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Sorption is among the basic experimental methods
of characterization of the porous structure of nanoma�
terials, including heterogeneous catalysts [1]. Adsorp�
tion data processing has a long history; nevertheless, in
recent years there is a tendency to their improvement
and extension using precise molecular calculations,
numerical Monte Carlo and molecular dynamics
methods, and nonlocal density functional theory
(NLDFT) [2–6]. At the same time, more conven�
tional, continual techniques are not losing their
attractiveness and remain widespread, largely because
they are properly understood and simple to use.

Investigation of the microporous structure of car�
bon nanomaterials is an essential step in the synthesis
of catalysts and adsorbents with preset textural proper�
ties for a wide variety of practical purposes, such as gas
purification in industry and auto transport, hydrogen
storage, and biological and medicinal applications [7].
Use of conventional nitrogen vapor adsorption (77 K)
and argon vapor adsorption (87 K) techniques in
micropore characterization relies on the possibility of
the activated diffusion of adsorbed molecules in the
ultrafine�pore space [8, 9]. A sharp decrease in the rate
of reaching adsorption equilibrium leads to erroneous
measurements. The problem of activated diffusion is
solvable in two ways, namely, by using a sorbate with a
smaller kinetic molecular size, such as dihydrogen
(σk = 0.289 nm for H2 against σk = 0.364 nm for N2)
[10, 11], and by conducting the sorption experiment at
a higher temperature, for example, at 195 K with СО2

as the sorbate [12]. This increases the kinetic energy of
the sorbate molecules and facilitates diffusion in the

ultrafine�pore space, but reduces the measurable equi�
librium amount adsorbed.

One way of processing isotherms of hydrogen phy�
sisorption on microporous solids is by employing the
continual volumetric comparative method [13], which
enables one to estimate the volume of the micropores
accessible to sorbate molecules. This method uses
independent data on the amount of hydrogen
adsorbed per unit area of mesopores differing in their
chemical nature (α(Р)) and the density of the sorbate
in a unit volume of micropores (β(Р)), where Р is the
equilibrium sorbate pressure. Obtaining these rela�
tionships is a separate and rather complicated problem
involving selection of disperse samples whose surface
is chemically identical or at least similar to the surface
of the wide class of materials to be examined. The α(Р)
values for oxide materials, obtained in an earlier study
[14], were used in an analysis of experimental hydro�
gen adsorption isotherms for ultrafine MCM�41 sam�
ples, zeolite ZSM�5, and their mechanical mixtures
[13]. Note that the similarity between the sorption
processes on the materials to be examined and the
same processes on the selected reference materials is
verified by checking the affinity of adsorption iso�
therms, which can be evaluated in terms of the linear
correlation coefficient.

The purpose of this work is to extend the range of
applicability of Н2 physisorption at 77 K to character�
ization of ultrafine carbon materials by calculating
their textural parameters by the comparative and
NLDFT methods.
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EXPERIMENTAL

The objects of our study were structurally diverse,
differently synthesized microporous carbon nanoma�
terials (CNMs), activated carbons, and high�porosity
carbon nanotubes (CNTs).

Hydrogen and nitrogen adsorption isotherms for
carbon materials at 77 K in a wide pressure range (2 ×
10–5–1 atm) were measured using a DigiSorb 2600
Micromeritics automated volumetric instrument
(United States). All samples were conditioned in vacuo at
350°С and a residual pressure of 10–4 Torr for 5 h.

Carbon nanotubes were examined under a JEM
2010 electron microscope (Japan) with a resolution of
1.4 Å at an accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

The basic relationship of the volumetric compara�
tive method is the following expression for the hydro�
gen adsorption isotherm [14]:

A(P) = A0 + Sαα(Р) + Vμβ(Р), (1)
where А0 is the total value of specific adsorption (e.g.,
on Lewis and the other possible surface sites [15]), Sα

is the surface area of the mesopores and macropores,
α(Р) is the amount of hydrogen adsorbed by a unit area
of the mesopores and macropores, Vμ is the micropore
volume, β(Р) is the amount of hydrogen sorbed by a
unit volume of the micropores. It follows from Eq. (1)
that the amount adsorbed A(P) is a function of two
independent variables, namely, α(Р) and β(Р), which
can reliably be determined experimentally.

For carbon surfaces, α(Р) can be derived from
results obtained for mesoporous/macroporous pyroly�
sis carbon blacks. However, gaining these data involves
experimental difficulties arising from the small spe�
cific surface area of the carbon blacks and from the
small amount of hydrogen adsorbed per unit area of
the mesopores at 77 K. These circumstances can cause
unacceptably large experimental errors, particularly at
low sorbate pressures. It is these circumstances that
did not allow the absolute amounts of Н2 adsorbed on
pyrolysis carbon black at Р < 5 Torr to be measured
reliably in an earlier study [16]. The function β(Р)
depends primarily on the sensitivity of the sorbate
density in the micropores on the micropore structure.

The NLDFT analysis of adsorption isotherms
aimed at determining the pore size distribution reduces
to solving the Fredholm equation, which represents the
excess adsorption isotherm А(Р) as follows [2]:

(2)

where ρ(Р, Н) is the density of the sorbed phase in a
pore with the width Н at the pressure P, ρb(Р) is the
density of the adsorptive at the pressure P, and f(H) is
the pore size distribution function. In practice, inte�
gral (2) is replaced with a sum of increments and the

= ρ − ρ∫ b( ) [ ( , ) ( )] ( ) ,A P P H P f H dH

problem reduces to solving a set of linear algebraic
equations for volume increments. The f(H) function is
determined by minimizing the sum of squared devia�
tions between the experimental and calculated
amounts adsorbed [17] under the constraint that the
distribution function is nonnegative. The effect of ran�
dom errors in measurements is reduced by using
Tikhonov’s regularization (smoothing) method [18].

The NLDFT analysis of the microporous structure
of carbon materials was carried out using the 77�K Н2

adsorption isotherm for graphitized carbon black as
the reference system, for which the following parame�
ters of the Lennard�Jones (12�6) potential were
accepted by Jagiello et al. [19]: for the interaction
between sorbate molecules, a collision diameter of σff

= 0.304 nm and a binary interaction parameter of εff/k
= 34.3 K; for the C–H2 interaction, σsf = 0.322 nm
and εsf/k = 31.8 K. However, there is good reason to
believe that the collision diameter σff accepted by
Jagiello et al. [19] is somewhat overestimated. More
accurate values of the molecular parameters can be
derived from PVT tables [20] using the equation of
state that follows from NLDFT for a homogeneous gas
[21, 22]. In this case, accepting that the equivalent
diameter of a hard sphere (dHS) is equal to the collision
diameter σff, we obtain σff = 0.2893 nm and εff/k =
28.20 K. The C–H2 interaction parameters can now
be derived from the hydrogen adsorption isotherm
corresponding to the parameters accepted by Jagiello
et al. [19]: σsf = 0.3146 nm and εsf/k = 33.93 K. In our
calculations, we also took into account the Feynman
quantum correction to the hydrogen–graphitized car�
bon black interaction potential [23].

Using the parameters thus determined, we calcu�
lated a series of local hydrogen adsorption isotherms,
ρ(Р, Н), for slitlike model pores with a width of Н =
0.55–10 nm for a pressure range of Р = 10–5–1 atm.
Some of these isotherms are plotted in Fig. 1. The
dashed line represents the hydrogen adsorption iso�
therm for a micropore 0.6 nm in width. The other lines
but the last were obtained for pores whose width
changes between 0.7 and 1.5 nm from left to right with
0.1�nm increments. The last isotherm refers to a 2�nm�
wide pore. It is clear from Fig. 1 that, in the
micropores narrower than 0.7 nm, a decrease in the
pore width shifts the isotherm to higher pressures. This
is due to the superposition of the potentials of hydro�
gen repulsion from the opposite walls.

Figure 2 shows the calculated excess amount of
hydrogen adsorbed in the slitlike model pores versus
pore width at fixed pressures of 0.1 to 1 atm (sorption
isobars). The amounts of hydrogen adsorbed refer to a
unit area of one of the pore walls. It can be seen from
Fig. 2 that Н2 adsorption takes place in micropores
whose width is above 0.55 nm. An increase in the dis�
tance between the pore walls causes a weakening of the
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repulsive forces and leads to the domination of the
attractive forces, which are strengthened by the super�
position of the potentials due the opposite walls of the
micropore. As a consequence, the amount adsorbed
increases and passes through a maximum at a pore
width of about 1 nm for P = 1 atm and 0.665 nm for
P = 0.1 atm. A further increase in the micropore width
reduces the opposite wall potential superposition effect
and, accordingly, causes a decrease in the amount
adsorbed. Starting at Н = 2 nm, the pore width has no
effect on the amount of Н2 adsorbed because hydrogen
adsorption on the opposite walls of the micropore
occurs independently, as in the case of macroporous
graphitized carbon black. The ultimate amount of
hydrogen adsorbed in the micropores wider than 2 nm
is exactly equal to the doubled amount of hydrogen
adsorbed on the carbon black surface. Therefore, from
a hydrogen adsorption isotherm measured in a pres�
sure range below 1 atm, one can derive only the
micropore volume distribution over pore size (H).
Below 0.1 atm, the amount of hydrogen adsorbed is
insensitive to the pore size when the latter exceeds 1.5 nm
(Fig. 2). Hence, the higher the sorbate pressure, the
stronger the effect of wider pores on hydrogen adsorp�
tion. Therefore, in order to extend the pore range to
mesopores using H2 adsorption, it is necessary to raise
the sorbate pressure substantially, probably up to sev�
eral hundreds of atmospheres. At the same time, the
smallest size (width in the slitlike pore model) of the
pores accessible to hydrogen molecules in carbon
materials is estimated at ~0.55 nm. This value is sug�
gested by the position of the zero sorption potential
point in the С–Н2 system, which corresponds to a dis�
tance of 0.85σsf from the pore wall. Accordingly, the
smallest width of a pore accessible to hydrogen mole�

cules is twice as large. Since the gas pressure in the
sorptometer used in this study cannot be elevated
above atmospheric pressure, this technique allows
only the micropore size distribution and the total
mesopore surface area (Smeso) to be determined reli�
ably. The latter quantity is very sensitive to experimen�
tal errors; nevertheless, it can provide useful and suffi�
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Fig. 2. Calculated excess amount of H2 adsorbed in slitlike
pores as a function of the pore width for T = 77 K and P =
(1) 1, (2) 0.5, (3) 0.2, and (4) 0.1 atm.

     
Table 1. Textural parameters of carbon nanomaterials de�
rived from N2 adsorption isotherms (77 K)

Material Sα, m2/g Vµ, cm3/g Vs, cm3/g

CNM�1 380 0.328 –

CNM�2 2650 0.105 2.13

CNM�3 223 0.159 0.33

Activated carbon 
SKT

181 0.367 0.525

Activated carbon 
SKN

587 0.337 1.063

Activated carbon 
Chemviron

251 0.394 0.564

Activated carbon 
SuperSorbon

501 0.266 0.542

Activated carbon 
Shell

153 0.366 0.449

CNT�1 870 0.021 1.92

CNT�2 180 0.018 2.21

Note: Sα = mesopore surface area, Vμ = micropore volume, and
Vs = total pore volume.
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Fig. 1. Calculated isotherms of H2 adsorption in slitlike
pores at 77 K. Pore width: (1) 0.6 and (2) 2.0 nm. For the
other curves from left to right, the pore width increases
from 0.7 to 1.5 nm with 0.1 nm increments.
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ciently reliable information when used in combination
with other calculated data.

Table 1 lists the textural characteristics calculated
for the carbon nanomaterials by the conventional
comparative method from N2 adsorption isotherms
(77 K) [24]. Clearly, the microporous samples examined
vary widely in pore structure parameters. Figures 3–5
show typical Н2 adsorption isotherms (77 K) in loga�

rithmic and linear forms measured for the same sam�
ples in a wide Н2 pressure range.

In Table 2, we compare the basic microporous
structure parameters derived from Н2 adsorption iso�
therms by the comparative method to those calculated
using NLDFT. The micropore volumes (Vμ, cm3/g)
determined by these methods are different and gener�
ally do not coincide with those determined via N2

adsorption.
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Fig. 3. Н2 adsorption isotherms (77 K) in logarithmic and linear forms for carbon nanomaterials: (1) CNM�1, (2) CNM�2, and
(3) CNM�3.

Table 2. Textural parameters of carbon nanomaterials derived from H2 adsorption isotherms (77 K)

Material
Comparative method NLDFT method

Vμ, cm3/g A0, (cm3 STP)/g Vμ, cm3/g Sμ, m2/g Smeso, m2/g

CNM�1 0.249 13.6 0.324 830 302

CNM�2 NA NA 0.853 1736 7

CNM�3 0.154 28.2 0.284 739 0

Activated carbon 
SKT

0.317 23.2 0.463 1162 10

Activated carbon 
SKN

0.234 10.4 0.337 849 339

Activated carbon 
Chemviron

0.288 17.6 0.448 1092 0

Activated carbon 
SuperSorbon

0.170 10.4 0.365 848 0

Activated carbon 
Shell

0.267 26.4 0.396 1011 28

CNT�1 NA NA 0.137 329 280

CNT�2 NA NA 0.034 73 80

Note: Vμ = micropore volume, A0 = specific adsorption value, Sμ = micropore surface area for the slitlike pore model,
Smeso = mesopore surface area, and NA = nonaffine. 
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The microporous structure calculations from
nitrogen and hydrogen adsorption isotherms by the
comparative method are based on similar postulates
stating the additivity of adsorption in the micropore
space and on the mesopore surface. It is, therefore,

likely that the difference between the  and  val�
ues is due to the different behaviors of the sorbate mol�
ecules in the micropores. It was demonstrated earlier
[25] that the upper limit of the size of micropores
(zone of an increased dispersion potential) depends on
the size of the sorbate molecule, and this is in agree�
ment with the data calculated using NLDFT. For
nitrogen, whose molecules are larger, the volume of
micropores with an increased adsorption potential is
somewhat larger.

N2
µV H2

µV

The micropore volumes derived from H2 adsorp�
tion isotherms using NLDFT are larger than the Vμ

values calculated by the comparative method. This is
apparently due to the difference between the main
approaches used in these techniques.

As was noted above, local adsorption isotherms are
calculated for uniform homogeneous, or homotattic,
surfaces [26]. Specific adsorption surface sites and var�
ious functional groups (characterized by their own
intermolecular interaction constants with respect to
the sorbate), which are undoubtedly present at large
concentrations on the surface of real carbons [27], can
cause some data distortion. Hydrogen adsorption is
more sensitive to the presence of such sites than, e.g.,
nitrogen or argon adsorption. Based on adsorption
data alone, it is impossible to estimate how significant
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for activated carbons: (1) SKN and (2) SKT.
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these distortions are for the final result of isotherm
analysis. At the same time, the comparative method
enables one to reveal and separate the contribution
from specific sorption aversus the reference data (А0,
Table 2). Thus, in the comparative method using Eq. (1),
a considerable part of the adsorbed hydrogen is corre�
lated not with the microtexture parameters, but with
the chemical composition of the surface. It is likely
this circumstance that is mainly responsible for the
discrepancy between the Vμ values determined by the
comparative and NLDFT methods.

The mesopore/macropore surface area (Smeso) val�
ues presented in Table 2, determined from hydrogen
sorption data, cannot be considered as an alternative
to the S

α
 values (Table 1) derived from nitrogen vapor

adsorption data. The uncertainty in Smeso estimation
far exceeds the errors in the conventional meso�

pore/macropore surface area measurements using
nitrogen or argon vapor. This is due to the fact that the
amount of Н2 adsorbed per unit area of the pore sur�
face at 77 K is much smaller than the amount of N2 or
Ar adsorbed under the same conditions.

Figure 6a plots the pore size distribution f(H) for
activated carbon SKT calculated by the NLDFT
method from Н2 adsorption isotherms for the slitlike
pore model. This computational method demon�
strated that this activated carbon has pores 0.6 to
1.2 nm in width with bimodal size distribution and
dominant sizes of 0.65 and 0.85 nm. A plausible expla�
nation of this fact is that graphene sheets are removed
discretely as the carbon material is activated. Similarly
shaped distribution curves were obtained for other
activated carbon samples. The micropore size distri�
bution for CNM�3 (Fig. 6b) is also bimodal, with
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Fig. 8. Micrograph of the CNT�1 thin�wall nanotubes.
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Fig. 9. High�resolution micrograph of CNT�1.
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dominant pore sizes of 0.65 and 0.87 nm. Apparently,
this kind of pore size distribution is typical for CNMs
as well.

Processing of Н2 adsorption data by the compara�
tive method demonstrates that the adsorption iso�
therms for most samples are affine, with a linear cor�
relation coefficient of ~0.998 (Fig. 7). The exceptions
are CNT�1 and CNM�2. For these materials, the
comparison plot deviates from linearity, and this does
not allow the micropore volume to be correctly esti�
mated by the comparative method (see NA in Table 2).
The difference between the sorption properties of
these sample and those of the other carbon materials
can be due to the specific features of their surface com�
position and porous structure. For single�wall nano�
tubes, these specific features of sorption were consid�
ered by Eletskii [28].

Figure 8 shows a micrograph of the CNT�1 sample.
Morphologically, CNT�1 is an extremely loose pack�
ing of nanotubes aggregated in bundles, each contain�
ing several tens of nanotubes. Single nanotubes are
also observed. Along with the nanotube packings,
there are particles of amorphous carbon (20–30 nm
and larger) and graphite with an imperfect structure
(interplanar spacing of d ~ 0.354 nm). There are also
minor quantities of round particles of a metal, whose
size is about 5 nm, which are likely traces of the cata�
lyst used in the synthesis. Figure 9 shows a high�reso�
lution micrograph of CNT�1, from which it is clear
that the walls of the nanotubes consist mostly of two or
three graphene sheets. The outer diameter of a nano�
tube is 2.6–2.8 nm, and the inner diameter of the
channel is 1.5–2 nm. It is possible that the thin wall, a
few graphene sheets thick, is among the factors deter�
mining the sorption properties of the nanotube.
Another factor can be the above�mentioned presence
of amorphous carbon, whose sorption properties [29],
including the energy of interaction with hydrogen, dif�
fer from those of, e.g., single�wall nanotubes.

In order to verify this assumption, we studied
hydrogen adsorption on thicker wall nanotubes
(CNT�2), whose micrograph is shown in Fig. 10 [30].
The wall of a nanotube consists of more than ten
graphene sheets. According to nitrogen adsorption
data, the accessible surface area of CNT�2 is apprecia�
bly smaller than that of the thin�wall nanotube CNT�1.
The micrograph indicates the presence of closed�end
nanotubes. Kuznetsov et al. [30] noted that this nano�
tube sample is practically free of amorphous carbon
and metallic components of the catalyst. At the same
time, an analysis of the Н2 adsorption isotherm by the
comparative method indicates insufficient affinity
(NA in Table 2).

Figure 11 presents a comparison between the Н2

adsorption isotherms of CNT�1 and CNT�2, both in
terms of the amount adsorbed per unit area of the

accessible surface, S
α
. The isotherms differ signifi�

cantly in shape, and CNT�2 adsorbs less hydrogen
than CNT�1. This difference between the adsorption
properties of the nanotube samples may be evidence of
the effects of the carbon wall thickness and the impu�
rities present in CNT�1. It is impossible to see which
of the factors is dominant. Nevertheless, the compar�
ative analysis of hydrogen adsorption isotherms makes
it possible to reveal the difference between the adsorp�
tion properties of different types of carbon materials.

Thus, the results of this study suggest that the anal�
ysis of hydrogen adsorption isotherms (77 K) using the
volumetric comparative method and NLDFT provides
means to reliably calculate microtexture parameters in
the framework of the postulates underlying these
methods. However, it is necessary to take into account
the above�noted specific features of applying these

20 nm

Fig. 10. High�resolution micrograph of the CNT�2 thick�
wall nanotubes [30].
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methods to real carbon materials and those of compar�
ing the results.
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