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Abstract

We demonstrate that in-situ adsorption dilatometry provides a new opportunity for
structural characterization of microporous carbons. We present experimental results
for CO2 adsorption at 293 K and in-situ deformation obtained by dilatometry on a
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synthetic monolithic carbon sample. The carbon deformation in the course of
adsorption is non-monotonic: the strain isotherm shows the sample contraction at low
adsorption followed by progressive expansion. To evaluate structural and mechanical
properties of the sample from the experimental adsorption and strain isotherms, a

SC

kernel of theoretical adsorption isotherms is obtained with the grand canonical Monte
Carlo simulation of CO2 adsorption in a series of carbon micropores ranging from
0.22 to 2.0 nm. The respective kernel of adsorption stress isotherms is constructed
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using the thermodynamic model of adsorption stress. The pore volume and surface
area distributions were calculated independently from a) the experimental excess
adsorption isotherm by deconvoluting the generalized adsorption equation and b) the
experimental strain isotherm by using the kernel of adsorption stress isotherms. The
proposed method of determining the pore size distribution from the strain isotherm
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validates the thermodynamic model of adsorption stress in micropores and provides
additional information about the sample material with respect to mechanical

AC
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properties of the microporous matrix.
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1. Introduction
Structural characterization of disordered and heterogeneous carbonaceous
materials (e.g. activated carbons, activated carbon fibers, carbon molecular sieves,
carbon xerogels/aerogels and coals) is one of the fundamental steps in understanding
and improving their respective performance in technical applications including
sequestrations,

gas

storage,

supercapacitors

and

batteries,
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separations,

adsorption/desorption heat pumps, catalysis, and many others [1-7]. Various
experimental and theoretical studies conducted on this subject concluded that
disordered carbonaceous materials could be described as nano-scale pores of various
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sizes embedded into a disordered carbon matrix [8-16]. For most carbonaceous
materials the majority of relevant pore volume is related to micropores, i.e. pores
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smaller than 2 nm, where the solid-fluid interactions are significantly enhanced
compared to larger pores [17]. Micropores in turn are further subdivided into
ultramicropores (pores smaller than 0.7 nm) and supermicropores (pore sizes between
0.7 to 2 nm) [18]. Due to their high degree of disorder and the associated broad pore
size distributions the analysis of technical relevant carbon structures is often a
complex task, which still is an object of academic and technical research [19,20].

TE
D

Gas adsorption experiments, e.g. N2 at 77 K, Ar at 87 K or CO2 at 273 K, are
commonly used to determine structural properties of microporous carbons, such as
surface area and pore size distribution. The current state of the art for the analysis of
adsorption isotherms is based on the numerical solution of the general adsorption

EP

equation, which is based on a set of theoretical adsorption isotherms (a so-called
kernel) for discrete pore sizes [21-24]. The result of this process is the pore size

AC
C

distribution of the material. Most kernels implemented in nowadays commercial
software tools were generated with the nonlocal [25-27] and more recently quenched
solid density functional theory [28] (NLDFT and QSDFT, respectively); in rare cases
the more extensive technique of grand canonical Monte Carlo (GCMC) simulation
was applied [29-32]. However, regardless of the kernel’s derivation the solution of the
general adsorption equation itself is an ill-posed problem from the mathematical point
of view, i.e. the resulting pore size distributions are not entirely unambiguous [33,34].
Therefore, alternative ways to validate an obtained pore size distribution are desirable.
Here we perform a quantitative analysis of adsorption-induced deformation as
a complementary approach to access the micropore structure of carbons. The effect of
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sorption-induced deformation for microporous carbons is known since the 1920s [35]
and related to the structural change of adsorbents in the course of adsorption process.
Experimentally observed deformations during gas adsorption on monolithic
carbonaceous materials are usually smaller than 1 vol% and therefore this effect is
almost always neglected [36-38]. However, within the last decade several theoretical
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studies based on DFT and GCMC were conducted in order to understand its
microscopic origin [39-45]. These studies identified the packing of the adsorbed
molecules inside slit-shaped carbon micropores as a key factor for the mechanical
response of a micropore to gas adsorption: if the width of a slit-shaped micropore is

SC

commensurate to the molecular diameter of the adsorbed species, the packing of the
adsorbed molecules is very dense and the pore expands. On the contrary, for pores,
whose size is incommensurate to the molecular diameter of the adsorbed molecule,
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the packing will be less dense and the attractive potentials of the opposing walls cause
the micropore to contract. This geometrical effect makes the analysis of sorptioninduced deformation a promising approach for the evaluation of pore size
distributions.

For this work we recorded a CO2 adsorption isotherm at 293 K on a synthetic

TE
D

microporous carbon prepared in our lab complemented by in-situ measurement of the
sample’s adsorption-induced deformation via dilatometry. Two independent
theoretical methods based on the GCMC simulation model of CO2 adsorption in
carbon pores were used in order to compute structural parameters of the sample

EP

investigated. Firstly, we followed the common approach to solve the generalized
adsorption equation, which convolutes the kernel of theoretical isotherms with the

AC
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sought pore size distribution to describe the experimental CO2 excess adsorption
isotherm. The theoretical kernel of excess isotherms was constructed with rotationalbias GCMC simulation of CO2 adsorption in carbon pores ranging from 0.22 to
2.0 nm. Secondly, we calculated the kernel of adsorption stress isotherms using the
thermodynamic model of adsorption-induced deformation of microporous materials
and determined the pore size distribution by fitting the experimental strain isotherm
with this kernel. The main question to be addressed is whether the structural
parameters, i.e. the distribution of micropore volume and surface area as well as the
total micropore surface area and volume, evaluated from the CO2 excess adsorption
isotherm are consistent with those computed from the in-situ deformation data. The
positive answer opens up a new opportunity of the independent evaluation of
4
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micropore structure. Furthermore, we extrapolated both CO2 excess adsorption and
strain isotherm up to saturation, which was not accessible to our experiment limited to
the atmospheric pressure.

2.1 Sol-gel based synthetic carbon xerogels
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PT

2. Material, Experimental Techniques and Simulation

The sample investigated was a monolithic rod of synthetic amorphous carbon

SC

xerogel derived by pyrolysis at 800 °C under argon atmosphere from an organic
xerogel precursor. The organic precursor was synthesized via a sol-gel process based
on the approach proposed by Pekala and co-workers [46] but modified with respect to
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educt ratios, gelation/aging period and drying [47]. The molar ratio of resorcinol to
catalyst was set to 5000, the mass ratio of resorcinol and formaldehyde to the mass of
the total starting solution was 30 % and the gelation/aging period was 24 h. The
length of the final sample rod was L0 = 73.4 mm, its diameter 3.7 mm. The
macroscopic (apparent) density of the rod ρm = (0.292 ± 0.011) g/cm³ was determined

TE
D

after degassing the sample for 4 d at 300 K and a pressure below 10-2 mbar. As shown
in details in ref. 48 this type of carbon material consists of microporous particles of
approximately spherical geometry, forming a disordered three-dimensional network.
A scanning electron microscopy (SEM) image of the sample investigated is shown in

EP

Figure 1a. From this image the average particle diameter of the sample dSEM was
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estimated to be in the range of 300 to 500 nm.
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Figure 1. Panel (a) shows the SEM image of the studied carbon xerogel. N2
adsorption-desorption isotherm measured on this sample at 77 K is presented in panel
(b). QSDFT cumulative and differential pore volume distributions computed from N2

EP

adsorption isotherm are shown in panel (c) and (d), respectively.

Furthermore the sample’s structure was investigated by N2 sorption at 77 K.

AC
C

The respective sorption isotherm is shown in Figure 1b; its Langmuirian shape
(isotherm type I following to International Union of Pure and Applied Chemistry
[49,50]) is typical for carbonaceous materials with micropores. The evaluation of the
nitrogen sorption data according to the t-plot method [51] using the reference
isotherm suggested by Magee [52] yields a specific particle surface area of Sext = (11
± 1) m²/g and a specific micropore volume of Vmic = (0.25 ± 0.01) cm³/g. With the
density of the nonporous carbon backbone ρc = (2.06 ± 0.06) g/cm³ from literature
[53] we calculated the density of the purely microporous primary particles ρpart =
1/(Vmic + 1/ρc) = (1.36 ± 0.04) g/cm³. To validate the result for ρpart we assume
spherical geometry for the primary particles and determine an average particle
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diameter dpart = 6/(ρpart ·Sext) = (396 ± 38) nm, which is in good agreement with dSEM.
The results of the sample characterization are summarized in Table 1.

ρpart (g/cm³)

Vmic (cm³/g)

Sext (m²/g)

dSEM (nm)

dpart (nm)

0.292 ± 0.011

1.36 ± 0.04

0.25 ± 0.01

11 ± 1

300-500

396 ± 38

RI
PT

ρm (g/cm³)

Table 1. Results of the sample characterization: ρm is the macroscopic (apparent)
density, ρpart the particle density, Vmic the specific micropore volume, Sext the specific
surface area, dSEM the particle diameter as seen by SEM, and dpart the particle diameter

SC

calculated from structural properties.

The microporosity of the sample was further investigated by NLDFT and
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QSDFT analysis of the N2 sorption isotherm according to refs. [10,28], respectively.
Classical NLDFT and QSDFT models generate similar pore volume distributions,
thus only QSDFT results are shown in Figure 1c-d. The overall cumulative micropore
volumes of Vcum(NLDFT) = 0.255 cm³/g and Vcum(QSDFT) = 0.249 cm³/g are well in
line with Vmic determined from the t-plot method. According to DFT analysis the

TE
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major part of the microporosity of the sample investigated is in the range of 0.5 to
0.6 nm (see Figure 1c-d). The total specific micropore areas found by NLDFT and
QSDFT are 857 m²/g and 854 m²/g, respectively.

EP

2.2 Sorption measurement with in-situ dilatometry
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Simultaneous measurements of CO2 adsorption and sample deformation were
performed by a commercial volumetric sorption instrument (ASAP 2020,
Micromeritics, Norcross GA, USA) equipped with a self-designed dilatometer. A
scheme of the dilatometer is shown in Figure 2. Its main parts are a customized
sample holder and a length sensor (LVDT, Macro Sensors, Pennsauken, NJ, USA).
The lower part of the sample holder containing the sample is placed in the liquid bath
used to maintain constant temperature, while the upper part mounted with the length
sensor is attached to the volumetric sorption instrument. The length sensor consists of
two parts: a cylindrical metal core inside the sample holder and an electrical coil
arrangement on the outer side of the sample holder. The metal core is connected to the
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sample by a push rod made of glass, which transfers deformations of the sample onto
the metal core. Displacements of the metal core in turn result in changes of electrical
inductivities within the coil arrangement allowing measurements of the sample
deformation. The overall setup simultaneously determines the adsorption isotherm,
i.e. the amount of gas adsorbed as a function of the relative gas pressure p/p0, and the

RI
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corresponding change of the sample length ∆L. This setup was successfully used for
studies of sorption-induced deformation of micro- and mesoporous materials
[37,38,54]. Similar setups were previously described in refs [55,56]. The resolution of
the dilatometric setup is ± 0.2 µm resulting in an accuracy for the linear strain of the

SC

sample ∆L/L0 of approximately ± 3 × 10-6 for the carbon sample investigated. For the
measurement presented in this work the liquid bath was water at 20.0 °C regulated by
a liquid thermostat with an external platinum temperature sensor (accuracy ± 0.2 K).
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The vapor saturation pressure corresponding to the bath temperature is p0 = (5.729 ±
0.027) MPa [57], resulting in a relative error for the relative pressure p/p0 of less than
1 %. Since the volumetric sorption instrument is limited to gas pressures p < 0.1 MPa,
only the relative pressure range below 0.02 was accessible to the experiment. Prior to
the measurement the sample was degassed within the sample holder attached to the
3
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analysis port of the sorption instrument for 3 h at 300 °C and a gas pressure < 10mbar. This way the sample was not exposed to ambient atmosphere between

AC
C

EP

degassing and measurement.
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Figure 2. Scheme of the dilatometer.
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2.3 Molecular Models and Simulation Details
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We used a three-site rigid linear model of CO2 molecules [58] for MC
simulation of adsorption isotherms. The values of the electrostatic point charges and
the (12,6) Lennard-Jones dispersion parameters for CO2 are given in refs. [58,59].
The applied force field was previously verified against available experimental data
[58]. Additionally, we compared the theoretical equation of state for CO2 at 293 K
with experimental measurements (see Figure 1S in supporting information).
Micropores were modeled as uncharged graphitic slit-shaped pores of width H, where
H = Hgeom - 0.34 nm denotes pore width accessible to CO2 molecules, and Hgeom is the
geometrical pore width measured as the distance between planes through the first
atomic layer of carbon nuclei of opposing walls. The dispersion interactions between
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CO2 molecules and graphitic pore walls were computed from the well-known 10-4-3
Steele potential [60]. The cross-terms parameters for dispersion interactions were
evaluated with Lorentz-Berthelot combining rule [61].
Adsorption isotherms were computed from the rotational-bias grand canonical
Monte Carlo method implemented by Kowalczyk and co-workers [62]. The setup for
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GCMC simulation of CO2 adsorption in slit-shaped pore geometry represented cubic
simulation box of size Lx × Ly × H with Lx = Ly = 4 nm and periodic boundary
conditions and minimum image convention for computing CO2-CO2 interactions in xand y-directions [43]. The Monte Carlo trial moves (insertion/deletion, and

SC

translational/rotation of CO2 molecules) were taken with 1:1:1 proportionality. We
used 10 trial orientations to bias insertion and deletion movies. GCMC simulations
utilized 5 × 107 configurations. The first 2 × 107 configurations were discarded to
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secure equilibration. We generated 62 adsorption isotherms of CO2 at 293 K and
relative pressures, p/p0, from 9 × 10-8 to 0.99. All simulated isotherms consisted of 56
points and covered the range of micropore sizes accessible to CO2 molecules, i.e. slitshaped carbon pore width ranging from 0.22 to 2.0 nm.

TE
D

2.4 Microporo-Elastic Properties

2.4.1 CO2 excess adsorption: Structural and Adsorptive Properties

EP

The generalized adsorption equation (GAE) was solved with the kernel of
theoretical CO2 excess adsorption isotherms simulated by rotational-bias GCMC

AC
C

method at 293 K. Noteworthy, that while the standard methods of pore size analysis
for low temperature N2 and Ar adsorption are based on theoretical absolute adsorption
isotherm, in the case of CO2 adsorption at ambient conditions, the use of excess
adsorption isotherms is essential due to the high vapor density. The solution was then
used to compute the pore surface area distribution (PSD) from the experimental CO2
excess adsorption isotherm [19]:

N exp ( p ) =

H max

∫N

GCMC

( p, H ) f s (H )dH

subject to

f s (H ) ≥ 0

(1)

H min

10
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Here, H min and H max are the minimum and maximum pore widths within the kernel,
N exp ( p ) is the experimental CO2 excess adsorption isotherm measured at 293 K,
N GCMC ( p, H ) is the kernel that represents the set of theoretical CO2 isotherms with

excess quantity adsorbed per square meter, and f s (H ) is the differential PSD

RI
PT

function, which represents the surface area of pores of width H .
Theoretical CO2 excess adsorption isotherms in rigid slit-shaped carbon pores
are computed from the following expression [61]:

N
V

− ρb ( p )

SC

N GCMC ( p, H ) =

(2)
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where ρ b ( p ) is the bulk gas density of CO2 at given pressure p at 293 K (see Figure
1S in supporting information), N denotes the GCMC ensemble average number of
CO2 molecules in the pore of accessible volume V. For slit-shaped pore geometry, the
accessible volume of the pore is V = L x ⋅ L y ⋅ H .

the following relation:

TE
D

The pore volume distribution (PVD) is computed from the PSD, f s (H ) , using

(3)

EP

f v (H ) = (1 / 2 ) ⋅ f s (H ) ⋅ H

The solution of the GAE is obtained using the discrete first and second order

AC
C

Tikhonov regularization method with the non-negative least-squares algorithm (see
Kowalczyk et al. [3] for other details).

2.4.2 CO2 in-situ deformation: Structural and Elastic Properties
To describe adsorption-induced deformation we invoke the adsorption stress
model proposed in ref. [39]. In case of the carbon xerogel investigated, micropore
filling takes place inside the primary particles shown in Figure 1a. Since the particles
composed of disordered assemblies of carbon microcrystallites, whose interspaces
form the micropores, are isotropic and randomly oriented, the adsorption-induced
deformation is also isotropic on the level of individual particles as well as on the level
11
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of the overall unconstrained particle network. Hence, the macroscopic length change
of the carbon rod as seen by in-situ dilatometry is directly related to the isotropic
volumetric deformation of the microporous particles. The volumetric strain

ε = ∆V /V0 of the primary particles can be expressed by the experimentally
determined linear strain ∆L / L0 by ε = 3∆L / L0 , if ε << 1 . ε in turn can be related to

RI
PT

the effective adsorption stress σ a inside the particle, which is represented by the
convolution of the adsorption stress σ a ( H , p ) in the micropore of width H with the

1
[σ a − p]
K

σa =

1
V part

⋅ ∫ σ a ( H , p) ⋅ f v ( H )dH

M
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ε=

SC

PVD function f v (H ) , as follows [45]:

(4)

(5)

Here K denotes the bulk modulus of the particle, V part = 1 / ρ part the specific volume

TE
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of the primary particle and f v (H )dH is the specific micropore volume for micropores
of width (H , H + dH ) . Notably, within this model the bulk modulus of the primary
particle does not change during the filling of micropores.
The adsorption stress σ a (H , p ) in a slit-shaped micropore of width can be

EP

computed from the general thermodynamic relations [39,45]:

∂Ω p ( H , p )
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σ a ( H , p) = −

∂H

(6)

µ

Ω p (µ ) = Ω p (µ r ) − ∫ Ndµ

(7)

Ω p (µ r ) = − k B N (µ r )T

(8)

µr
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Here, Ω p is the grand thermodynamic potential of the pore, N the amount of
adsorbed molecules, k B the Boltzmann constant, T the temperature and µ and µ r
are the chemical potential and reference chemical potential, respectively. The
successive substitution algorithm developed by Kowalczyk and co-workers [20] was

RI
PT

used for solution of Equations 4-8.

3. Results and Discussion

SC

3.1 Simulation results

Figure 3 displays theoretical CO2 absolute adsorption isotherms simulated from
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rotational-bias GCMC at 293 K for selected pore sizes. We notice that CO2 is strongly
adsorbed in carbon ultramicropores with pore size < 0.7 nm. The density of adsorbed
CO2 in 0.28 nm reaches 30 mmol/cm3 and the adsorption stress approaches ~2.9 GPa
at the saturation pressure of 5.71 MPa (see Figs. 3-4). At 293 K this density
corresponds to a CO2 bulk pressure of 0.295 GPa [57]. The reason for the big
difference between adsorption stress and bulk pressure is that CO2 molecules

TE
D

assemble as a quasi-two-dimensional solid inside the 0.28 nm ultramicropore (see 1st
peak in Figure 4b), while CO2 in the bulk phase is a liquid. This comparison
illustrates that the thermodynamic state of CO2 in ultramicropores cannot be achieved
by simply compressing bulk CO2, but requires the confining geometry of micropores.

EP

CO2 adsorption in supermicropores starts at higher relative pressures ~5⋅10-2 and the
density of adsorbed CO2 in supermicropores at saturation is lower than the density of
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saturated bulk CO2 liquid (~22.5 mmol/cm3). These results indicate a sharp drop in
the strength of surface forces and confining effects as the pore size increases.
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Figure 3. CO2 absolute adsorption isotherms simulated from rotational-bias GCMC
for selected slit-shaped pore widths: 0.28, 0.44, 0.7, 1.0, 1.5 and 2.0 nm at 293 K.
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Figure 4 shows the computed adsorption stress σ a as a function of micropore
width and relative gas pressure. Our results correspond roughly to the oscillating
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behavior of adsorption stress with respect to pore width often reported for the
adsorption of spherical molecules, see e.g. ref. 63. However, due to the linear
geometry of the CO2 molecule the molecular packing in our model (and therefore also
the adsorption stress) becomes more complex than for spherical molecules. The
computed adsorption stress has its maximum in the smallest ultramicropores because
of the enhanced surface forces. In such narrow ultramicropores, the adsorbed CO2
molecules are tightly packed and compressed into a defected two-dimensional quasisolid hexagonal layer (see 1st peak in Figure 4b). The highest value of the adsorption
stress of 2.84 GPa is computed for a 0.28 nm ultramicropore at p/p0 = 0.99. For
increasing pore size the adsorption stress is sharply decreasing because of the
imperfect packing of CO2 molecules in slit-shaped carbon ultramicropores. The
14
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lowest value of the adsorption stress of -0.34 GPa is found for a 0.44 nm
ultramicropore at p/p0 = 0.45. Here, adsorbed CO2 molecules have enough rotational
degrees of freedom to tilt inside the pore (see 3rd peak in Figure 4b) facilitating the
generation of empty spaces. Other peaks corresponding to positive adsorption stress
induced by adsorbed CO2 are found around 0.56 and 0.74 nm, respectively. However,
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their intensities are significantly reduced compared to the first peak in agreement with
computed CO2 pore densities in ultramicropores and supermicropores (see Figure 3).
The maximal adsorption stress in 0.56 and 0.75 nm ultramicropores is only 0.2 and
0.06 GPa at p/p0 = 0.99, respectively. This strong damping of adsorption stress for

SC

increasing pore width can be attributed to the rather elevated temperature in our
simulation as was demonstrated in refs. [43,63]. Consequently, we conclude that
ultramicropores of pore widths around 0.3 nm have the greatest impact on the elastic
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deformation of heterogonous carbonaceous materials.
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Figure 4. Adsorption stress of CO2 at 293 K in slit-shaped carbon micropores
computed for bulk relative pressures from 10-8 to 0.995 (a). Maximum adsorption
stresses are computed for the 0.28 nm carbon ultramicropore (1st peak in b). The
minimum of the adsorption stress is found in the 0.44 nm carbon ultramicropore (3rd
peak in b). Note the high adsorption stress of nearly ~2.9 GPa close to the saturation
in the 0.28 nm carbon ultramicropore at 293 K. The graphics in this figure were
created using the VMD program [72].
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3.2 Experimental results and data evaluation

The experimental CO2 excess adsorption and in-situ strain isotherms for the
carbon sample at 293 K are shown in Figure 5. Analog to the N2 sorption isotherm the
CO2 sorption isotherm is of type I and typical for microporous carbons [49,50]. The
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measured in-situ deformation isotherm is nonmonotonic, which corresponds to other
experimental studies reporting adsorption-induced deformation of microporous
carbons, see e.g. refs [37,64-66]. For comparison with the simulation results the
experimentally determined linear strain ∆L / L0 was converted into the volumetric

SC

strain ε = 3∆L / L0 as described in section 2.4.2. Initially, the carbon sample contracts
up to a relative pressure of p/p0 = 0.0028, followed by a continuous swelling up to
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p/p0 = 0.02, i.e. the upper limit of the experimentally accessible pressure range. The

maximal initial contraction of the studied carbon xerogel sample of approximately
0.01 vol% is significantly smaller than the maximal expansion of 0.14 vol%. Such
non-linear variation of adsorption-induced deformation with relative pressure was
predicted by Kowalczyk and co-workers to be a signature of structural heterogeneity
of micropores [45].
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We applied the models described in sections 2.4.1 (GAE) and 2.4.2
(thermodynamic model) on the excess adsorption and the in-situ strain isotherm,
respectively, aiming for the best possible fit of the experimental data sets. The results
of the fitting process are also shown in Figure 5. Both, the GAE and the

EP

thermodynamic model of adsorption-induced deformation were able to achieve
reasonable agreement with their respective isotherm. The pore volume distributions
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(PVDs) and pore surface area distributions (PSDs) evaluated independently from the
gas adsorption and volumetric strain isotherms are compared in Figure 6 and 7.
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Figure 5. In-situ CO2 strain (a) and excess adsorption isotherm (b) measured at 293 K
(open circles). Theoretical strain isotherm (solid line) is obtained from eq. 4, whereas
theoretical CO2 excess adsorption isotherm (solid line) is computed from eq. 1. The
respective pore size distributions are shown in Figure 6 and 7.

18

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

Figure 6. Cumulative (a) and differential (b) micropore volume distributions of
carbon xerogel computed from CO2 excess adsorption (sorption) and in-situ strain
isotherm at 293 K (dilatometry).
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Figure 7. Cumulative (a) and differential (b) micropore surface area distributions of
carbon xerogel computed from CO2 excess adsorption (sorption) and in-situ strain
isotherm at 293 K (dilatometry).
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According to both PVDs the carbon xerogel consists mainly of
ultramicropores in the range of 0.25 to 0.75 nm. The total specific micropore surface
area and volume computed from GAE with the first order Tikhonov regularization
constrain are 906 m2/g and 0.21 cm3/g, respectively. The results obtained from GAE
using the second order Tikhonov regularization constrain, i.e. 866 m2/g and
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0.20 cm3/g, are slightly reduced because the higher degree of smoothing in the
approximate solution. From the fitting of the CO2 strain isotherm by the
thermodynamic model we get a total specific micropore surface area of 915 m2/g and
a specific micropore volume of 0.21 cm3/g. Therefore, we conclude that the values of

adsorption and in-situ dilatometry are consistent.
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structural parameters of carbon micropores computed independently from gas

Independent of the applied approach the differential PVD/PSDs (Fig. 6b and
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7b) are not uniform but exhibit spikes suggesting a detailed substructure of the carbon
matrix; this effect is more pronounced for the differential distributions derived from
the inversion of the GAE than for their counterparts evaluated from the situ strain
isotherm. From the experimental point of view a substructure of the carbon matrix
appears unphysical, since the micropore structure of the carbon xerogel sample is
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expected to be entirely disordered [48]. Therefore the spikes of the differential pores
size/volume distributions (Fig. 6b and 7b) should be taken with reservation. The
model of slit pores with smooth walls may be too idealized to reflect the real pore
geometry of carbons accurately in the ultramicropore range, where adsorbate density
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and adsorption stress are determined by molecular packing that is extremely sensitive
to pore width and shape. It was shown that the introduction of surface roughness
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smoothens the pore size dependences of the molecular packing [28]. Consequently the
results presented Figures 6 and 7 should be considered as distributions of “effective”
sizes of ultramicropores, which give an approximate description of the sample
investigated but are not be over-interpreted on the sub-angstrom scale. So generally
the application of a more refined carbon model appears desirable, e.g. a 3D
reconstruction of the disordered structure [15]. However, despite its simplicity, the slit
pore model consistently captures the most important physical mechanisms of the
adsorption and the adsorption deformation phenomena. In particular the cumulative
pore volume and area distributions derived from the adsorption and strain isotherms
(Fig. 6a and 7a) can be smoothened and approximated by one interpolating function
resulting in approximately the same overall micropore volume and area. This
21
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confirms our main conclusion that strain isotherms can be used for pore structure
analysis validating or even complementing the conventional methods based on the
analysis of adsorption isotherms.
Comparing the structural evaluation of the sample investigated derived from
N2 and CO2 sorption analysis we find that all PVDs are overlapping in the range of
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pore widths between 0.5 and 0.6 nm (compare Figures 1d and 7), but the PVDs
computed from CO2 data are significantly broader and more detailed than the ones
derived from the N2 sorption isotherm. As was pointed out in ref. [22] micropore
analysis from N2 sorption data taken at cryogenic temperatures is limited to pore

SC

widths larger than approximately 0.5 nm because of the experimental pressure
resolution of currently used instruments. So generally we expect PVDs/PSDs
evaluated from CO2 data to be more reliable with respect to narrow ultramicropores.
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Considering the total specific pore volume and the total specific surface area, we find
that CO2 results yield more surface area but less pore volume than the DFT analysis
of the N2 sorption isotherm. While the increased surface area is related to the smaller
pore sizes of the CO2 PSDs (see Figure 7), the reduced pore volume can be explained
by the upper experimental limit for the relative pressure of 0.02 at 293 K. Micropores
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larger than approximately 0.8 nm exhibit significant adsorption only for relative gas
pressures above 0.02 and therefore cannot be resolved by the analysis of the CO2
adsorption isotherm (see Figures 3, 6 and 7). The cumulative specific pore volume at
0.8 nm derived from N2 sorption is 0.22 cm³/g for NLDFT and 0.23 cm³/g for
evaluation.
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QSDFT, both being in reasonable agreement with the results of the CO2 data
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The proposed method of analysis of the in-situ adsorption dilatometry data
provides an important information about the sample mechanical properties. Good
agreement between the pore size distributions derived by the GAE and the
thermodynamic model of sorption-induced deformation implies that the sample bulk
modulus K in Eq. 4 can be considered a constant, independent of the micropore
deformation, and the application of Hook’s law is justified. It is worth noting that the
recent simulations performed by Mouhat et al. [67] predicted possible changes of the
mechanical stiffness during adsorption that are not revealed for the microporous
carbon considered here. From the fitting of the deformation isotherm by the
thermodynamic model we get K = 3.1 GPa, which according to the model
corresponds to the effective mechanical stiffness of the particles seen in Figure 1a.
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Since no direct measurements of the mechanical properties of individual particles are
feasible, we can only estimate respective values from literature: employing the
correlation of carbon xerogel stiffness and macroscopic density derived by Gross and
co-workers [68] we extrapolated K to be approximately 15 GPa. This value is
remarkably close to bulk moduli measured for glassy carbon [69-71], a purely
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microporous disordered carbon material, which is comparable to the particles within
the sample investigated in terms of synthesis, structure and density. Therefore we
conclude that the bulk modulus derived from the application of the thermodynamic
model is of the correct order of magnitude but somewhat lower than expected.
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Given the good quantitative description of the experimental data by the
proposed theoretical we extrapolated the CO2 excess adsorption and the
accompanying strain isotherms at 293 K into the relative pressure range above 0.02,
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which was not accessible in the experiment (see Figure 8). From this calculation we
predict that the elastic deformation of the carbon xerogel induced by CO2 molecules
linearly increases with the logarithm of relative pressure above p/p0 = 0.05, showing
the maximum expansion of the studied carbon sample of 1.67 vol% at the saturation.
The CO2 excess adsorption isotherm extrapolated from PVD and the GAE is non-
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monotonic. Excess adsorption increases for relative pressures up to 0.39, indicating
strong adsorption of CO2 in ultramicropores. The maximum value of CO2 excess
adsorption of 4.65 mmol/g on the carbon sample is theoretically predicted for p/p0 =
0.39. At higher relative pressures, the CO2 excess adsorption continuously decreases
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because the restricted packing of CO2 molecules in carbon ultramicropores.
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Figure 8. Extrapolation of experimental CO2 excess and in-situ strain isotherms
(expt.) measured up to p/p0 = 0.02 to saturation at 293 K (theory). Note that carbon
xerogel sample expands up to 1.67 vol% at saturation. The extrapolated CO2 excess
adsorption isotherm is non-monotonic, with the maximum excess value of CO2
adsorption of 4.65 mmol/g at p/p0 = 0.39.
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4. Conclusions

In the current work we presented the first attempt towards characterization of
microporo-elastic properties of disordered and heterogeneous carbon materials from
the CO2 gas adsorption measurement accompanied with in-situ dilatometry at 293 K.

RI
PT

We applied the generalized integral equation and the thermodynamic model of
adsorption-induced deformation of microporous materials to compute the structural
properties of the studied carbon sample from the adsorption and in-situ strain
isotherms, respectively. Both theoretical methods produced consistent results with

SC

respect to the distribution of micropore surface area and volume as well as the total
specific micropore surface area and volume. Notably, the pore volume and area
distributions evaluated from the strain isotherm are somehow smoother than their
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counterparts computed from the CO2 excess adsorption isotherm. For the sample
investigated the total specific surface area of approximately 900 m2/g and the total
specific micropore volume of 0.21 cm3/g are distributed over the range of
ultramicropores between 0.25 and 0.75 nm. Additionally, we evaluated the bulk
modulus for the microporous matrix of 3.1 GPa from the strain isotherm, which is of
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the same order of magnitude as expected from the extrapolation of sound velocity
measurement results. Extrapolation of the adsorption and strain isotherms to higher
pressures than accessible in experiment predicts that the carbon sample monotonically
expands up to 1.67 vol% at saturation. This finding of the extension of the effects of

EP

the micropore filling on the sample deformation at high pressures may have important
implications for the interpretation of the adsorption-induced deformation in the micro-
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mesoporous materials of hierarchical structure, such as coal seams during geological
sequestration of carbon dioxide and secondary methane recovery [73,74].
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