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A B S T R A C T

Quenched solid density functional theory (QSDFT) model for characterization of mesopor-

ous carbons using nitrogen adsorption is extended to cylindrical and spherical pore geom-

etries. The kernels of theoretical isotherms in the range from 0.4 to 50 nm are constructed

accounting for different possible variations of the pore shapes in micropore and mesopore

regions. The results of QSDFT method are illustrated with experimental data on adsorption

on novel CMK-3 and 3DOm carbons. The proposed method is recommended for pore size

distribution calculations for micro–mesoporous carbons obtained through various templat-

ing mechanisms.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The application of the non-local density functional theory

(NLDFT) method to gas adsorption data has led to major

advances in the textural characterization of porous materials.

NLDFT methods allow one to describe the adsorption and

phase behavior in fluids on the molecular level [1–3] and to

obtain pore size information over the complete range of

micro- and mesopores [4–9].

A comprehensive library of NLDFT methods for the inter-

pretation of experimental data and calculation of pore size

distributions (PSDs) for various types of materials has been

implemented in the data reduction software of commercial

instruments, which are currently widely used for structure

characterization of various mesoporous and microporous

materials based on adsorption of nitrogen, argon, and carbon

dioxide. As such, the NLDFT method is now commonly

applied and it is featured in a recent standard by ISO [10].

While NLDFT has been demonstrated to be a reliable

method for characterization of a variety of ordered and

hierarchically structured materials, a drawback of the stan-

dard NLDFT methods is that they do not take into account

chemical and geometrical heterogeneity of the pore walls,

assuming a structureless, chemically and geometrically

smooth surface model. The consequence of this mismatch

between the theoretical assumption of a smooth and homo-

geneous surface and the real molecularly heterogeneous sur-

faces of porous solids is that the theoretical NLDFT adsorption

isotherms exhibit multiple steps associated with layering

transitions related to the formation of a monolayer, second

adsorbed layer, and so on. The problem is enhanced in many

porous carbon materials, which exhibit (in contrast to micro

and mesoporous zeolites and mesoporous molecular sieves

for instance) broad PSDs, where artificial layering steps inher-

ent to the theoretical isotherms cause artificial gaps on the

calculated pore size distributions. Recently, the NLDFT

method was advanced to take into account the molecular

level surface roughness that is typical to most carbonaceous,

siliceous, and other materials, including hybrid organic–

inorganic hierarchical structures [3]. This technique, named
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the quenched solid density functional theory (QSDFT), was

shown to be more reliable then NLDFT for analyses of micro-

porous carbons [11].

The QSDFT method for carbons [11] has been originally

developed assuming slit-shaped pores, which are typical

model pores in activated microporous carbons. However, the

emergence of novel materials with pre-designed pore mor-

phology (obtained by synthesis routes, which make use of

structure directing agents or hard templates) requires the

development of new methods, which take into account the

morphological specifics of these structures. The current work

extends the QSDFT method to micro–mesoporous carbons

with cage-like and channel-like pore geometries. To this

end, we have built a set of hybrid QSDFT kernels comprising

of the theoretical isotherms of nitrogen adsorption in spheri-

cal and cylindrical pores ranging from 0.4 to 50 nm embracing

the whole range of micro- and mesopores. The application of

the proposed QSDFT kernels is demonstrated on two exam-

ples of novel micro–mesoporous carbons possessing either

cylindrical or spherical mesopores. First, we consider nitro-

gen adsorption on CMK-3 carbons – two-dimensional hexag-

onally ordered materials obtained as carbon inverse replicas

from the SBA-15 silica templates [12]. The second system is

three-dimensionally ordered mesoporous (3DOm) carbons,

synthesized by templating three-dimensional colloidal crys-

tals formed from lysine-silica nanoparticles [13]. The pore

size distributions obtained using the proposed kernels are

compared with the X-ray diffraction (XRD) analysis of CMK-

3 sample and with scanning electron microscopy (SEM) data

of 3DOm carbon samples.

2. Method

To develop a new DFT method for a given class of porous

materials, one needs to calculate a set of theoretical adsorption

isotherms for the wide range of pore sizes, called the kernel,

taking into account the specifics of the pore geometry and

the parameters of adsorbate–adsorbate and adsorbate–

adsorbent interactions. The PSD is derived by means of

solution of the integral adsorption equation, which presents

the experimental isotherm as the convolution of the DFT

kernel of theoretical isotherms [14].

2.1. QSDFT approach

The process of adsorption in a pore is usually treated within a

grand canonical ensemble, at given temperature and adsorbate

chemical potential, therefore the conditions of adsorption

equilibrium are determined by the grand thermodynamic

potential of the adsorption system presented as a functional

of the fluid density. Conventionally in NLDFT [15,16] the grand

thermodynamic potential of fluid Xf is considered, while the

role of solid is displayed only through an external potential Uext,

Xf ½qf ðrÞ� ¼ Ff ½qf ðrÞ� �
Z

drqf ðrÞ½lf � UextðrÞ�: ð1Þ

Here r is a position vector, qf ðrÞ is the fluid density profile, lf is

the chemical potential of the fluid, Ff is the Helmholtz free

energy of the fluid. The latter is expressed as a sum of the

ideal term Fid½qf ðrÞ�, excess hard-sphere repulsion term

Fex½qf ðrÞ� and attractive term calculated in a mean-field

fashion,

Ff qf ðrÞ
h i

¼ Fid qf ðrÞ
h i

þ Fex qf ðrÞ
h i

þ 1
2

Z Z
drdr0qf ðrÞqf ðr0Þuff jr� r0jð Þ

ð2Þ

where uff ðrÞ is the attractive part of fluid–fluid potential. The

fluid density profile qf ðrÞ is obtained from minimization of

the grand potential (1). For the details of conventional NLDFT

approach see the review [17].

As it was mentioned above, since within the NLDFT model

the solid surface is treated as molecularly smooth, its predic-

tions imply pronounced layering steps on adsorption iso-

therms, which are not displayed by experimental adsorption

isotherms on amorphous and semi-crystalline materials, like

carbons and silica. This drawback is overcome in the QSDFT

model, which accounts for the surface roughness effects [3,11].

Within the framework of QSDFT, the grand potential of

both solid and fluid are considered. As such, QSDFT, unlike

conventional NLDFT, implies a two-component density func-

tional, where the solid is modeled as a compound of hardcore

spheres, interacting with the fluid molecules via a pairwise

attractive potential. Likewise Eqs. (1) and (2), the grand poten-

tial of the solid–fluid system Xsf is written as

Xsf ½qsðrÞ; qf ðrÞ� ¼ Fid½qf ðrÞ� þ Fid½qsðrÞ� þ Fex½qf ðrÞ;qf ðrÞ�

þ 1

2

Z Z
drdr0qf ðrÞqf ðr0Þuff jr� r0jð Þ

þ 1
2

Z Z
drdr0qsðrÞqsðr0Þuss jr� r0jð Þ

þ
Z Z

drdr0qf ðrÞqsðr0Þusf jr� r0jð Þ

� lf

Z
drqf ðrÞ � ls

Z
drqsðrÞ ð3Þ

where qsðrÞ is the density profile of the solid component,

Fid½qsðrÞ� is the ideal contribution of hard-sphere free energy

of the solid, Fex½qsðrÞ; qf ðrÞ� is the excess hard sphere free en-

ergy term for both solid and liquid components, ussðrÞ, usf ðrÞ
are the attractive parts of solid–solid and solid–fluid poten-

tials, ls is the chemical potential of the solid. The key term

of QSDFT approach in Eq. (3) is Fex½qsðrÞ; qf ðrÞ� – the excess free

energy of the solid–fluid hard spheres mixture. To calculate

this term we employ Rosenfeld’s fundamental measure the-

ory [18,19], which is consistent with the Percus–Yevick equa-

tion of state for bulk hard spheres fluid (see details in [11]).

A significant simplification, which saves much computa-

tion time, is related to the ‘‘quenched’’ state of the solid: while

we take into account the density of the solid component qsðrÞ,
we do not vary it while optimizing the grand potential Xsf .

Thus only those terms, which are related to the fluid in Eq.

(3) are subject to minimization. The final density profile is

found from the condition

dX½qsðrÞ; qf ðrÞ�
dqf ðrÞ

�����
qsðrÞ

¼ 0; ð4Þ

which leads to the solution of the Euler–Lagrange equation

qf ðrÞ ¼ K�3
f exp cð1Þðr; ½qs; qf �Þ � b

Z
dr0qf ðrÞuff ðjr� r0jÞ þ blf

�

� b
Z

dr0qsðrÞusf ðjr� r0jÞ
�

ð5Þ
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where cð1Þðr; ½qs; qf �Þ ¼ �bdFex½qsðrÞ;qf ðrÞ�=dqf ðrÞ depends on both

solid and fluid densities. Here b ¼ 1=kBT, kB is the Boltzmann

constant, T is the absolute temperature, Kf ¼ h=ð2pmkTÞ1=2 is

the thermal de Broigle wavelength, h is the Planck constant,

and m is the mass of the fluid molecule.

2.2. Parameters of the model

We use the same parameters for solid and fluid as were used

in the preceding work [11], based on the experiments on

nitrogen adsorption on Cabot BP-280 carbon. Both fluid–fluid

and solid–fluid molecular interactions parameters are pre-

sented as Lennard–Jones potentials with the following param-

eters: eff=kB ¼ 95:77 K, rff ¼ dHS ¼ 0:3549 nm and esf=kB ¼ 150 K,

rsf ¼ 0:269 nm.

Similarly to the QSDFT model [11], the ‘‘quenched’’ profile

of the solid density as a one-dimensional function represents

the linear ramp and is given by the relation:

qsðzÞ ¼
q0

s 0 � z < h0

0:75q0
s 1� z�h0

2d

� �
h0 � z < h0 þ 2d

0 h0 þ 2d � z

8>><
>>: ð6Þ

Here q0
s ¼ 1:14� 1029 m�3 is the bulk density of carbon,

h0 ¼ 2� 0:34 nm is the thickness of the solid wall, and

d ¼ 0:13 nm is the roughness parameter, the origin of z coordi-

nate is on the edge of the pore. The value of roughness

parameter corresponds to the reference nitrogen isotherm

on a sample of Cabot BP-280 carbon black with a partial de-

gree of graphitization [11]. The hard sphere diameter of the

carbon atoms is 0:2217 nm. Position of the edge of the solid,

which is responsible for the pore size D discussed in Sec-

tion 2.3 is determined from the condition of zero solid excess.

2.3. Recovering the pore size distribution using QSDFT

PSD is calculated from the experimental adsorption isotherm

NexpðP=P0Þ by solution of the integral adsorption equation. The

experimental isotherm is represented as the convolution of

the QSDFT kernel (set of the theoretical isotherms

NQSDFTðP=P0;DÞ in a series of pores within a given range of pore

sizes D) and the sought PSD function fðDÞ,

NexpðP=P0Þ ¼
Z Dmax

Dmin

NQSDFTðP=P0;DÞfðDÞdD: ð7Þ

Here Dmin and Dmax are the minimum and maximum pore

sizes in the kernel. The kernel of selected QSDFT adsorption

isotherms for the cylindrical geometry is presented in Fig. 1.

In contrast to the NLDFT kernels, the QSDFT isotherms are

smooth prior the capillary condensation steps, which are

characteristic to mesopores (D > 2 nm), and do not exhibit

stepwise inflections caused by artificial layering transitions.

Solution of Eq. (8) can be obtained using the quick non-

negative least square method [20]. In this method Eq. (8) is

represented as a matrix equation, which is solved using the

discrete Tikhonov regularization method combined with the

non-negative least square algorithm [21].

3. Kernels of theoretical adsorption isotherms
for characterization of micro–mesoporous carbons

The isotherms of nitrogen adsorption were calculated for slit,

cylindrical, spherical carbon pores in the whole range of pore

sizes, which can be probed in high resolution adsorption

measurements with the lowest relative pressure P/P0 = 10�9.

While the isotherms in micropores are equilibrium and

reversible, the adsorption and desorption isotherms in
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Fig. 1 – Kernel of selected metastable adsorption isotherms of nitrogen at 77.4 K in cylindrical pores with molecularly rough

walls using the surface model for Cabot BP-280 carbon black. The pore widths are given in the right panel.
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mesopores exhibit hysteresis. As such, different kernels are

required for calculating PSD from adsorption and desorption

branches of experimental isotherms.

For PSD calculations in micro–mesoporous carbons with

various characteristic shapes of micro- and mesopores, we

constructed six different kernels, each composed of 134

QSDFT theoretical adsorption isotherms:

(1) Kernel of equilibrium isotherms in cylindrical pores

ranging from 0.5175 to 50.2 nm, called below the cylin-

drical equilibrium kernel.

(2) Kernel of metastable adsorption isotherms in cylindri-

cal pores ranging from 5.01 to 50.2 nm, and equilibrium

isotherms in cylindrical pores ranging from 0.5175 to

4.84 nm, called below the cylindrical adsorption kernel.

(3) Hybrid kernel composed of equilibrium isotherms in

cylindrical mesopores ranging from 2.12 to 50.2 nm

and in slit-shaped micropores ranging from 0.375 to

2.0 nm, called below the hybrid slit-cylindrical equilib-

rium kernel.

(4) Hybrid kernel of metastable adsorption isotherms in

cylindrical mesopores ranging from 5.01 to 50.2 nm,

equilibrium isotherms in cylindrical mesopores ranging

from 2.12 to 50.2 nm, and equilibrium isotherms in slit-

shaped micropores ranging from 0.375 to 2.0 nm, called

below the slit-cylindrical adsorption kernel.

(5) Hybrid kernel composed of metastable adsorption iso-

therms in spherical mesopores ranging from 5.01 to

50.2 nm and equilibrium isotherms in cylindrical meso-

and micropores ranging from 0.5175 to 4.84 nm, called

below the cylindrical-spherical adsorption kernel.

(6) Hybrid kernel composed of metastable adsorption iso-

therms in spherical mesopores ranging from 5.01 to

50.2 nm, equilibrium isotherms in cylindrical mesop-

ores ranging from 2.12 to 4.84 nm, and equilibrium iso-

therms in slit-shaped micropores ranging from 0.375 to

2.0 nm, called below the slit-cylindrical-spherical

adsorption kernel.

The constructed kernels reflect a variety of possible char-

acteristic morphologies in micro–mesoporous carbon, which

are reflected in the shape and type of the hysteresis loop

formed by adsorption and desorption branches. Kernels 1–4

are designed for materials, in which the mesopore system is

comprised either of an array or a 3D network of channels of

quasi-cylindrical shape, such as carbons prepared from hex-

agonally ordered templates, like CMK-3 [12], CMK-5 [22],

MWCMK-3 [23], etc. Kernels 1 and 3 can be recommended

for pore size analysis from either the reversible experimental

isotherm, or from the desorption branch of the hysteretic iso-

therm of type H1. Kernels 2 and 4 can be recommended for

treating the adsorption branch of the hysteretic isotherm of

H2 type. Kernels 3 and 4 would be more suitable for samples

with a substantial degree of activation that leads to the for-

mation of slit-shaped micropores. Kernels 5 and 6 are de-

signed for materials, in which the mesopore system is

comprised of large cage-like pores connected by smaller mes-

opores and/or embedded in microporous matrix, such as car-

bons prepared from 3D colloidal templates, like 3DOm [13]. In

these materials, the isotherm typically has H2 hysteresis type,

indicating pronounced pore blocking effects. The pore size

analysis in this situation should be based on the adsorption

branch. While we do not consider any other adsorbates here,

the schemes for compilation of kernels suggested above could

be used for compiling kernels for other adsorbates, e.g. argon.

The choice of the kernel for deriving the PSD for a given

carbon sample should be made based on the a priori informa-

tion about the adsorbent material. Synthesis and/or templat-

ing procedure determines the shape of the mesopores

(channel-like vs. cage-like structure) to use cylindrical or

spherical kernel, respectively. The model for micropores

(channels or slit-pores) should be chosen based on degree of

activation. Another criterion for the choice of a certain DFT

kernel is the fitting of resulting PSD to the experimental iso-

therm (Section 4). Improper choice of pore geometry usually

leads to bad fitting results.

4. Application examples

Adsorption experiments on 3DOm and CMK-3 carbons have

been performed with a Quantachrome Autosorb iQ MP and

Quantachome Autosorb 1 MP instruments. Prior to the analy-

sis the samples were outgassed at 423 K under turbomolecu-

lar pump vacuum.

4.1. CMK-3 carbons

CMK-3 carbons [12] are the inverse replicas of two-dimen-

sional ordered mesoporous silicas of type SBA-15. The carbon

skeleton of CMK-3 represents a network of aligned cylindrical

rods connected by crossbars. Although, the mesopores be-

tween these rods have a complex shape, a model of cylindri-

cal channels is typically assumed for characterization

purposes [24]. In addition to the main mesoscopic channels,

CMK-3 skeleton is microporous.

A high resolution nitrogen (77.4 K) adsorption/desorption

isotherm was measured on a CMK-3 sample which is pre-

sented in Fig. 2a. We applied the QSDFT cylindrical equilib-

rium and cylindrical adsorption kernels (kernels 1 and 2) to

obtain the pore size distributions (Fig. 2b). The fitting of the

experimental isotherm using QSDFT kernels, i.e. convolution

of obtained PSD with QSDFT kernels isotherms (r.h.s. of Eq.

(8)) is given in Fig. 2a (plotted linearly, to illustrate the good

fit in the pressure range of hysteresis) for both adsorption

and desorption branches. The fitting of the experimental iso-

therm, plotted logarithmically to highlight the fit in the low

pressure region, is given for the QSDFT cylindrical kernel in

Fig. 2b. Finally, the comparison of pore size distributions ob-

tained using QSDFT cylindrical adsorption kernel, cylindrical

equilibrium kernel (kernel 1) and NLDFT cylindrical equilib-

rium kernel is given in Fig. 2c.

CMK-3 pore size distributions calculated from the QSDFT

cylindrical adsorption kernel 2 (applied on the adsorption

branch of the isotherm) and equilibrium kernel 1 (applied

on the desorption branch of the isotherm) give two distin-

guished peaks – one in the mesopore range, at 4.7–4.8 nm

and another in the micropore range around 1 nm (Fig. 2c).

The overlap of the pore size distributions indicates that the
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position of the desorption branch of the isotherm is not

strongly affected by pore blocking effects, i.e. desorption oc-

curs close to the equilibrium transition and the hysteresis

in this CMK-3 sample is mainly caused by so-called delayed

condensation. Fig. 2a confirms very good agreement between

the calculated QSDFT isotherms for both the adsorption

branch (adsorption kernel) and desorption (equilibrium ker-

nel) with the experimental data.

In addition to DFT, we also applied a geometrical model of

hexagonally arranged carbon rods of Joo et al. [24] and XRD

data for this sample to calculate the mesopore size by means

of the following equation:

wCMK�3 ¼ d100
4
3
� c

1=qþ Vmi

Vp þ 1=qþ Vmi

� �1=2
" #

: ð8Þ

The total pore volume was calculated using the Gurvich rule

at P/P0 = 0.6 after the pore condensation into the primary

CMK-3 mesopores and the micropore volume (Vmi) was calcu-

lated using the t-plot method. The mesopore volume (Vp) was

calculated by subtracting the micropore volume from the to-

tal pore volume. The mass density of the carbon, q, was taken

as 2.05 g/cm3 and c, which is a constant characteristic of pore

geometry, is equal to 1.213 for cylindrical pores. The obtained

QSDFT pore size (4.7 nm calculated from the adsorption

branch and 4.8 nm calculated from the desorption branch)

agrees well with the pore size derived from XRD (5.0 nm), con-

firming that the QSDFT method accurately calculates the pore

size from the experimental data.

The pore size distribution derived from the NLDFT equilib-

rium kernel (applied on the desorption branch of the iso-

therm) is also shown in Fig. 2c. Although the peaks on both

PSDs in the micropore and mesopore regions are located at

roughly the same positions, QSDFT does not show any pores

between these peaks. This difference is likely a consequence

of the approximation of the smooth experimental isotherm

with the NLDFT isotherms with layering steps.

PSD calculation depends on the type of the hysteresis loop,

which is also affected by the pore network morphology. The

nitrogen (77.4 K) isotherm on another CMK-3 carbon sample

is presented in Fig. 3a. In this sample as compared to the pre-

vious one (Fig. 2a), the hysteresis loop has some characteris-

tics of type H2 (according to the IUPAC classification). It

indicates the possibility of pore blocking affecting the pres-

sure where pore evaporation/desorption occurs. Therefore,

for this sample an accurate PSD is calculated from the

adsorption branch of the isotherm (where pore blocking ef-

fects are not present) using the QSDFT cylindrical adsorption

kernel (kernel 2) which takes correctly into account the delay

in pore condensation due to metastable pore fluid. In con-

trast, for this sample the pore size distribution obtained from

the desorption branch of the isotherm (using kernel 1) notice-

ably deviates from that of the adsorption branch and gives an

incorrect pore size distribution because this kernel assumes

that desorption occurs via equilibrium evaporation from the

pore, which is not the case for this CMK-3 sample. These pore

size distributions are shown in Fig. 3b and the fit for kernel 2

is shown on the isotherm in Fig. 3a.

4.1.1. 3DOm carbons
To test the QSDFT kernels for cage-like mesopore systems, we

studied the 3-dimensionally-ordered mesoporous (3DOm)

carbon samples described in [13]. These carbons were ob-

tained by templating three-dimensional colloidal crystals
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formed from lysine-silica nanoparticles. Use of colloidal crys-

tals with various primary particle sizes allows one to tailor

the pore size of 3DOm carbons. First, we considered the nitro-

gen adsorption data measured on two samples from [13], ob-

tained from colloid particles with sizes of ca. 20 and 40 nm

(Fig. 4a). For the characterization of the large mesopores ob-

tained by templating the spherical pore geometry should be

used, while for smaller mesopores and micropores (if pres-

ent), which are not related to the templating, the cylindrical

and/or slit pore geometry could be assumed.

In materials with spherical pores, desorption/evaporation

is always affected by either pore blocking [25] or cavitation

[26] effects. Hence the pore size of the main cavity can only

be obtained from the adsorption branch by applying a dedi-

cated QSDFT kernel (cylindrical–spherical), which correctly

takes into account the delay in condensation in spherical car-

bon pores. The nitrogen (77.4 K) isotherms for the two 3DOm

carbon samples templated using 20 and 40 nm particles are

shown in Fig. 4a. Additionally, the desorption branches of

these two carbons nearly coincide, indicating that these two

materials consist of pores with similar opening sizes. The

pore structure is being further investigated using hysteresis

scanning experiments.2 The pore size distributions for these

two samples obtained using kernel 5 (shown in Fig. 4b) have

pronounced peaks at 23.6 and 40.9 nm for ‘‘20 nm’’ and

‘‘40 nm’’ samples, respectively. The pore sizes match closely

with the pore sizes observed for these materials using SEM

[13], confirming the accuracy of the QSDFT kernels.

The verified cylindrical-spherical adsorption kernel (5) was

then used to determine the pore size distribution of two new,

additional 3DOm carbon samples templated using 10 and

30 nm nanoparticles. First, high resolution nitrogen (77.4 K)

isotherms were measured over the full micro- and mesopore

range (unlike in the previous samples which were not mea-

sured down to very low pressures) and are shown in Fig. 5a.

QSDFT cylindrical-spherical adsorption kernel was used to

plot the pore size distributions shown in Fig. 5b. The peaks

in the pore size distributions match closely with the pore sizes

expected from the templating particles. Additionally, the
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Fig. 4 – Nitrogen (77.4 K) adsorption data from [13].

(a) Experimental isotherms and (b) pore size distributions

calculated using the QSDFT cylindrical/spherical adsorption

kernel (kernel 5).

2 Cychosz KA, Guo X, Gor GY, Fan W, Neimark AV, Tsapatsis M, Thommes M. Characterization of carbons with ordered spherical
mesopores by high resolution sorption and hysteresis scanning experiments in combination with novel QSDFT methods, manuscript in
preparation.
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distributions from QSDFT cylindrical adsorption kernel and

equilibrium kernels (kernels 2 and 1).
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QSDFT fits are shown with the isotherms in Fig. 5a, and good

agreement is found, i.e. the QSDFT kernels are able to predict

the delay in condensation of the adsorption branch of spheri-

cal pore carbons. Logarithmic plots of the isotherms with the

QSDFT fits are given in Fig. 5c and d. Not only are the kernels

able to predict the adsorption branch of the hysteresis loop,

but they are also capable of accurately predicting the pore size

distribution in the full micro- and mesopore range and con-

firm that the microporosity in these samples is negligible.

5. Conclusions

We propose a new QSDFT method for characterization of mi-

cro–mesoporous carbons using nitrogen (77.4 K) adsorption.

The method takes into account the geometries of the pores,

solid–fluid interactions and surface roughness specific for car-

bons. Since the roughness of the surface is taken into account,

the QSDFT isotherms do not display artificial layering steps

characteristic to NLDFT calculations. Six kernels of theoretical

QSDFT isotherms were constructed for PSD calculations from

adsorption isotherms with different types of the hysteresis

loop reflecting different morphologies in micro–mesoporous

carbons of cage-like and channel-like pore geometries. These

kernels embrace the whole range of micro- and mesopores,

from 0.4 to 50 nm, which can be probed by nitrogen adsorp-

tion. The roughness parameter used in QSDFT calculations

corresponded to the reference nitrogen isotherm on Cabot car-

bon chosen as the reference adsorbent [11].

The new QSDFT methods for cylindrical and spherical mes-

opore geometries have been validated using XRD and SEM

data on CMK-3 and 3DOm carbons, respectively and have been

applied to additional ordered carbon samples. Our results

clearly demonstrate the applicability of the QSDFT methods

for reliable pore size and pore volume analyses of micro–mes-

oporous carbon materials. As such, the current work extends

the QSDFT method, initially suggested to PSD analysis of dis-

ordered carbons based on the slit-shape pore model [11], to the

ordered and hierarchical micro–mesoporous carbons prepared

via various templating techniques, such as CMK-3 and CMK-5,

3DOm, FDU-14, FDU-15, and FDU-16 [27–29].
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