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a b s t r a c t
The preparation of mesoporous carbons possessing a highly ordered body centred cubic (bcc) arrangement of pores by employing a halide- and metal-free synthesis method is reported. Products were characterised using gas physisorption, Small Angle X-ray Diffraction and X-ray Scattering, Raman spectroscopy
and High Resolution Transmission Electron Microscopy (TEM). The materials produced in this work had
Speciﬁc Surface Areas of between 422 and 988 m2 g−1 and pore diameters of around 7 nm. From the
TEM images, high quality Digital Diffraction Patterns, relating to the ordered mesopore structure, were
obtained. On increasing calcination temperature from 350 to 10 0 0°C the bcc structure was retained but
its dimensions decreased progressively as the mesopore structure shrank. The effects on the structure
and texture of the materials of the three key parameters of polymerisation time and the concentrations
of the two catalysts employed, NH4 OH and oxalic acid, were studied. Shorter polymerisation times and
lower catalyst concentrations gave rise to the most well-ordered products whereas longer polymerisation
times with higher concentrations of base and acid catalyst resulted in disordered pore structures.
© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Ordered Mesoporous carbons (OMCs) consist of carbon-based
(often polymeric) material which is typically non-crystalline itself
but which is arranged between an ordered array of mesoscale (250 nm) channels or pores. OMCs are attracting increasing attention because of their potential applications in various ﬁelds such
as separation, catalysis and energy storage and for their use as
templates in the synthesis of other inorganic mesoporous materials [1–4]. These materials are usually synthesised using hardor soft-templating methods. In the hard templating method, the
pores of an already-prepared mesoporous material are impregnated with a precursor of the desired material which is then converted into the ﬁnal product. Finally, the hard template is removed to yield the desired mesoporous material, whose structure
is an inverse replica of the template [5]. In this method, a carbon precursor is impregnated into the pores of mesoporous silica, which acts as the hard template. After carbonisation the template is removed, usually by dissolution in NaOH or HF. Its high
cost and time-intensive nature as well as the need to use aggressive reagents (NaOH or HF) are major drawbacks of this method,
however [6]. The soft templating methods for synthesising MCs
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involves organic-organic self-assembly of carbon precursors, usually phenol-formaldehyde resins, and a structure directing agent
[7]. Novel polymer (FDU-14) and carbon (C-FDU-14) materials each
with a bi-continuous cubic arrangement of mesopores with Ia3d̄
symmetry were made using this route [10]. An acid-catalysed twophase method which is simple, practicable and scalable was developed by Wang et al. [11]. However, the need for strongly acidic
conditions for the reaction is its major disadvantage [1,11]. Zhang
et al. reported a base-catalysed two-phase method which is also
simple, reproducible and scalable [12]. However, in this method,
inorganic catalysts were used that could cause undesirable impurities such as metal and halogen ions to be retained in the ﬁnal
product. The present authors have recently reported a metal- and
halogen-free synthesis of OMCs, whose mesopore arrangement had
2D hexagonal (p6mm) symmetry, using a two-phase method. This
method is highly reproducible, scalable and simple and hence industrially applicable [1]. These materials have been characterised
using advanced electron tomography [13], employed as supports
in Pd/OMC catalysts [14] and used as templates to prepare mesoporous ceria by nanocasting [15]. In this method, ammonium hydroxide (NH4 OH) and oxalic acid were used as polymerisation and
condensation catalysts, respectively, for reaction between resorcinol and formaldehyde [1].
Here, we report on the synthesis of OMCs with a body centered
cubic (Im3̄m) mesopore structure by adapting the same metal and
halogen free two phase method used to synthesise 2D hexago-
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Table 1
Sample ID, details of different combinations of polymerisation time and the molar ratios of NH4 OH and oxalic
acid to resorcinol and values of the textural parameters of the samples (darker shading indicates less or disordered product). R for sample P904 indicates that the preparation was repeated.
Sample ID

tP (min)

NH4 OH

Oxalic acid

SSA (m2 /g)

VP (cm3 /g)

Vmicro (cm3 /g)

DP (nm)

P301
P302
P303
P304
P305
P306
P601
P602
P603
P604
P605
P606
P901
P902
P903
P904
P904R
P905
P906

30
30
30
30
30
30
60
60
60
60
60
60
90
90
90
90
90
90
90

0.005
0.005
0.005
0.01
0.01
0.01
0.005
0.005
0.005
0.01
0.01
0.01
0.005
0.005
0.005
0.01
0.01
0.01
0.01

0.03
0.06
0.12
0.03
0.06
0.12
0.03
0.06
0.12
0.03
0.06
0.12
0.03
0.06
0.12
0.03
0.03
0.06
0.12

687
724
673
648
677
623
683
608
623
639
642
624
623
662
639
644
644
605
579

0.56
0.49
0.46
0.42
0.41
0.32
0.43
0.36
0.34
0.38
0.36
0.33
0.37
0.35
0.33
0.32
0.35
0.31
0.27

0.14
0.16
0.14
0.15
0.16
0.14
0.16
0.14
0.14
0.15
0.15
0.14
0.15
0.15
0.15
0.15
0.16
0.14
0.14

7.1
6.9
6.8
6.7
6.4
6.1
6.9
6.4
6.4
6.6
6.4
6.2
6.3
6.3
6.4
6.2
6.3
6.2
6.0

SSA: Speciﬁc surface area; VP : Pore volume; Vmicro : Micropore volume; DP : Pore diameter.

nal mesoporous carbon [1]. The effect of pyrolysis temperature on
these materials was studied and, in a detailed investigation, the inﬂuence of varying synthesis parameters on the nature of the ﬁnal
mesostructure was also determined.

2.2.2. Preparation conditions
In a second study, the effects of changing the polymerisation
time and the concentrations of the base and acid catalysts on the
OMC products were investigated. To study the effect of these parameters, a series of 18 experiments was designed. The mass ratio
between resorcinol and F127 was kept at 2.9. Three polymerisation times of 30, 60 and 90 min., two mole ratios, 0.005 and 0.01,
of resorcinol to NH4 OH and three mole ratios, 0.03, 0.06 and 0.12,
of resorcinol to oxalic acid were used in different combinations.
The details with sample identities are given in Table 1. For clarity,
the samples are grouped together based on polymerisation time.
These samples were calcined at 600 °C in ﬂowing 2% O2 /N2 . The
other details of the experimental procedure were as described in
the previous section.

2. Experimental section
2.1. Chemicals
Formaldehyde (37%) and Absolute Ethanol were purchased from
VWR. Pluronic F127 (a block co-polymer) and resorcinol (99%)
were purchased from Sigma Aldrich. Oxalic acid (98%) was purchased from Alfa Aesar and Ammonia solution (35%) was purchased from Fisher Scientiﬁc. Millipore water was used in all experiments.

2.3. Materials characterisation
Gas physisorption isotherms were recorded on the OMC products using a Micrometrics TriStar II 3020 cooled to 77K using liquid
N2 . Samples were degassed under vacuum at 120 °C for at least 12
h. Speciﬁc Surface Areas (SSAs) were obtained by the Brunauer–
Emmett–Teller (BET) method and pore size distributions were calculated by the Barrett, Joyner and Halenda (BJH) procedure from
the adsorption branches of the isotherms using Micrometrics software. The maxima in the pore size distributions (Dp ) were collected and compared across all samples. Small angle XRD (SAXRD)
patterns were recorded using Cu Kα radiation on a PANalytical
Empyrean diffractometer operating in reﬂectance geometry. SAXRD
patterns were used to extract values for the unit cell length, a,
of the cubic mesopore arrangement and values of Dp and a were
used together to calculate estimates of the thickness of the walls
of material between the mesopores, WT . Small Angle X-ray Scattering (SAXS) experiments were performed on the I22 beamline
at the Diamond Synchrotron facility, Oxfordshire. The data were
collected as 10 x 100 ms frames which were then treated as follows. They were Q calibrated with silver behenate (source to detector distance, 3.204 m). Bad pixels were masked and data were
corrected for transmitted ﬂux, acquisition time, beam polarisation
and solid angle. Background subtraction was performed against an
empty capillary. The frames were averaged and azimuthally integrated to one dimension. Raman spectra of selected samples were
collected using a Renishaw inVia Qontor confocal Raman micro-

2.2. Synthesis method
2.2.1. Calcination temperature
To investigate the effect of calcination temperature (Tcalc ) on
the properties of the resulting OMC products, the following preparation procedure was employed. 4.66 g of resorcinol was mixed
with 4.788 g of 37 wt % of formaldehyde solution for 1.5 h at 35
°C. 2.12 ml of 0.2 M of NH4 OH was then added and the solution
was stirred for 0.5 h at 35 °C. The resulting resol was cooled at 18
°C for 20 min. and then mixed with a solution containing 1.60 g
of F127, 8 g of H2 O and 10 g of ethanol. After 20 min. of mixing,
0.457 g of oxalic acid was added with continuous stirring. After
phase separation the mixture was further stirred for 1 h and then
left to stand for 24 h. The polymer gel obtained was dried at room
temperature for 24 h and then heated at 80 °C for 24 h. The resulting material was then calcined in a tube furnace at temperatures
(Tcalc ) ranging from 350 to 10 0 0 °C for 3 h with a heating rate of
1°C min−1 under ﬂowing N2 atmosphere (100 cm3 min−1 ) to give
the OMC products. Apart from the varying calcination temperature,
this procedure was the same as that used to make sample P306
(see following section and Table 1). The samples of the calcination
series are therefore referred to as P306-T, where T is the value of
Tcalc (see Table S1 in Supplementary Information for sample identities).
2
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Fig. 1. SAXRD patterns of ordered mesoporous carbon materials calcined at the
temperatures indicated for 3 h in 2% O2 /N2 .

scope using a 50 mW laser operating at a wavelength of 532 nm
and a diffraction grating with 1800 lines/mm. Transmission Electron Microscopy (TEM) was performed using a JEOL JEM 2011 microscope equipped with a LaB6 ﬁlament working at an accelerating voltage of 200 kV. TEM samples were prepared by grinding
the mesoporous samples and suspending them in acetone by ultrasonication for 1 min. 300-mesh holey carbon TEM grids were
swept through the suspension using tweezers and allowed to dry
overnight under a lamp. Digital Diffraction Patterns (DDPs) relating to the ordered pore structure were obtained by performing a
Fourier Transform of relevant areas of the TEM images using Digital Micrograph software.

Fig. 2. Textural and structural data of the pore structures of OMC samples as a
function of calcination temperature: Speciﬁc Surface Area (SSA), Pore Volume (VP ),
micropore volume (Vmicro ) and pore diameter at the maximum in the Pore Size
Distribition plots, all derived from physisorption isotherms; unit cell parameter of
the pore structure (a) and calculated wall thickness (WT ), derived from SAXRD and
TEM data.

directions) and 10 0 0 °C (viewed along [110] and [100] directions)
together with the corresponding DDPs. These diffraction patterns,
when taken together, provide strong and unambiguous evidence
that the pores of these structures are uniform and highly ordered
and, furthermore, that this ordering occurs in a cubic arrangement,
since most of the diffraction patterns obtained are unique to a cubic symmetry.
Fig. 4 shows the N2 physisorption isotherms and corresponding
pore size distributions of the samples of the calcination temperature series. All samples showed Type IV isotherms with Type H2a
hysteresis loops typical of materials with ink-bottle shaped pores
[5]. The adsorption and desorption branches of the isotherms of
the samples calcined at 350 and 400 °C are not closed at low relative pressure. This indicates some expansion and contraction of
the materials with changing gas pressure during the physisorption
experiment, because of their somewhat ﬂexible, polymeric nature
[2]. This effect was not seen for higher Tcalc , indicating that the
materials and lost functional groups, became more condensed and
cross-linked, and therefore became more rigid. Fig. 2 and Table S1
(in Supplementary Information) show that the SSA and micropore volume increased with increasing calcination temperature. The
pore diameter, Dp , decreased with increasing calcination temperature, which – like the decreasing trends in VP and a - indicates
shrinkage of the framework of the materials. The general increase
in SSA may be explained by the reduction in the dimensions of
the mesopore structure together with the larger incidence of micropores (increasing Vmicro ) in the walls of the material. However,
this general shrinkage stops for Tcalc = 10 0 0 °C. Nevertheless, this

3. Results and discussion
3.1. Effect of calcination temperature
The mesostructured material obtained after aging at 80 °C for
24 h was calcined at 350, 400, 500, 600, 800 or 1000 °C under
a ﬂowing mixture of 2 % O2 in N2 for 3 h with a heating rate of
1°C/min.
The SAXRD patterns of all the resulting products are given in
Fig. 1. All samples showed peak positions consistent with a body
centred cubic mesopore structure. Fig. 2 shows that SSA and micropore volume of these samples increased on increasing Tcalc . The
unit cell parameter of the mesopore structure (a, calculated from
the d spacing obtained from the SAXRD patterns) and the wall
thickness (WT ) all showed a general decrease to Tcalc = 800 °C-.
This clearly indicates a shrinkage of the porous framework of these
materials upon calcination at increasingly high temperatures. The
increase in SSA is a result of both this shrinkage in the dimensions of the pore structure and the increase in micropore volume,
as Tcalc is increased. However, these parameters show a slight increase on going to Tcalc = 10 0 0 °C, which is surprising, and is discussed further below.
High resolution TEM images are given in Fig. 3 for samples calcined at 400 °C (viewed along the [110] and [100] directions of the
ordered pore structure), 500 °C (viewed along the [111] and [100]
3
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Fig. 3. TEM images of samples calcined: at 400 °C viewed along (a) [110] and (b) [100] directions; at 500 °C viewed along (c) [111] and (d) [100] directions; and at 1000 °C
viewed along (e) [110] and (f) [100] directions of the bcc structure. The corresponding DDPs are inset.

sample showed much higher SSA, mesopore and micropore volumes than the other samples. The very high SSA of 988 m2 g−1
can be explained as a function of the small pore size and the high
mesopore and micropore volumes, and the latter in turn indicate
signiﬁcant loss of material at the highest calcination temperature,
although the mesopore structure itself was clearly retained. At this

Tcalc , the material can be expected to be almost pure carbon, having lost most functional groups, as indicated by a previous solid
state 13 C-NMR study [1]. The size of the changes in SSA, VP and
Vmicro on going from Tcalc =800 to Tcalc =10 0 0 °C may mean that
this loss of material leads to increased opening up of the interconnecting ‘windows’ between neighbouring spherical mesopores

4
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Fig. 5. Raman spectra of OMC samples after calcination at the temperatures indicated. Plots have been shifted on the y-axis for clarity. ∗ indicates background was
subtracted. See text for further details.

cination temperature, it is clear that more carbon was in the aromatic form after calcination at 400 to 600°C but that this showed a
decrease for Tcalc =800 and 1000°C. This decrease in the proportion
of aromatic carbon at high Tcalc is different from the trend seen by
Ma et al. [16], who reported that the proportion of graphitic carbon
increased with increasing calcination temperature (to their highest
temperature, 800°C). However, their precursor was sucrose, so an
increase in aromatic (sp2 hybridised) C environments as graphitisation progressed at high temperatures and a decrease in amorphous
(sp3 hybridised) carbon might be expected. In the present work,
the precursor already contained carbon in aromatic environments
within the benzene rings in the resol, which would be expected
to condense progressively to give increasingly graphitic material.
However, at the highest temperatures, the Raman results indicate
that the chemical environment of some of the carbon changed
from being aromatic to being aliphatic (sp2 to sp3 ). This loss of
aromatic environments at these high temperatures might be attributed to cross-linking of benzene rings and ring opening.
These results show that highly ordered body centred cubic
mesoporous carbon materials were successfully prepare using the
metal and halogen free synthesis method with calcination in ﬂowing, dilute O2 at temperatures from 350 to 10 0 0 °C.

Fig. 4. a) Nitrogen physisorption isotherms and b) corresponding pore size distributions for samples calcined at the temperatures indicated.

in the material. The presence of a small amount of O2 in the calcination gas is certain to have aided this process. To study the chemical changes in these materials as a function of calcination temperature, Raman spectra were recorded. These are presented in Fig. 5
and contain two peaks of interest, at around 1350 and 1600 cm−1 ,
which are reported to correspond to amorphous carbon (the D
peak) and graphitic carbon (the G peak), respectively [16]. Strictly
speaking, these peaks are related to vibration of C–C single bonds
(typiﬁed by the diamond structure, hence the label, D) and of aromatic C−
.... –C multiple bonds, typiﬁed by graphite (the G peak), respectively [17]. No peaks were resolved in the sample calcined at
350°C (attributed to the intense ﬂuorescence in the spectrum of
this material), but both peaks were evident for all other samples
of the series, with Tcalc = 400 to 10 0 0°C, inclusive, indicating the
presence of both carbon environments in each. Considering how
the relative intensities of these peaks change as functions of cal-

3.2. Effects of polymerisation time, base and acid catalysts
The polymerisation of resorcinol with formaldehyde to make
resol is catalysed by a base catalyst (in this case NH4 OH). This
resol is then added to a solution of the block copolymer, F127,
and an acid catalyst (oxalic acid in this case) is added to promote
self-assembly and condensation [3]. To obtain an ordered mesoporous structure the rates of polymerisation of the resol and of
self-assembly, and the degree of condensation should be controlled
[3,4]. Polymerisation time and the concentrations of NH4 OH and
oxalic acid may affect these processes and hence the ﬁnal mesoporous structure. In this section, these parameters were varied and
their effect on the structure of the OMC products was studied. Experimental details and sample identities are given in Table 1. Samples are named PTN, where T is the polymerisation time, tP , (in
min.) and N is a number from 1 to 6 referring to different sets
5
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Fig. 6. TEM images of: P301 viewed along (a) [100], (b) [100]; P302 viewed along (c) [100], (d) [110]; P303 viewed along (e) [100], (f) [110]; P304 viewed along (g) [110],
(h) [100]; P305 viewed along (i) [111], (j) [210]; and P306 viewed along (k) [100], (l) [110] directions. The corresponding DDPs are inset.

of NH4 OH and oxalic acid concentrations. In what follows, samples
are discussed in groups according to their polymerisation times,
tP = 30, 60 or 90 min.

these materials is not expected to be crystalline. Many of these
DDPs could be indexed uniquely to a bcc arrangement of pores,
rather than to any other arrangement, including a 2D hexagonal
arrangement of long, cylindrical pores, which was prepared in previous work of the authors [1]. Examples of images and DDPs of the
bcc pore structure are given in Fig. 6. Fig. 6 a and b show images
of P301 viewed along the [100] direction of the bcc pore structure.
Fig. 6 c and d show TEM images of P302 viewed along the [100]
and [110] directions. Fig. 6 e and f are images of particles of P303
viewed along [100] and [110] directions, respectively. Fig. 6 g and
h are representative images of P304 viewed along the [110] and
[100] directions of bcc pore structure. Fig. 6 i and j is representative of P305. In these images the mesostructured is viewed along

3.2.1. Polymerisation Time of 30 min
Six experiments were performed by setting the polymerisation
time to 30 min. and varying the concentrations of NH4 OH and oxalic acid. The resulting samples were named P301- P306 (Table 1).
These samples were examined by TEM and representative images
are presented in Fig. 6. By performing Fourier transforms on selected areas of the images Digital Diffraction Patterns (DDPs) were
obtained. These relate to the ordered pore structure of these materials rather than to the structure of the bulk carbon, which in
6
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the [111] and [210] directions of the bcc structure. Finally, Fig. 6 k
and l shows representative TEM images of P306 viewed along the
[100] and [110] directions of the bcc structure.
Fig. 7a shows the SAXS patterns of these samples. It can be
seen that all samples showed at least three peaks in the low angle
region that could be indexed as reﬂections from the [110], [220],
[222] and [321] planes of the bcc structure (space group Im3̄m).
Samples P305 and P306 show a peak that is due to a reﬂection
from the 200 plane of the bcc structure in addition. These results
indicate a high degree of order in the cubic pore structures of these
materials. (Corresponding SAXRD patterns for these samples are
given in Fig. S3, Supplementary Information).
Fig. 7b and c show the N2 physisorption isotherms and corresponding pore size distributions, respectively, of samples made using tP = 30 min. with different concentrations of NH4 OH and oxalic
acid. All samples showed Type IV isotherms characteristic of mesoporous materials with narrow pore size distributions. The pore diameter decreased as concentrations of the base and acid catalysts
were increased, as shown in Fig. 7c and Table 1. The hysteresis
loop of P306 is Type H2a which is characteristic of so-called ink
bottle mesopores; that is, pores having a much narrower opening
than pore cavity [5]. The hysteresis loop of P301 is H1 type. According to IUPAC, this can be found for networks of cage-like or
ink-bottle pores whose pore neck size distributions are similar to
the pore interior or pore cavity size distributions [6]. In this case,
the capillary evaporation started at a pressure much higher than
the lower pressure limit of the hysteresis loop, indicating the presence of pore openings larger than 5 nm. Capillary evaporation from
some of the pores in this sample took place at the lower limit of
the adsorption-desorption hysteresis loop which shows that this
material contains some mesopores having pore entrances of less
than 5 nm. The wide relative pressure range at which capillary
evaporation took place indicates that this material had a broad
pore neck size distribution [1], [5].
Sample P301 was made using the lowest concentrations of both
NH4 OH and oxalic acid. Its isotherm shows that the pore neck size
is similar to the size of pore interior. By increasing the concentration of acid catalyst, in the cases of P302 and P303, the desorption branch shows the presence of different sizes of pore openings. In P304, P305 and P306, the concentration of NH4 OH was
doubled and concentration of acid catalyst increased from P304 to
P306. On increasing the acid catalyst concentration, the desorption
branch became steeper until P306, where it became almost vertical
at a relative pressure of 0.45, indicating the presence of pore openings of less than 5 nm diameter as the capillary evaporation is delayed until the lower limit of the adsorption-desorption loop was
reached [8]. These results show that the sample which was made
using the lowest concentrations of base and acid catalyst (P301)
had the largest pore entrances while the sample which was made
using the highest concentration of base and acid catalysts has the
smallest pore openings. The samples between these two extremes
had pore entrances over a range of different sizes.
The TEM analysis suggests that all samples, P301-P306, contained particles having the bcc pore structure. The SAXRD and
SAXS patterns of all these samples show three or four resolved
diffraction peaks. These peaks combined with the TEM and DPP
data can be indexed as reﬂections from 110, 200, 222 and 321
planes of the bcc structure with space group Im3̄m. The N2 physisorption isotherms of all these samples are typical of Type IV
indicating the presence of mesopores. P301, which was made using
the smallest amount of NH4 OH and oxalic acid, showed a H1 type
hysteresis loop while the isotherm of P306, which was made using
the largest amounts of NH4 OH and oxalic acid, showed a Type H2a
hysteresis loop. The H1 type hysteresis can be found for networks
of ink bottle-shaped pores where the breadth of pore neck size distribution is similar to the breadth of pore/cavity size distribution

while a Type H2a hysteresis loop corresponds to ink bottle pores
having narrow openings [1]. Therefore, the change in concentration
of base and acid catalysts appears to change the pore size distributions and the presence of kinks in the desorption branches of
P302, P303 and P304 indicates the presence of different sizes of
pore necks in these materials.
3.2.2. Polymerisation time 60 min
Fig. 8 shows TEM images taken from the samples with polymerisation time of 60 min. and changing amounts of NH4 OH and
oxalic acid, named P601-P606. Fig. 8a and b show images of specimen P601 viewed along the [110] and [100] directions of the bcc
pore structure. Fig. 8 c, d and e show TEM images of P602 viewed
along the [100], [133] and [110] directions of the bcc structure,
respectively. Fig. 8f, g and h show images taken of P603 viewed
along the [111], [110] and [133] directions, respectively, of the bcc
mesostructure. In the case of P604 only a few particles were found
to be ordered with the bcc structure. Images representative of this
ordered material are shown in Fig. 8 i and j viewed along the
[112] and [210] directions, respectively. Most of the particles of
P604, however, showed a disordered or worm-like pore structure.
In the cases of P605 and P606, no ordered material was found and
both samples showed only a disordered or worm-like pore structure similar to that found frequently in P604. Images of the disordered structure are given in Fig. 8 k and l for P605 and P606,
respectively. This type of heterogeneity was previously found even
in highly ordered MCM-41 and SBA-15 type materials [9].
The SAXRD patterns of the series P601-P606 are given in Fig.
S2 Supplementary Information. All samples showed one main peak
and two weak peaks in the low angle region. The ratio between
their d-spacings is consistent with their being the reﬂections from
110, 220, 222 and 321 planes of the bcc mesostructure. The SAXS
pattern of samples made using a polymerisation time of 60 min.
are given in Fig. 7d. The SAXS pattern of P601 contains peaks that
can be indexed as reﬂections from 200, 220 and 222 planes of bcc
structure. P602 showed ﬁve resolved diffraction peaks that could
be indexed to 110, 200, 211, 220 and 321 planes of bcc structure.
Four reﬂection peaks corresponding to the 110, 200, 211 and 321
planes of the bcc structure were observed in the SAXS pattern of
P603 and peaks corresponding to the 110, 220 and 321 planes were
observed in the SAXS pattern of P304. Similarly, the SAXS patterns
of P605 and P606 contain peaks that could be indexed to the 110,
220 and 321 planes of the bcc structure.
Fig.s 7 e and f depict the N2 sorption isotherm and pore size
distributions of the samples P601-P606. All samples showed a Type
IV isotherm characteristic of mesoporous materials. The isotherm
of P601 indicates the presence of a broad neck size distribution
(Fig. 7f) [5]. The isotherms of P602, P603, P604, P605 and P606
contain Type H2a hysteresis indicating the presence of uniform
cage-like or ink bottle mesopores with narrow pore size distributions (Fig. 7e) [4], [5].
In the cases of P601, P602 and P603, TEM images showed the
presence of the bcc structure. The SAXS pattern of these samples
show one main peak and several small peaks and together with
the TEM results, these peaks could be indexed as reﬂections from
110, 200, 211, 220 and 321 planes of the bcc structure. In the cases
of P605 and P606, no ordered material was found when examined under TEM but in SAXS and SAXRD these samples contain
peaks corresponding to the bcc mesostructure. In a TEM session,
it is only possible to image a tiny fraction of the whole sample.
Also, the internal structure of the material is only visible in TEM
in electron-transparent particles; that is, particles of thickness less
than ~ 200nm. For this reason, the TEM grids were prepared using
a suspension of the OMC powder in which these larger particles
are allowed to drop out of suspension before immersing the grid
so that only the smaller particles are captured. The discrepancy be7
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Fig. 7. SAXS, isotherm and pore size distribution plots of mesoporous carbon samples made using a polymerisation time of; 30 min.(a, b, c), 60 min.(d,e,f) and 90 min.
(g,h,i), respectively.
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Fig. 8. TEM images of: P601 viewed along (a) [110], (b) [100]; P602 viewed along (c) [100], (d) [133] and (e) [110]; P603 viewed along (f) [111], (g) [110], (h) [133]; P604
viewed along (i) [112], (j) [210] directions;(k) P605 and (l) P606 showing disordered material. The corresponding DDPs are inset.

tween the TEM results and the results from the macroscopic techniques of SAXS and SAXRD may be caused by the presence of a
signiﬁcant amount of material in the form of relatively large particles with ordered pore structures whereas the smaller particles,
suitable for imaging in TEM, may have been generally less ordered.
The N2 sorption isotherms of P602 and P603 contain Type H2a
hysteresis loop which is indicative of ink bottle shaped mesopores
having narrow entrances while the hysteresis loop of P601 shows
the presence of a broad neck size distribution [4–6]. Among all
samples made using a polymerisation time of 60 min., only P601,
which was made using the lowest concentration of base and acid
catalysts, contained pores having a relatively wide pore entrance.

3.2.3. Polymerisation time of 90 min
When the polymerisation time was set to 90 min. and, as above,
the concentration of NH4 OH and oxalic acid were changed, the
samples named P901-P906 (see Table 1) were prepared. Fig. 9
a and b show representative TEM images of the pore structure
of P901 viewed along [111] and [100] directions of bcc structure.
Fig. 9 c and d show TEM images viewed along the [100] direction
and Fig. 9 e along the [111] direction of the bcc structure in P902.
Fig. 9 f and g show P903 viewed along [311] and [100] directions
of the bcc structure. In the cases of P904, P905 and P906, no ordered material was observed. Fig. 9 h and i present representative
images of P905 and P906, respectively.
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Fig. 9. TEM images of: P901 viewed along (a) [111], (b) [100]; P902 viewed along (c,d) [100], (e) [111]; P903 viewed along (f) [311], (g) [100] directions of bcc structure;(h)
P905; and (i) P906 showing disordered material. The corresponding DDPs are insets.

hysteresis loop typical for materials with ink-bottle shaped pores
[5,6].

Fig. 7 g shows the SAXS patterns of samples P901-P906. The
patterns of P901, P902 and P903 show four peaks. These peaks can
be indexed to the 110, 200, 220 and 222 planes of the bcc structure. The SAXS patterns of P904, P905 and P906 show three peaks
corresponding to 110, 211 and 321 planes of the bcc mesostructure. SAXRD patterns of these samples are given in Supplementary
Information. It can be seen that all samples show one main peak,
and one or two smaller peaks, corresponding to the 110, 220 and
321 planes of the bcc mesostructure.
The N2 physisorption isotherms and pore size distributions of
P901-P906 are presented in Fig. 7 h and i. All samples exhibit typical Type IV isotherms with Type H2a hysteresis loops indicating
the presence of uniform ink bottle shaped mesopores having narrow pore entrances [5].
The SAXRD and SAXS analysis indicate that all six of these samples contained ordered bcc structure. The SAXRD and SAXS patterns of P901, P902 and P903 contain more peaks which indicates
that these samples consisted of more ordered material. The presence of bcc structure in P901, P902 and P903 is further conﬁrmed
by TEM analysis. In the case of P904, P905 and P906, the SAXRD
and SAXS results did not match with the TEM analysis, because no
ordered material was found in the latter. The explanation for this
is likely to be the same as for P605 and P606 (Section 3.2.2). The
N2 physisorption isotherms of all P90N samples show Type H2a

3.3. General trends
Considering the TEM, SAXS, SAXRD and physisorption results
described above, all three experimental variables - that is polymerisation time, and amounts of NH4 OH and oxalic acid - strongly
affect the order of the ﬁnal mesostructure. Polymerisation time
and amount of NH4 OH controls the formation of the resol. When
polymerisation time was 60 or 90 min., higher concentrations of
NH4 OH resulted in disordered pore structures. The longer polymerisation time and higher concentration of NH4 OH represent
longer time and more catalyst for the polymerisation step, and
would therefore result in higher molecular weight resol. It would
be diﬃcult then for this material to arrange itself around the micelle template, resulting in more disordered pore arrangements.
In an attempt to obtain semi-quantitative data from the TEM,
around 100 particles each of a selection of the OMC samples were
examined and their internal structure determined. The results are
given in Table 2. For the two samples at the extremes of the ﬁrst
series: P301 showed 13% of material imaged to deﬁnitely have the
ordered cubic structure, 32% was ordered but could not be assigned deﬁnitively as cubic (i.e. possibly having a 2D hexagonal
arrangement of mesopores [1]), 39% was disordered mesoporous
10
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Fig. 10. Comparison of normalised physical parameters - SSA, VP , Vmicro and Dp - for all three sample series with polymerisation time, tP , and mole ratios (with respect to
resorcinol) of NH4 OH and Oxalic Acid also indicated. Normalisations are with respect to the sample P906.
Table 2
Quantiﬁcation of pore structure for samples indicated from TEM study.
Sample

% deﬁnitely cubic

% ordered but ambiguous

% mesoporous, disordered

% non-mesoporous

P301
P306
P601
P602
P603
P604

13
19
16
18
15
2

32
27
35
45
41
13

39
35
37
24
17
65

16
19
12
13
27
20

(the worm-hole structure), and 16% appeared non-mesoporous; for
P306, the Fig.s were similar. As stated above, the TEM results may
understate the total amount of ordered material for the reasons
given. In contrast, for the set of P60N samples studies in this way,
the yields of ordered material and of deﬁnitively cubic ordered material both decreased suddenly, and the proportion of disordered
material increased sharply, from P603 to P604. It is clear also that
P605 and P606 contained very little ordered material. Such a trend
was also seen for the P90N series. Overall, as polymerisation time

was increased, the ordering of the mesopores became more sensitive to the concentrations of the two catalysts, such that only the
lower concentrations gave rise to well-ordered products.
In Fig. 10 are presented the trends across all samples of SSA, VP ,
Vmicro and Dp after normalisation by dividing each by the corresponding value for the sample P906. Also plotted are the three experimental parameters of polymerisation time (in h) and the molar ratios (with respect to resorcinol) of the two catalysts, NH4 OH
and Oxalic Acid. Normalisation allows changes in all variables to be
11
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visualised at once. There is no discernible trend in micropore volume, Vmicro . However, pore diameter, DP , SSA and, most markedly,
mesopore volume, VP , each show clear decreases across each series
and also as a function of increasing polymerisation time, tP . This
indicates that the higher speciﬁc surface areas, pore volumes and
pore sizes are attained at the shorter polymerisation times and, for
each polymerisation time, at the lower catalyst concentrations.

to image by TEM may generally have been more ordered that the
smaller, electron-transparent particles. These results showed that
for a polymerisation time of 60 min., ordered materials can be
made by using the lower concentration of NH4 OH. For polymerisation time of 90 min., only the samples made using the lower
concentration of NH4 OH were found to be ordered in TEM. No ordered material was found in the samples made using the higher
concentration of NH4 OH, though, again, their SAXRD and SAXS patterns showed peaks corresponding to the bcc mesostructure. These
results show that all three parameters - polymerisation time and
concentration of NH4 OH and oxalic acid - affect the order of the
ﬁnal mesostructure. The shorter polymerisation times and lower
concentrations of base and acid catalyst result in the most ordered
structures.

4. Conclusions
In this study, metal- and halogen-free ordered mesoporous
polymer and carbon materials having three dimensional body centered cubic (Im3̄m) mesostructures were made using a modiﬁed
two phase method employing alternative polymerisation and condensation catalysts. The effect of calcination temperature on these
material was studied. SAXRD and TEM analyses indicated the presence of a highly ordered bcc mesostructure in these materials.
Even the sample calcined at 10 0 0 °C contained ordered mesoporous material when examined by TEM, demonstrating the high
thermal stability of these structures. On increasing Tcalc , the dspacing, unit cell parameters, pore diameter and wall thickness
of these samples decreased as the pore framework shrank. The
speciﬁc surface area and micropore volume increased on increasing Tcalc and showed a large increase for the highest value of
Tcalc , 10 0 0 °C, which is attributed to signiﬁcant decomposition of
the bulk material without loss of the pore structure. Raman spectroscopy indicated the presence of both graphitic and amorphous
carbon environments, with the relative amount of the latter increasing slightly at the highest calcination temperatures.
It is reported that the rate of polymerisation to make resol affects the ﬁnal mesostructure [3]. The factors that control the rate
of polymerisation include polymerisation time and concentrations
of base (NH4 OH) and acid (oxalic acid) catalysts. In order to investigate the effect of these three parameters on ﬁnal mesostructure,
they were varied while keeping all other parameters constant. For
a polymerisation time of 30 min., the TEM analysis revealed the
presence of highly ordered bcc mesostructure in all six samples
made using different combinations of base and acid catalysts. The
SAXRD and SAXS results of these samples showed peaks which,
when combined with TEM results, conﬁrmed the presence of the
bcc mesostructure. The N2 physisorption isotherms of the sample
made using the lowest concentrations of NH4 OH and oxalic acid
showed that the pore neck size distribution is similar to the size
distribution of the pore interiors. The sample made using the highest concentration of NH4 OH and oxalic acid exhibited Type H2a
hysteresis loop indicating that the pore neck sizes are less than
5 nm. These results indicate that for a polymerisation time of 30
min., an increase in base and acid catalyst concentration changed
the pore size distributions. For a polymerisation time of 60 min.,
the TEM, SAXRD and SAXS results showed the presence of ordered
mesostructure in P601, P602 and P603, which were made using
the lower concentrations of NH4 OH and varying amounts of oxalic
acid. The isotherm of P601 indicated broad neck size distribution
in this sample. Among the samples made using the higher NH4 OH
concentration, P604 showed few ordered particles with bcc structure in TEM. Most of this sample was found to be disordered. No
ordered material at all was found in the cases of P605 and P606
when examined under TEM. The SAXRD and SAXS patterns of these
materials, however, did show peaks that could be indexed to the
bcc structure. This may be because particles which were too large
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