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ABSTRACT: The use of colloidal crystals with various primary particle sizes as templates leads to the formation of threedimensionally ordered mesoporous (3DOm) carbons containing spherical pores with tailorable pore size and extremely high
pore volumes. We present a comprehensive structural characterization of these novel carbons by using nitrogen (77.4 K) and
argon (87.3 K) adsorption coupled with the application of novel, dedicated quenched solid density functional theory (QSDFT)
methods which assume correctly the underlying spherical pore geometry and also the underlying adsorption mechanism. The
observed adsorption isotherms are of Type IV with Type H1-like hysteresis, despite the fact that pore blocking aﬀects the
position of the desorption branch. This follows also from detailed, advanced scanning hysteresis experiments which not only
allow one to identify the underlying mechanisms of hysteresis, but also provide complementary information about the texture of
these unique porous materials. This work addresses the problem of pore size analysis of novel, ordered porous carbons and
highlights the importance of hysteresis scanning experiments for textural analysis of the pore network.

■

INTRODUCTION

these 3DOm carbons is necessary in order to fully understand
the properties and pore structure of these unique materials.
The development and availability of advanced theoretical
approaches based on density functional theory (DFT) has led
to major improvements in the characterization of porous
materials.9−15 Unlike classical methods based on the Kelvin
equation, using DFT methods allows one to obtain an accurate
pore size analysis over the complete pore size range using a
single method. Nonlocal DFT (NLDFT) methods are now
widely available for many adsorptive/adsorbent pairs and are
featured in standards from the International Organization for
Standardization (ISO) (ISO 15901-3). However, NLDFT
methods do not take into account surface heterogeneity,
which is typical for many porous materials. Most recently,
quenched solid density functional theory (QSDFT), which

Three-dimensionally ordered mesoporous (3DOm) carbons
are obtained by templating colloidal crystals formed from
lysine−silica nanoparticles. A schematic of the structure of a
representative 3DOm carbon is shown in Figure 1 and the
structure consists of spherically shaped pores connected by
windows. Using colloidal crystals with various primary particle
sizes (e.g., 10, 20, 30, 40 nm) allows one to accurately tailor the
pore size of the 3DOm carbon.1 Although precisely sized silica
particles as small as 5 nm can be made, they have not yet been
used for the fabrication of 3DOm carbon.2 Templated 3DOmesoporous or macroporous carbons are themselves used as a
template for the conﬁned synthesis of 3DOm-i (threedimensionally ordered mesoporous-imprinted) zeolites,3−5
nanostructured catalysts,6,7 and other materials.3,8 Pore sizes
of previously synthesized 3DOm carbons were veriﬁed using
techniques such as SEM and TEM. However, complete gas
adsorption behavior including pore size/textural analysis of
© 2012 American Chemical Society
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it can provide important information about the pore network.
Identiﬁcation of the underlying mechanism of hysteresis is
sometimes quite diﬃcult, and in such cases hysteresis scanning
experiments16−20 allow one to determine the mechanisms
which are crucial to obtaining accurate characterization
information. After the measurement of the initial adsorption/
desorption curve, one measures in subsequent cycles the
adsorption/desorption isotherm only in the relative pressure
range where hysteresis occurs. For instance, after one has
obtained the initial adsorption/desorption isotherm, one
remeasures the adsorption branch only up to a relative pressure
that is smaller than the saturation pressure. Consequently, only
a portion of the pore system of the porous material has been
ﬁlled with liquid before one starts with the desorption isotherm.
This procedure is called desorption scanning. On the other hand,
adsorption scanning is performed by increasing pressure from
the desorption branch of the hysteresis loop. As a result, the
shape of the scanning isotherms, as compared to the initial
sorption isotherm, gives information about the speciﬁcs of
adsorbate condensation and evaporation behaviors in the pores
of the material (i.e., capillary evaporation vs pore blocking/
percolation).
In this work, a systematic adsorption study has been
performed including (i) high resolution nitrogen (77.4 K)
and argon (87.3 K) sorption experiments over a wide range of
relative pressures (P/P0), that is, 10−7 to 1, (ii) accurate pore
size analysis by applying QSDFT methods dedicated to
nitrogen and argon adsorption in spherical carbon pores, and
(iii) high resolution adsorption/desorption hysteresis scanning
experiments on four representative 3DOm carbons templated

Figure 1. Representative three-dimensionally ordered mesoporous
(3DOm) carbon structure.

does take into account the surface roughness of a material, has
been developed and applied for pore structure characterization.13,14 QSDFT was originally developed assuming slitshaped pores which are typically found in activated microporous carbons. However, the emergence of novel materials
with predesigned pore morphology (such as the 3DOm
carbons) required the development of methods for carbons
with cylindrical and spherical mesopore geometries. Recently,
new QSDFT methods have been reported for the analysis of
spherical mesopores, which are appropriate for characterization
of various micro- and mesoporous carbons, including 3DOm
carbons.15
In gas adsorption on mesoporous materials, the presence of
hysteresis in the adsorption and desorption isotherms
complicates the pore size analysis, but if interpreted correctly

Figure 2. (A) Nitrogen (77.4 K) and (B) argon (87.3 K) adsorption isotherms.
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referred to as the 10, 20, 30, or 40 nm carbon) (Figure 2) reveal
interesting pore condensation and hysteresis behavior and are
characterized by high surface areas and extremely large pore
volumes. BET surface areas (calculated in the linear BET
relative pressure range from 0.05 to 0.3) and pore volumes
(calculated using the Gurvich rule at P/P0 = 0.95) were
determined from both the nitrogen and argon isotherms, and
the data agree well (Table 1). In particular, the 20 nm carbon

using 10, 20, 30, and 40 nm silica nanoparticles. These sized
nanoparticles were chosen for convenience; however, intermediate sizes could be made as well.21

■

EXPERIMENTAL SECTION

Synthesis of Size-Tunable Lysine−Silica Nanoparticles and
3DOm Carbon. 3DOm carbons were prepared by the method
reported by Yokoi and co-workers.22 We further modiﬁed the method
for making 3DOm carbons with larger cages.1 Samples with various
cage sizes were prepared by the replication of colloidal crystals
composed of size tunable silica nanoparticles according to a previous
report.1 In detail, silica nanoparticle sols were synthesized by
hydrolyzing tetraethyl orthosilicate (TEOS, 98%, Aldrich) in a lysine
aqueous solution (Sigma-Aldrich) under continued magnetic stirring
at 500 r.p.m for 48 h.1,2,22 10 and 20 nm silica nanoparticles were
obtained at 60 and 90 °C, respectively, with a molar composition of 60
SiO2/1.2 lysine/9500 water/240 ethanol. In order to make 30 and 40
nm silica nanoparticles, a seeded growth technique was employed in
which the 20 nm particles were used as seeds. Subsequent repeated
addition of TEOS, followed by growth at 90 °C for 24 h under
vigorous stirring was carried out one time and three times to increase
the particle size to 30 and 40 nm, respectively. The ﬁnal molar
compositions were 150 SiO2/1.2 lysine/9500 water/600 ethanol for 30
nm and 490 SiO2/1.2 lysine/9500 water/2940 ethanol for 40 nm.
Colloidal crystal templates were formed by evaporation of the water
from the lysine−silica nanoparticle sols in an oven at 70 °C for 24 h.
Lysine was removed from the product by calcination at 550 °C for 12
h. Furfuryl alcohol (Aldrich) and oxalic acid (Aldrich) were used as
carbon precursor and polymerization catalyst, respectively, for the
synthesis of the 3DOm carbon. The replication was achieved by
impregnating a solution containing furfuryl alcohol and oxalic acid
with a molar ratio of 200/1 within the packed silica nanoparticles. The
resulting product was heated to 90 °C for 1 day to allow the
polymerization of furfuryl alcohol, then placed in ﬂowing N2, ﬁrst at
200 °C for 3 h to cure the polymer and then heated at 900 °C for
another 3 h to carbonize the polymer. The template silica
nanoparticles were dissolved in 6 M KOH solution (Aldrich) at 180
°C for 3 days to yield the 3DOm carbon, which was then thoroughly
washed with deionized water to near neutral pH.
SEM images were collected on a Hitachi S-900, equipped with a
ﬁeld-emission gun operated at 3.0 kV after the samples were coated by
Pt.
Physical Adsorption Characterization. Adsorption experiments,
including hysteresis scanning experiments, with nitrogen (77.4 K) and
argon (87.3 K) were performed using a Quantachrome Autosorb iQ
MP instrument. The 3DOm carbon samples were outgassed at 150 °C
for 16 h under turbomolecular vacuum pumping prior to the gas
adsorption measurements.
Characterization of the pore structure of these unique carbons was
performed by applying novel QSDFT methods for nitrogen adsorption
in spherical-pore carbons to the adsorption branch of the isotherms.15
The QSDFT model developed and applied to these carbons is a hybrid
model that assumes spherical pore geometry in the relative pressure
range of hysteresis (P/P0 > 0.5) and cylindrical pore geometry in the
low pressure region (P/P0 < 0.5). Furthermore, it takes correctly into
account that pore condensation is delayed due to the existence of a
metastable adsorption ﬁlm and hindered nucleation of liquid bridges.
In addition, for comparison purposes, pore size distributions were
also calculated from the adsorption branch of argon isotherms using a
new QSDFT method developed for argon adsorption in spherical pore
carbons, which is presented in this paper for the ﬁrst time. More
detailed information about this QSDFT method can be found in the
Supporting Information.

Table 1. BET Surface Areas and Pore Volumes for 3DOm
Carbons

10
20
30
40

nm
nm
nm
nm

carbon
carbon
carbon
carbon

SBET,N2

SBET,Ar

Vpore,N2

Vpore,Ar

(m2/g)

(m2/g)

(cm3/g)

(cm3/g)

1575
1737
1292
1177

1591
1757
1318
1221

3.54
4.35
4.20
4.01

3.49
4.35
4.15
4.00

has a very large pore volume of 4.35 cm3/g, indicating it may
also be useful for storage applications where pore volume
dictates ultimate storage capacity.
The QSDFT results with regard to the pore size distribution
and pore network morphology are in good agreement with the
pore size expected due to the original nanoparticle template for
each sample as shown in the representative SEM images
(Figure 3). Figure 4 illustrates the pore size distributions
obtained from the adsorption branches of the nitrogen and
argon isotherms for the 3DOm carbons. Comparison of the
nitrogen experimental isotherms with the theoretical QSDFT
ﬁtted isotherms plotted logarithmically indicates a good
agreement between the model and the measured data (Figure
S1). Cumulative pore volume plots have also been obtained
from the QSDFT method for the nitrogen isotherms and are
shown in Figure S2. Nitrogen pore volumes calculated from the
QSDFT method are in good agreement with the pore volumes
calculated using the Gurvich rule (shown in Table 1). Finally,
we also observe agreement between the pore size distributions
calculated from the nitrogen and argon isotherms using an
appropriate QSDFT method for each adsorbate.
An important feature of these isotherms used for characterization of the 3DOm material is the hysteresis loop. According
to IUPAC (1985),23 the hysteresis loop correlates with the
texture of the adsorbent, where Type H1 hysteresis is
associated with a narrow distribution of cylindrical pores and
Type H2 hysteresis is associated with more complex pore
networks. As seen in Figure 2, the measured adsorption/
desorption isotherms for the 3DOm carbons are Type IV
isotherms with Type H1 hysteresis, which is typically observed
for materials with cylindrical pores, although the main cavities
of these carbons are known to be of spherical shape. Closer
inspection of the isotherms reveals desorption behavior that is
not typical of Type H1 hysteresis. In Figure 2, for both the
nitrogen and argon isotherms, evaporation/desorption for the
10 and 20 nm carbons happens at the same relative pressure,
indicating that the “windows” that are present in the porous
carbon are the same size regardless of the size of the
nanoparticle and the resulting cavity pore size and that the
position of the desorption/evaporation branch does not reﬂect
the equilibrium vapor−liquid phase transition which is typical
for type H1 hysteresis.
Identiﬁcation of the underlying mechanism of hysteresis is
sometimes quite diﬃcult, and in such cases hysteresis scanning

■

RESULTS AND DISCUSSION
The measured nitrogen (77.4 K) and argon (87.3 K) high
resolution adsorption/desorption isotherms for 3DOm carbons
templated using 10, 20, 30, and 40 nm nanoparticles (hereafter
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Figure 4. Pore size distributions calculated from the N2 (77.4 K) and
Ar (87.3 K) adsorption isotherms using QSDFT methods designed for
carbons with spherical mesopores.

desorption branches should agree because evaporation occurs
at a relative pressure which is associated with the width of the
pore neck.12 Although the spherical pores in the 3DOm
carbons are connected via windows rather than by necks, we
assume here a desorption/evaporation mechanism characteristic of an ink-bottle geometry. As shown in Figure 5 for the 10
and 20 nm carbons, there is only a negligible diﬀerence
between the nitrogen and argon pore size distributions,
suggesting that cavitation cannot be the underlying evaporation
mechanism. The controlling desorption mechanism depends on
the pore sizes and, thus, is either equilibrium evaporation or
pore blocking. This conclusion is conﬁrmed also by the fact
that the desorption for these carbons occurs at relative
pressures ∼0.6−0.7, which substantially exceed the values
typically observed for cavitation (relative pressure of 0.45−0.5
for nitrogen).12
Further, the equilibrium desorption mechanism can also be
excluded from consideration. Indeed, if the desorption branches
would reﬂect an equilibrium liquid−vapor transition (which is
typical for Type H1 hysteresis as mentioned before), the pore
size distributions calculated from the adsorption branch (using
a method that takes into account the delay in condensation)
and the desorption branch (using an equilibrium method)
should give identical pore size distributions. Because the 10 and
20 nm carbons have overlapping desorption branches, but
nonoverlapping adsorption branches, the pore size distributions
calculated from the adsorption and desorption branches do not
overlap (see Figure 6 for examples of 10 and 40 nm carbon).
This indicates that even though the isotherms look like Type
H1 hysteresis, evaporation/desorption from the 3DOm carbon
materials appears to occur via a pore blocking/percolation
mechanism. In this case, the pore size distribution obtained

Figure 3. Representative SEM images of 10, 20, and 40 nm 3DOm
carbons prepared by replication of colloidal crystals composed of
lysine−silica nanoparticles.

experiments, along with comparison of pore size distributions
obtained using diﬀerent adsorbates, allow one to distinguish the
mechanisms, such as cavitation and pore blocking, which are
crucial to obtaining accurate characterization information. A
detailed analysis of the argon and nitrogen isotherms according
to previously determined methods12 reveals that cavitation does
not contribute in an appreciable way to the observed hysteresis
in the 3DOm carbons (Figure 5). It is known that cavitation
induced evaporation occurs in ink-bottle type pores and is
controlled by the state of the conﬁned liquid and not by the
width of the pore necks. As such, it is expected that if cavitation
is present in the sample, the pore size distributions calculated
using a proper method from the desorption branches of the
nitrogen and argon isotherms should not agree at all; on the
other hand, if pore blocking/percolation mechanisms are
dominant, then the pore size distribution obtained from the
12650
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Figure 5. Nitrogen and argon QSDFT pore size distributions
calculated from the desorption branch of the isotherms for (A) 10
nm 3DOm carbon and (B) 20 nm 3DOm carbon.

Figure 6. Pore size (cavity size) distributions calculated from the
adsorption and window size from the desorption branches of the N2
(77.4 K) isotherms for the (A) 10 nm 3DOm carbon and (B) 40 nm
3DOm carbon.

from the desorption branch is associated with the “window”
sizes in the 3DOm carbon.
Why do we observe Type H1-like hysteresis although pore
blocking/percolation eﬀects are dominant here? The size
distributions of pore cages and pore windows do not overlap
and are both quite narrow (Figure 6). As such, these two
distributions are likely weakly correlated. The assumption of
the independent pore neck and pore body distributions was the
foundation of the Everett theory of independent domains,24 as
well as site-bond percolation models,16−18 which were used to
explain the hysteresis and scanning isotherms in materials with
Type H2 hysteresis. In so doing, the gradual adsorption branch
of the Type H2 hysteresis loop was associated with a broad
distribution of pore body sizes and the sharp adsorption branch
with a cooperative percolation type desorption. In the case of
the 3DOm carbons (templated with the regular assembly of
monodisperse particles), the pore body size distribution is
narrow, which brings about the Type H1 hysteresis loop with
the adsorption branch as steep as the desorption branch. This
conclusion is conﬁrmed by analysis of hysteresis scanning
isotherms presented below.
To further investigate the pore structure and origin of
hysteresis, high resolution desorption scanning experiments16−20,25−27 were performed for argon (87.3 K). The
process of scanning desorption occurs when, during the course
of an adsorption experiment, the relative pressure is changed
from increasing to decreasing, in a manner similar to primary
desorption. The shape and characteristics of the resulting
scanning desorption isotherms can impart additional informa-

tion about the system under consideration. In particular,
desorption scanning isotherms provide a qualitative test of the
importance of the eﬀects of pore connectivity. In this respect,
two extreme cases exist: the case of independent pores, in
which the sorption behavior is determined by the pore width,
and the disordered network case, in which percolation and pore
blocking eﬀects are dominant. The case of independent pores is
frequently formulated in terms of deterministic models (DM).
DM assumes that only the pore size determines the sorption
properties of the system and it is thus a one parameter model.
As such, there exists a one-to-one correspondence between
adsorption and desorption pressures for a particular pore. Thus,
for every partial pressure point χa = χa(dp), along the adsorption
boundary curve there exists a companion point on the
desorption boundary curve, χd = χd(dp). DM implies that
adsorption and desorption scanning isotherms are reversible
and cross the hysteresis loop between these points (Figure 7,
left side), and as such, evaporation from a given pore does not
depend on the state of neighboring pores. The correlation
between these points is calculated from the condition of
equality of the fractions of unﬁlled pores along the adsorption
and desorption boundary curves. This behavior is expected for
the samples exhibiting Type H1 hysteresis. It has also been
shown that for samples where cavitation is the desorption
mechanism, hysteresis scanning curves will also have the same
shape, crossing the hysteresis loop, because desorption does not
depend on the state of the neighboring pores.28 In the other
12651
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(Figure 7, right side). Hence, the scanning curves typically
observed for Type H2 hysteresis do not follow the shape of the
boundary desorption isotherm.
Argon desorption hysteresis scanning curves for the 10 and
40 nm 3DOm carbon are shown in Figure 8. The desorption
scanning curves for the 10 nm sample clearly show behavior
indicative of pore blocking eﬀects; that is, the desorption
scanning curves do not have the same shape or return
immediately to the boundary desorption curve. The hysteresis
scanning curves conﬁrm that the emptying of pores in the 10
nm 3DOm carbon depends on the state of the neighboring
pores. The desorption scanning curves for the 40 nm sample
are in also in line with this explanation, but show a much more
complex behavior.
To investigate the pore structure of these carbons even
further, pore size distributions were calculated from each of the
argon desorption scanning curves for the 10 and 40 nm carbons
as shown in Figure 8. These pore size distributions reﬂect
distributions of the maximum neck (connecting pore) size. For
the 10 nm carbon, the window size distributions from the
boundary curve and the desorption scanning curves all show a
single, overlapping peak (Figure 8B) representative of the
existence of a homogeneous pore system of “ink-bottle”-like
pores which exhibit network eﬀects on the desorption branch.
The window size distributions from the desorption scanning
curves of the 40 nm carbon (Figure 8D) show a more
complicated pore structure comprised of two independent pore
networks (labeled a and b in the ﬁgure). Because two peaks are

Figure 7. Examples of ideal desorption hysteresis scanning isotherms
for Type H1 and Type H2 hysteresis. In Type H1 hysteresis, the
scanning isotherm goes across the hysteresis loop. In Type H2
hysteresis, the scanning isotherm joins the desorption boundary
isotherm at the lower closure point of hysteresis.

extreme case, that of a disordered network, quite diﬀerent
scanning behavior occurs. In disordered networks, there is a
deﬁnite correlation between neighboring pores, with smaller
pores eﬀectively “blocking” the desorption of ﬂuid from their
larger neighbors which, without restriction, would have
evaporated often at much higher partial pressures. During
scanning desorption, the mesopores have access to the bulk
vapor phase and can empty independently from each other due
to the presence of initially unﬁlled neighboring pores. In this
case, the desorption scanning curves will not cross the
hysteresis loop, but instead will return to the boundary
desorption curve at the lower closure point of hysteresis

Figure 8. (A) Argon desorption scanning curves for the 10 nm 3DOm carbon, (B) distributions of the maximum neck size calculated form the
desorption scanning curves for the 10 nm 3DOm carbon, (C) desorption scanning curves for the 40 nm 3DOm carbon, and (D) distributions of the
maximum window size calculated from the desorption scanning curves for the 40 nm 3DOm carbon.
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observed, it can be concluded that these pore systems empty
independently from one another and are, therefore, not
interconnected. As mentioned above, the scan represented by
“5” in Figure 8C is of completely diﬀerent shape and behavior
to the other hysteresis scans and, in this case, actually
represents the boundary curve of the pore system b, because
the pores of this pore system have been completely ﬁlled, but
ﬁlling of pore system a has not yet begun. The formation of a
secondary pore system can be explained by incomplete ﬁlling of
the template with carbon precursor in the synthesis of the
3DOm carbon.

■

■

CONCLUSIONS
In summary, this work addresses the problem of the pore
structure/size analysis of ordered carbons (3DOm carbons)
consisting of spherical pores and highlights the importance of
hysteresis scanning for textural analysis of the pore network.
Well-deﬁned, novel 3DOm carbons with spherical pores have
been analyzed using nitrogen and argon adsorption, and
structural information has been obtained through a QSDFT
method that has been developed for carbons with spherical
mesopores that takes correctly into account the delay in
condensation. Combining nitrogen (77.4 K) and argon (87.3
K) adsorption with detailed hysteresis scanning experiments
reveal that while adsorption does not depend on the state of
neighboring pores, desorption is controlled by a classical pore
blocking mechanism, despite the fact that Type H1 hysteresis is
observed, which is usually associated with pore condensation/
evaporation in cylindrical or slit-like pores. The observed Type
H1 hysteresis can be associated with comparable width of the
size distributions of cavities and windows. We performed
comprehensive hysteresis scanning experiments which allow
one to obtain detailed information about the pore network
structure and its homogeneity which is inaccessible using other
techniques, and reveals that in some of the 3DOm carbons
there are two independent pore systems.
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