and permits the measurement of high-resolution adsorption

isotherm in a shorter time.35 Thus, the obtained BET data
show 10−15% higher values as listed in Table 3 compared to
the BET data obtained from the N2 adsorption at 77 K. It can
be concluded that the Ar adsorption at 87 K would
demonstrate to have sufficient adsorbate−adsorbent inter-
actions in obtaining reliable pore size distributions having sizes
between 4 and 7 Å. The micropore size distributions were
analyzed using the HK slit-shaped pore model for dependable
accuracy. The trend for the sorbents for Ar physisorption
isotherms showed that the double-activated CAT20‑F25‑KOH
exhibited the highest surface area of 3210 m2/g and total
pore volume of 2.48 cm3/g on account of its ultramicroporous
network. The increase in Ar adsorption at higher relative
pressure above 0.9 is partly due to the interparticle voids
associated with the microstructure of the sample.
The CO2 adsorption isotherm at 273 K and 1 bar pressure

details the narrow ultramicropores, characterized by pores
having sizes smaller than 1 nm. Figure 4a,b shows the
adsorption isotherms and PSD profiles as determined by the
DFT method. The CO2 physisorption at 273 K facilitates faster
diffusion into the narrowest pores than the N2 physisorption at
77 K. The obtained isotherms were of Type I and showed a
sharp rise in the low-pressure region, characteristic of a
microporous material according to the IUPAC classification of

Figure 3. (a) Ar physisorption isotherms and (b) PSD profiles of CA sorbents.

Table 3. Textural Properties of CA Sorbents Based on Ar Physisorption at 87 K

sorbent SBET[Sμp] (m2/g)a Vtot (cm3/g)b Vμp(<1.7) (cm3/g)c V1.7−2nm (cm3/g)d V2−50nm (cm3/g)e dp via NLDFT (nm)f Vμp/Vtot (%)
g

CAT20‑F50 2980[1980] 1.12 0.67 0.40 0.05 0.93 59
CAT20‑F25 2777[2100] 1.21 0.86 0.18 0.02 0.93 71
CAT20‑F25‑KOH 3210[2610] 2.48 1.88 0.1 0.01 0.92 76

aFirst number indicates the BET surface area; the number in the square brackets indicates the micropore area given by the t-plot. bSingle highest
volume of Ar adsorbed in the adsorption isotherm at 87 K (where P/P0 ∼ 0.997). cVμp(<1.7) (ultramicropore volume) was calculated via the DR and
NLDFT methods on N2 adsorption up to 1 bar at 77 K.

dMicropore volume via BJH. eVia V2−50nm (mesopore volume) = Vtot − (V1.7−300 + Vμp(N2)).
fAverage pore width obtained from the NLDFT method. gRatio of micropore volume to the total pore volume of the sorbents pertaining to their
microporosity.

Figure 4. (a) CO2 adsorption isotherms and (b) PSD profiles of CA
sorbents at 273 K and 1 bar.
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isotherms. The order of the absolute CO2 uptake can be listed
as CAT20‑F25‑KOH (8.9 mmol/g) > CAT20‑F25 (7.0 mmol/g) >
CAT20‑F50 (5.7 mmol/g), which is significantly higher than that
over other polymer-derived carbons reported in the
literature.40,44 From the PSD profiles, it was also evident that
the sorbents exhibit a large proportion of ultramicropores (3−
8 Å) such as CAT20‑F25‑KOH (0.88 cm3/g) > CAT20‑F25 (0.51
cm3/g) > CAT20‑F50 (0.25 cm3/g). The difference in the
ultramicropore volumes across the sorbents is significant
considering the hypothetical instrument and methodological
error range (15%), as shown in Figure S2 in the Supporting
Information. The maximum adsorption capacity was at 8.9
mmol/g, which can be attributed to the surface chemistry and
the concentration of functional groups. The proposed
interaction mechanism of CO2 on the surface was due to the
increased quadrupole interactions between the pore walls and
the heteroatom active sites implied by eq 11. Therefore, it can

be inferred that the CO2 isotherm indicates the existence of
ultramicropores with sizes smaller than 8 Å. This is in contrast
to the cryogenic N2 and Ar adsorption analysis, which
identifies pores larger than 10 Å, as proposed by comparable
studies in the literature.45

3.2. Structure, Morphology, and Functional Groups
of CA Sorbents. The structural properties of the CA sorbents
were investigated using an X-ray diffractometer. As shown in
Figure 5a, the XRD spectra exhibited two broad peaks centered

at 2θ = 22 and 44°, corresponding to the (002) and (100)
reflection indices of pristine graphite microstructure. The
broad diffraction at 22° is usually considered as the
characteristic peak of amorphous carbon. The broad nature
of the peaks indicated that the aerogel network was formed by
the small carbon particles of the size of ∼5 nm.
The Raman spectra provide valuable information about the

lattice vibration modes of the aerogels, as presented in Figure
5b. The spectra showed two strong D and G peaks centered at
1350 and 1580 cm−1, respectively, associated with the
disordering effect and sp2 hybridized network. The D-band
corresponds to the second-order double resonant modes
generated from the structural disorder defects in the sp3
configuration, whereas the G-band represents the C−C bond
stretching modes of the sp2 hybridized network. Moreover, the
2D band at 2656 cm−1 contributed to the highly aligned 3D
graphitic structure having distinguished layers. The ID/IG ratio
for the three sorbents was almost in the range of 0.65−1.0,
stating the increased level of defects due to the double
activation process.8 The increase in I2D/IG ratio from 0.44 in
CAT20-F50 to 1.0 in CAT20‑F25‑KOH indicated the decrease in the
number of graphene layers.46 It was likely due to the expansion
of graphitic multilayers to a few layers, mainly due to KOH
intercalation.
The surface morphology of the aerogels was studied via

SEM analysis. As with other properties of aerogels, the effect of
physical and chemical activation on morphology was
investigated. The SEM micrographs of the as-synthesized
CAT20‑F50, CAT20‑F25, and CAT20‑F25‑KOH sorbents are displayed
in Figure 6. From the images, it can be concluded that the CA
morphology was dominated by the network-like structure of
interconnected pores, appearing as voids, channels, and cavities
throughout the material. As depicted in Figure 6a−c, it is
evident that interparticle gaps resulted in the formation of
relatively large pores in CAT20‑F50 (a), smaller voids in
CAT20‑F25 (b), and extremely microsized cavities and thin
partitions in CAT20‑F25‑KOH (c). Thus, it can be deduced that
lowering the CO2 flow rate gave rise to the formation of
ultramicropores and small cavities (Figure 6e,f), contrasting
with the relatively large pores observed upon increasing the
flow rate, as depicted in Figures 6d.
The SEM micrograph and the EDS mapping images of the

as-synthesized CAT20‑F25‑KOH sample are shown in Figure 7a−d.

Figure 5. (a) High-resolution XRD patterns and (b) Raman spectra
of CA sorbents.

Figure 6. SEM micrographs of (a, d) CAT20‑F50, (b, e) CAT20‑F25, and (c, f) CAT20‑F25‑KOH sorbents.
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This analysis was performed to assess the elemental
composition and distribution on the CA sorbents, which
provided a clear evidence for the presence of elemental carbon,
oxygen, nitrogen, and potassium, as given in Table S1 in the
Supporting Information. The spectra values also showed that
the decrease in CO2 flow rate for sorbents CAT20‑F25 and
CAT20‑F25‑KOH prolonged the overall oxidation reaction rate,
which was evident from the high O content obtained between
18 and 21% in contrast to 4.5% for the CAT20‑F50 sample.
There was also a decrease in C content which can be due to
increased CO2 diffusion on the reaction sites and the resulting
char burnoff. The comparative decrease in oxygen content
between CAT20‑F25 and CAT20‑F25‑KOH can be due to the KOH
activation at high temperatures.
The elemental distributions and their corresponding

chemical states were probed via the XPS analysis, as presented
in Figure 8. The XPS spectra in Figure 8a show that all three

sorbents contained a significant amount of oxygen on their
surface on account of the CO2 etching reaction. The estimated
O content was 21% for CAT20‑F25, 18.2% for CAT20‑F25‑KOH, and
4.5% for CAT20‑F50. The relatively lower O content of the
CAT20‑F50 sample was due to shorter reaction times. The high-
resolution spectra further evaluate the chemical states of C 1s
at 284.5 eV and O 1s at 531.5 eV for carbon sorbents. Figure
8b shows the C 1s peaks at 284.6 and 285.8 eV, corresponding
to the sp2 hybridized C−C bond and the C−OH bond,
respectively.47 The deconvolution of O 1s at 531.02 and
533.21 eV in Figure 8c revealed the distribution of oxygen
functionalities such as the chemically-bonded C=O and C−
OH bond, respectively. This is consistent with the O/C ratio
stating the relative amounts of C bonded with O listed in
Table S1 (Supporting Information). The decrease in O wt %
ratio (to the total wt % of all the elements) from 0.26% in
CAT20‑F25 to 0.22% for the CAT20‑F25‑KOH was due to the
reduction reaction on account of the KOH activation.
The functional groups of the optimized CA sorbents were

studied using FTIR analysis, as represented in Figure 9. In the

shown spectra, the broad peak at 3400 cm−1 can be ascribed to
the O−H stretching either from the hydroxyl groups bonded
to the aromatic ring or physically adsorbed water molecules.

Figure 7. (a) SEM micrograph of CAT20‑F25‑KOH and the
corresponding EDS mapping images of (b) C, (c) O, and (d) K
elements.

Figure 8. (a) XPS survey spectra and high-resolution XPS spectra of (b) C 1s and (c) O 1s for CAT20‑F50, CAT20‑F25, and CAT20‑F25‑KOH.

Figure 9. FTIR spectra of as-prepared CA sorbents.
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C−H stretching peaks were located at 2976 cm−1, and the
peaks at 1431 cm−1 were associated with the skeleton vibration
of aromatic C=C bonds. The appearing peaks at 1095 and
1221 cm−1 indicated the C−O−C stretching vibrations. The
possible low intensities of C=C peaks referred to the formation
of amorphous carbon, as confirmed by the XRD analysis after
the carbonization step. Moreover, the increase in intensity of
the C−O bond referred to the presence of oxygen functional
groups, which was found to be consistent with the XPS results,
as discussed before.
3.3. High-Pressure H2 Storage Measurements. The

total H2 adsorption isotherms for the etched CAs obtained at
298 K and in the pressure range of 0−100 bar are illustrated in
Figure 10. The total gravimetric and volumetric adsorption
isotherms were obtained from the adsorbed film volume at
room temperature, which was estimated from the Ono−Kondo
model (eqs 8 and 9), as shown in Figure S3 (Supporting
Information), as the total pore volume overestimates the
uptake.48 This method allows for the accurate determination of
the absolute uptake values of these CA sorbents. It is evident
from these isotherms that the double-activated CAT20‑F25‑KOH
sample exhibited the highest uptake at room temperature,
reaching 2.1 wt % at 100 bar, as shown in Figure 10a. This
represents one of the highest values achieved for a porous
material under similar conditions,18,49−51 with the correspond-
ing sample showing an excess uptake of 1.1 wt % at room
temperature and 100 bar. Figure S4 in Supporting Information
shows the same trend with the excess adsorption isotherms of
the etched CA sorbents, demonstrating that the double-
activated CAT20‑F25‑KOH achieved the highest uptake at about
1.6 wt %. Furthermore, the initial total uptake up to 30 bar for
the three sorbents followed an increasing order, with values of
0.54 wt % for CAT20‑F50, 0.63 wt % for CAT20‑F25, and 0.77 wt %
for CAT20‑F25‑KOH. This exceptionally high uptake at the low-
pressure region was attributed to the presence of ultra-
micropores and the positive influence of oxygen functional
groups on the surface. The significant impact of oxygen as an
active center was evident when comparing CAT20‑F25 and
CAT20‑F50, resulting in an approximate 17% enhancement in the
overall uptake at low pressure. Though CAT20‑F25‑KOH exhibited
a decrease of 2.8% O2 content with respect to CAT20‑F25 (Table
S1), the synergistic effect of factors such as surface area, total
pore volume, and the availability of oxygen binding sites
resulted in the enhancement of H2 uptake compared to
CAT20‑F25.

8 While the CA sorbents exhibited an impressively
high gravimetric uptake, surpassing values reported in existing
literature,36,52 the low bulk density of the aerogels gave rise to a
relatively modest volumetric uptake, with CAT20‑F25‑KOH at
approximately 6.8 g/L, CAT20‑F25 at about 5.4 g/L, and

CAT20‑F50 at roughly 4.6 g/L, as shown in Figure 10b. The
overlap of both adsorption and desorption isotherms without
hysteresis indicated complete reversibility of the storage
capacity of the sorbents, as evident from Figure S5, Supporting
Information.
The total gravimetric and volumetric adsorption isotherms

obtained at 77 K and in the 0−100 bar pressure range for CA
sorbents are shown in Figure 11. These data were obtained as

part of an evaluation for a cryo-adsorption-based system
designed for vehicular H2 storage. We noted that the H2 uptake
at 1 bar was in the range of 0.5−3.3 wt % and attributed the
high uptake at initial pressure to the combined effect of high
ultramicropore surface area and the oxygen-rich surface. This
scenario was similar to the high uptake at lower pressure for
the sample CA-4700 at 3.9 wt %.8 Additionally, the oxygen
functional groups can act as active centers and can enhance the
affinity, making it more effective for low-pressure H2 storage.
At 1 bar, the sample CAT20‑F25‑KOH exhibited the highest uptake
of 3.3 wt %, followed by CAT20‑F25 at 1.22 wt %, and decreasing
to 0.63 wt % for the CAT20‑F50 sample.
In order to ascertain the positive influence of an oxygen-rich

surface, it is necessary to conduct a comparison between
CAT20‑F25 and CAT20‑F50. These two sorbents share a similar
level of porosity, including total surface area, micropore surface
area, and ultramicropore volume. The total surface area for
both sorbents fall within the range of 2947 m2/g, with a
micropore surface area of 2100 m2/g and an ultramicropore
volume of 1.06 cm3/g. The slight variation between these
values is within approximately ±7%, indicating that their
porosity is comparable. The primary distinguishing factor
between these two sorbents lies in their oxygen content.
CAT20‑F25 exhibits a significantly higher oxygen content of 21%,
whereas CAT20‑F50 contains only 4.5% oxygen. Under 1 bar
pressure conditions, CAT20‑F25 demonstrated a H2 storage
capacity of 1.22 wt %, which represents a remarkable 50%

Figure 10. (a) Total gravimetric and (b) volumetric H2 adsorption isotherms over CA sorbents at 298 K and 0−100 bar pressure range.

Figure 11. (a) Total gravimetric and (b) volumetric H2 adsorption
isotherms of CA at 77 K and 0−100 bar.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00352
Chem. Mater. 2024, 36, 8565−8577

8573

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig11&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increase when compared to the 0.63 wt % observed in
CAT20‑F50. For CAT20‑F25‑KOH at 1 bar, the positive effect of
having significantly high ultramicropore volume and oxygen-
rich surface enhanced the steep rise in uptake. It was
previousely reported that a similar phenomenon of having
oxygen-rich surface enhanced the initial uptake at 77 K up to
3.9 wt % for sample CA-4700.8 Although the sample
CAT20‑F25‑KOH boasts a high ultramicropore volume and an
oxygen-rich surface, the total gas uptake at high pressure was
significantly influenced by the overall surface area and total
pore volume via space filling mechanism. Specifically, at 100
bar, CAT20‑F25‑KOH demonstrated the highest uptake at 6.8 wt
%, surpassing the DOE target, in contrast to CAT20‑F50 with 5.0
wt % and CAT20‑F25 with 4.9 wt %. The relatively modest
increase in gas uptake at high pressure for CAT20‑F50 can be
attributed to the slight difference in the available overall surface
area, as evident in Figure 11a.
The most notable reported uptakes to date include 8.9 wt %

for CA-4700,8 7.03 wt % for polypyrrole-based carbons,50 7.3
wt % for zeolite-templated carbon, and 5.9 wt % for AX21
(commercially activated carbon).3 These values are in the same
range as the achieved uptake of 6.8 wt % for the double-
activated CAT20‑F25‑KOH, considering the measurement con-
ditions used. While possessing remarkable gravimetric capacity,
the volumetric H2 uptake of the carbons was assessed
considering the sample’s bulk density, as shown in Figure
11b. Due to the high porosity nature of the aerogels, the
CAT20‑F50, CAT20‑F25, and CAT20‑F25‑KOH exhibited a low bulk
density within the range of 0.21 g/cm3, consequently reducing
the overall volumetric capacity on the order of 28.0 g/L for
CAT20‑F25‑KOH, 19.4 g/L for CAT20‑F25, and 17.9 g/L for
CAT20‑F50. The double-activated CAT20‑F25‑KOH exhibited an
uptake of 3.2 wt % and 13 g/L during pressure-swing delivery
(from 100 to 5 bar at 77 K), specifically in terms of working
capacity. However, the significant rise in uptake at lower
pressure values notably reduced the overall working capacity.
In comparison, CAT20‑F50 exhibited working capacities of 3.1 wt
% and 11.5 g/L, while CAT20‑F25 demonstrated capacities of 2.6
wt %, 9.4 g/L, as outlined in Table 4. The discrepancy between

initial and overall uptakes profoundly impacted the working
capacities of CA sorbents. Strategies to improve this capacity
encompass optimizing pore structure, altering surface
functionalities, optimizing activation processes, exploring
hybrid material designs, and utilizing advanced modeling
techniques. These approaches aim to tackle the rapid
saturation in initial uptake, potentially extending and max-
imizing the working capacity of CAs for efficient gas storage
applications.
3.4. Cryogenic Determination of Adsorbed Film

Density. The adsorbed film volume is difficult to determine
through adsorption isotherm at room temperature as the
saturation occurs at very high pressures (350−700 bar).

Hence, cryogenic adsorption isotherm was adopted to obtain
the adsorbed film volume at saturation ρfilm,sat.

48 At high
pressure, the film density saturated to obtain the film volume
and the excess isotherm exhibited a linear decay with gas
density reaching up to 100 g/L higher than the liquid H2
density (71 g/L),48 as defined in eq 8. In the saturation regime,
the slope of the isotherm yielded the film volume and the
extrapolation to where the isotherm crosses (Gex(ρfilm,sat) = 0)
at ρfilm,sat = 100 ± 20 g/L. The data fitted well with the
assumptions based on the Ono-Kondo adsorption model (eq
9) and showed the extrapolated maximum at the high-density
regime, as evident in Figure 12. With the fit, Vfilm was
calculated from the slope of the high-density regime, as given
in Table 5.

For the CAT20‑F25‑KOH sample, the calculated Vfilm was 0.55
cm3/g, which was 40% of the total pore volume obtained at
cryogenic temperature. It was followed by CAT20‑F25 (Vfilm =
0.32 cm3/g) and CAT20‑F25 (Vfilm = 0.20 cm3/g) with respect to
the availability of bonding sites associated with the narrow
pores. The same trend applies to the fitted binding energy (Eb)
value at the highest at 11.3 kJ/mol for CAT20‑F25‑KOH. Thus, the
fit to the model was satisfied with respect to the uncertainty of
Gex estimation based on pore volume. The as-obtained film
volume was further used in the calculation of the Qst, as shown
in Figure 13.
The strength of interactions between adsorbed H2 molecules

and carbon was assessed through the Qst. This parameter was
determined by analyzing the absolute adsorption isotherms
obtained at three different temperatures: 25, 40, and 55 °C, as
shown in Figure S6 in the Supporting Information.
Consequently, the Qst for the CA sorbents was derived using
the Clausius−Clapeyron equation, as given in eq 10. The
absolute heat of adsorption was then computed based on the
estimated film volume, as illustrated in Figure 13.
For CAT20‑F25‑KOH, the Qst value exhibited variation, starting

at 11.3 kJ/mol at low coverage and gradually decreasing to
nearly 8.9 kJ/mol at 2 wt %. The initially high value at zero
coverage is attributed to the ultramicroporosity and the
oxygen-rich binding sites on the surface, with subsequent

Table 4. H2 Adsorption Data for Activated Carbons at 77
and 298 K

sorbent 298 K (100 bar) 77 K (100 bar)
working capacity
(77 K/100-5 bar)

wt % g/L wt % g/L wt % g/L

CAT20‑F50 1.4 4.6 5.0 17.9 3.1 11.5
CAT20‑F25 1.7 5.4 4.9 19.4 2.6 9.4
CAT20‑F25‑KOH 2.1 6.8 6.8 28.0 3.2 13

Figure 12. Gex vs ρgas across 77 K to estimate the adsorbed film
volume using the Ono−Kondo model fit.

Table 5. Calculated Adsorbed Film Volume and the Ratio of
Film Volume to Pore Volume at 77 K for CA Sorbents
Based on the High-Density Regime, ρfilm,sat = 100 g/L

sorbent Eb (kJ/mol) R2 Vfilm (cm3/g) Vfilm/Vpore

CAT20‑F50 8.9 0.98 0.20 0.22
CAT20‑F25 10.2 0.98 0.32 0.31
CAT20‑F25‑KOH 11.3 0.99 0.55 0.40

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00352
Chem. Mater. 2024, 36, 8565−8577

8574

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00352/suppl_file/cm4c00352_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00352?fig=fig12&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


decreases reflecting the influence of available surface area at
higher pressures. Similar values can be found in the literature,
where computational studies on carbons with slit-pore
geometry indicate these as the strongest binding sites.54 In
the case of CAT20‑F25, the Qst value stands at 10.2 kJ/mol at
zero coverage, indicating moderate microporosity and
substantial oxygen-rich binding sites. This value significantly
dropped to 7.2 kJ/mol at 2 wt %. CAT20‑F50 exhibited the
lowest Qst values, ranging from 8.9 kJ/mol, gradually
decreasing to almost 7.4 kJ/mol at 2 wt % H2 uptake. Notably,
at high coverage, CAT20‑F50 displayed a Qst value of 7.4 kJ/mol,
surpassing CAT20‑F25 at 7.2 kJ/mol, which can be attributed to
its higher surface area. It is worth mentioning here that the
elevated Qst values obtained at zero coverage in this study
significantly exceed those observed in carbide-derived,55,56

biomass-derived,8 and zeolite-templated carbon18 with com-
parable levels of microporosity, reaching an average of 10.6 kJ/
mol at zero coverage.
Notably, if a storage system is designed not to reduce the

material capacity by 20%, CAT20‑F25‑KOH would have surpassed
the 2025 DOE gravimetric system target of 5.5 wt %, as
presented in Figure 14. It is also noteworthy that this sorbent is

on par with other high-performing benchmark materials
including CA-4700,8 polypyrrole-based activated carbon,7

AX21,57 and carbon MWCNT58 from the existing literature.
However, given that packing density plays a crucial role in
overall volumetric uptake, achieving a balance between
porosity and bulk density is essential to meet DOE target
metrics on both gravimetric and volumetric bases. Despite the
inherently low bulk density of aerogels, techniques such as
pressure compaction,20 hydrothermal pressing,59 and CIP53

into pellets, and direct ink writing (DIW) into monolith
formation,60 with minimal microstructural deformation, can

effectively enhance the packing density of these highly porous
carbons.

4. CONCLUSIONS
In summary, the investigation of H2 storage onto etched CA
revealed significant insights into the material’s performance
under various conditions. The results presented emphasized
the critical role of optimizing pyrolysis conditions such as
residence time and gas flow rate during the etching reaction to
achieve the desired high surface area and porosity in aerogels.
The total H2 adsorption isotherms conducted at 298 K and in
the pressure range of 0−100 bar demonstrated that the double-
activated CAT20‑F25‑KOH exhibited the highest uptake reaching
2.1 wt % at 298 K and 100 bar pressure. This high uptake at
298 K was attributed to the synergistic effect of oxygen
functional groups on the surface and high ultramicropore
volume which significantly enhance H2 adsorption even at
room temperature. At 77 K, CAT20‑F25, with a higher oxygen
content, exhibited a 41% increase in gas storage capacity under
1 bar pressure when compared to CAT20‑F50, emphasizing the
significance of surface oxygen groups as active centers. At
higher pressures, CAT20‑F25‑KOH surpassed the 2025 DOE
gravimetric system target of 5.5 wt % by achieving 6.8 wt % at
77 K and 100 bar (if a complete storage system designed that
does not reduce the material capacity by 20%), outperforming
CAT20‑F25 and CAT20‑F50. The relatively modest increase in the
H2 uptake for CAT20‑F50 at high pressure was attributed to a
slight difference in overall surface area. The Qst values further
reflected the ultramicroporosity and oxygen-rich surface, with
CAT20‑F25‑KOH demonstrating a higher Qst value of 11.3 kJ/mol
at zero coverage compared to other carbons reported in the
literature. However, striking a balance between porosity and
bulk density remains imperative for meeting the DOE system
targets on both gravimetric and volumetric bases. This
objective is set for future investigation in optimizing the
CAT20‑F25‑KOH sample to achieve increased volumetric capacity.
These findings contribute valuable insights into the design and
optimization of aerogels for enhanced H2 adsorption, with
implications for the development of high-performance
materials in diverse applications.
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