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We determine the pore size distribution for five activated carbons (comprising carbide
derived as well as commercial activated carbon samples) by the interpretation of experi-
mental small angle neutron scattering (SANS) intensity profiles, based on the primary
assumption of an infinitely dilute solution of hollow spherical particles. The interpretation
yields the pore size distribution of the carbon samples that have predominantly micropore
populations (size <20 A), but not for carbons which have significant mesopore populations
of sizes up to 48 A and high mass fractal degrees. The pore size distribution (PSD) results
based on SANS data reveal significant populations of micropores of size <6.1 A, and mesop-
ores of size >20 A, which are not present in the PSD results based on adsorption isotherms
of either Ar at 87 K or CO, 273 K. This inaccessible porosity becomes accessible to CO, and
Ar on heat treatment, leading to increase in the adsorption based pore volume. However,
the surface area does not commensurately increase, indicating the inaccessible micropo-
rosity to predominantly comprise surface defects and roughness that are removed on heat
treatment or activation. This finding sheds the light onto the evolution of porosity of acti-
vated carbons during gasification or post synthesis-treatment.

© 2012 Elsevier Ltd. All rights reserved.

whose free diameter is very similar to the molecular dimen-
sion of simple gases such as Ar, N,, CO,, and CHy, have theo-

1. Introduction

Microporous carbon has superior absorptive abilities that
make it one of the most versatile materials in processes for
fluid separation, molecular sieving, gas storage and catalysis
[1]. However, it has an inherently complex, disordered struc-
ture, with localized buckling and other distortions [2,3]. Such
distortions lead to defects and constrictions that restrict the
most commonly used probing gases (Ar and N) for accessing
the entire carbon microstructure within experimental time
scales at subcritical conditions [4-6]. This gas accessibility
problem leads to difficulty in the accurate characterization
of porous carbons including coals and molecular sieve car-
bons (MSC) by the gas adsorption technique, especially of
the pore throats in these carbons. The narrow pore entries,
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retically been shown [7] to dictate the separation factor for
gas mixtures. Thus, the accurate characterization of the
molecularly restrictive pore throats in activated carbons is
vital to capture true adsorption dynamics in the MSCs or
coals.

Small angle X-ray (SAXS) and neutron scattering (SANS)
techniques, free from the above accessibility issues, offer
attractive alternatives for achieving the rigorous characteriza-
tion for the microstructure of porous carbons. Such small an-
gle scattering (SAS) methods have been widely utilized to
complement adsorption techniques for this task [8-12].
Among these, SANS has an advantage over the SAXS in
determining the dimension of molecularly narrow pore
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spaces, because neutrons do not carry charge and can there-
fore penetrate deeply inside the atom and directly interact
with its nucleus without the interference of electron clouds.
Owing to the very short range of the neutron-nucleus interac-
tion, interatomic distance is accurately probed by the neutron
scattering technique and, therefore, so is the carbon center-
to-center diameter of pore spaces. On the contrary, since an
electron carries negative charge it interacts only with the out-
er electron cloud, and not with the nucleus of the atom.
Consequently, it is the free diameter of pore spaces, or the
accessible pore width, that is probed by the X-ray scattering
technique. However, the outer electron cloud of an atom
can be significantly distorted as it forms chemical bonds with
other atoms. This leads to difficulty in accurately determining
the width of molecularly constricted pore spaces formed by
the disordered arrangement of a few carbon atoms.

While, in principle, small angle scattering (SAS) methods,
especially SANS, have an advantage over the adsorption tech-
nique as discussed above, in practice the interpretation of
SAS data for the pore size distribution is much more complex
and very challenging. This is due to both the highly disor-
dered nature and the extremely high micro-porosity of porous
carbons. As a result, SAS data have normally been utilized to
estimate the overall macroscopic properties of porous car-
bons such as effective dimension particle size, porosity, spe-
cific surface area, mass or surface fractal [8,10,12]. More
recently, there have been a few studies which have attempted
to determine the pore size and pore wall distributions of acti-
vated carbons by the interpretation of SAXS [11] and SANS
data [12]. Among these, Gun’ko et al. [11] solved for the pore
size distribution of polymer derived activated carbons and
their polymeric precursor (porous phenol formaldehyde resin
beads, termed carbonizate) by matching the theoretical and
experimental total scattering intensities over the Porod region
corresponding to the wave vector magnitude q < 1.25 A~%. The
theoretical intensity was calculated based on the assumption
of an infinitely dilute solution of polydisperse hollow spheres.
These authors achieved reasonable similarity between the
shape of the PSD results obtained from SAXS and that from
the nitrogen adsorption at 77 K only for the large micropore
region (width >10 A). However, for the ultra-micropore region
(width <10 A), the PSD results obtained from SAXS for the car-
bonizate and its derivatives were very different from those
based on the nitrogen adsorption technique. In particular,
the former has only a single peak located at a pore size of
5 A or pore width of 1.4 A in this ultramicropore region while
the latter has significant pore populations in this region. How-
ever, no explanation for these inconsistent results was of-
fered by the authors.

This study focuses on determining the pore size distribu-
tion for microporous carbons based on the interpretation of
SANS data. Five microporous carbon samples comprising of a
SiC-CDC-800, a heat-treated Ti3SiC,-CDC-800-H1, three acti-
vated carbons (ACF-15, Takeda 3 A, and BPL) have been inves-
tigated. In our recent works [13-17], the PSD results of SiC-
CDC-800, Takeda 3 A, and ACF-15, determined by the adsorp-
tion technique of Ar at 87 K or CO, at 273K, have shown the
predominance of micropores, while those of Ti3SiC,-CDC-
800-H1 and BPL carbons display significant mesopore popula-
tions sized up to 48 A. With the choice of the carbon samples

examined in the current work, the comparison between the
PSD results obtained from SANS and those from the adsorp-
tion technique helps elucidate the above issue of differences
between the two methods in the ultra-micropore region. Fur-
thermore, except for the ACF-15 carbon, the other examined
samples are partially inaccessible to methane. Thus, the PSD
analysis for these examined carbons using SANS measure-
ments free from the gas accessibility problem is critical for
the understanding of gas adsorption behavior in these car-
bons, as well as for facilitating the optimal design of nanopor-
ous carbons for gas and liquid mixture separations.

2. Experimental
2.1.  Materials

Five activated carbon samples were subjected to small angle
neutron scattering (SANS) measurements. These comprised
one SiC-CDC-800, one heat-treated carbon sample (Ti3SiC,-
CDC-800H1), and three commercial activated carbons: molec-
ular sieve carbon (MSC) Takeda 3 A, BPL carbon, and activated
carbon fiber ACF-15. The first two carbon samples were re-
cently prepared in our laboratory [14-15]. In brief, the SiC-
CDC-800 and Ti3SiC,-CDC-800H1 samples were synthesized
from commercial 5nm sized BSiC [14] and 6p TisSiC, (3-
ONE-2, LLC, Voorhees, NJ) [15] powders, provided by Sigma-
Aldrich, respectively. Chlorination experiments were per-
formed on these carbide powders using high purity chlorine
(BOC Gases, 99.5%) and high purity argon (BOC Gases,
99.998%) as reactive and purging gases, respectively. 12 g of
the carbide powders was placed onto a quartz sample boat
and loaded into the hot zone of a horizontal quartz tube fur-
nace. The tube was initially purged by argon for 30 min before
heating rate of 30 °C per minute was employed to raise tem-
perature of the furnace to the desired chlorination one. The
chlorination experiment began once the desired temperature
(800 °C) was reached and stabilized as well as argon flow was
stopped. In the chlorination experiment, pure Cl, gas was flo-
wed thorough the carbide sample at the rate of 50 ml per min-
ute until the chlorination reaction of the carbide sample was
completed. After the completion of the chlorination reaction,
the Ar flow was used to cool the sample down to ambient
temperature as well as flush metal chlorides remaining in
the sample. The residual chlorine and metal chlorides were
captured in sodium chloride solution. The carbon sample (Tis.
SiC,-CDC-800 H1) was prepared by the heat treatment of the
virgin Ti3SiC,-CDC-800 carbon sample at 1100 °C for 1 day in
argon atmosphere with constant flow of pure argon at
50 ml/min [15].

2.2. Characterization

Of the carbon samples subjected to the small angle neutron
scattering measurements, the activated carbon fiber ACF-15
is in fibrous form while the other carbon samples are in pow-
der form. The ACF-15 sample is originally in the form of car-
bon cloth. The fibers of the ACF-15 were separated from the
carbon cloth and subsequently cut into 1 mm long fibers.
The average particle size of BPL and MSC Takeda 3 A is about



CARBON 50 (20I2) 3045-3054

3047

50 pum. The SiC-CDC-800 and Ti;SiC,-CDC-800 H1 samples are
in very fine powder forms. The carbon samples examined in
this work were degassed at 300°C overnight and subse-
quently subjected to small angle neutron scattering measure-
ments using the D16 instrument at the Institut Laue Langevin
(ILL), Grenoble. The degassed samples were contained in low
boron glass NMR tubes of 5 mm external diameter and sealed
by paraffin paper. The scattering intensities of each carbon
sample was measured in two separate wave vector q ranges
(002A1<q<12AY) and (01A'<q<25A7Y, where
q = (4n/2)sin (6/2), 6 is the scattering angle and 1 (=4.75 &) is
the wave length of the incident neutron beam. The scattering
intensity recorded on each detector cell was corrected for
electronic and ambient background by means of measure-
ments using a cadmium plate (approximately 2 x6 cm) and
the scattering contribution of an empty cell. The scattering
intensity of water was also measured to acquire the normal-
ized scattering intensities on each detector cell in absolute
units (cm™%). These normalized scattering intensities were
then radially averaged around the beam centre of the detector
to obtain a one-dimensional data, g-dependent total scatter-
ing intensity. The two total scattering intensities measured
in the two separate wave vector q ranges, as mentioned above,
were merged to obtain the total scattering intensity in the
wave vector region (0.02 A~ < q < 2.5 A~Y). Finally a flat inco-
herent background was subtracted from the total scattering
intensity of each carbon sample. The estimation of this flat
incoherent background is given in Section S1 and Fig. S1 of
the Supporting Information.

3. Results and discussion

3.1. Average characteristic properties

In this sub-section, we interpret the SANS data for the effec-
tive size of carbon particles and pore shapes in the examined
carbon samples. These SANS data have been plotted on loga-
rithmic axes, as shown in Fig. 1. It can be seen that there are
two different wave vector regions: Region I (0.02A '<q<
0.05 A~ and Region II (0.1A '<q<1.0A™Y [18]. We fitted
the total scattering intensity of all the carbon samples to a
power law (I(q) ~ q~") in these regions. The fits are depicted
by solid lines in Fig. 1. The total scattering intensity in Region
I mainly arises from correlations between carbon particles.
All the values of the power law exponent, n, derived from
the fits in Region I are given in Table 1. It can be seen that
the scattering intensity of the SiC-CDC-800 and the MSC Tak-
eda 3 A conform to the power law with exponent values n
approaching 4, indicative of a smooth surface of carbon parti-
cles in these samples. The latter is consistent with the graph-
itized surface of particles in the SiC derived carbon, as
reported in our recent work [14] and elsewhere [19]. The
MSC Takeda 3 A contains a majority of ultra-micropores (pore
width <8 A) which may reduce the mass or surface fractal de-
grees. On the contrary, the scattering intensity of the BPL and
TizSiC,-CDC-800H1 samples conforms to the power law with
exponent n having values around 2.5, indicating high mass
fractal degree of these two samples. This is also consistent
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Fig. 1 - Total neutron scattering intensities of all the
examined carbon samples against the magnitude of wave
vector, g, plotted on logarithmic axes.

with significant mesopore populations found in the pore size
distribution results of these samples, obtained from Ar
adsorption technique at 87 K reported in our previous works
[15,16].

Furthermore, the total scattering intensities of the exam-
ined carbon samples were fitted to a Guinier equation over
the g-range 0.02-0.035 A%, following

2
1(q) = Toexp {— @} M
to obtain the radius of gyration of the carbon particles, Rg,
where I and I are the intensity of scattered and incident neu-
tron beams. Fig. S2(a) and (b) in Supplementary content show
the fits of the experimental scattering intensities of the four
carbon samples (SiC-CDC-800, Ti;SiC,-CDC-800H1, MSC
Takeda 3 A, and BPL) to the Guinier equation. Accordingly,
the effective size (d.) of carbon particles in these samples
was estimated through the following relation with the
assumption of spherical shape of carbon particles [18]
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Table 1 - The values of the exponent n derived from fits of the experimental neutron scattering intensities to the power la

equation (I(q) ~q ™).

Sample name Guinier region

Porod region

001A1<q<01A?

01A1<g<035A1

035A 1<q<0.65A1 07A'<q<1.0A

SiC-CDC-800 3.97 1.08 2.50 4.00
TisSiC,-CDC-800H1 2.56 2.10 3.00 4.00
Takeda 3 A 3.44 1.60 3.00 4.20
BPL 2.44 2.05 3.00 4.20
ACF-15 No data 1.10 3.00 4.20
d. = 2R¢+\/5/3 (2) that of graphite (2.27 g/cm?). On the other hand, the lower val-

The estimated effective sizes of carbon particles in the
SiC-derived carbon and Takeda 3 A samples in the range,
141-153 A, are significantly larger than for BPL and TisSiC,-
CDC-800H1 samples (112 A-118 A). While scattering data in
the small q region (q < 0.02 A~?) may help in reliable estima-
tion of these effective sizes of the carbon particles (118-
153 A), as mentioned above, its absence in the present case
may have insignificant impact on the accuracy of the results
of these effective particle sizes. The latter is due to the strong
linear correlation of the available scattering data in the g
range of 0.02-0.035 A~%. This is consistent with the high mass
fractal degrees of the latter samples, as indicated above.

The intensity in the Region II or Porod region (0.1A '<
q < 1.0 A™Y) is mainly the consequence of scattered neutrons
from the internal surface of micro- and meso-pores. The val-
ues of the power exponent n determined from the fits of the
coherent scattering intensity of the examined carbon sam-
ples to the power law form in this region are presented in Ta-
ble 1. From Fig. S3 in the Supplementary content, it can be
clearly seen that there are three subregions, corresponding
to ultramicropores (size <854, or 0.75A'<q<1.0A™Y),
micropores (10 A < size <18 A, or 0.35 A 1< q<0.65 A%, and
mesopores (size >20 A or 0.1 A < g <0.35 A~Y). These fits are
illustrated by dashed lines in Fig. 1 and Fig. S3. From Table
1, the power law exponent, n, of all the examined carbon sam-
ples ranges from 1 to 2 for the mesopore region, but from 2.5
up to the expected value (4) for micro- and ultramicro-pore re-
gions, indicating high mass fractal degrees of carbon particles
in these samples at microporous scales. More interestingly, in
the mesopore range the exponent, n, of the carbon samples
(SiC-CDC-800 and ACF-15 A) approaches unity while that of
the carbon samples (Ti;SiC,-CDC-800H1 and) is around 2, as
shown in Table 1. The former reveals the cylinder-like shape
of pore spaces in these samples while the latter indicates
slit-like pore geometry. This may be due to the higher degree
of graphitisation of the Ti;SiC,-CDC-800H1 and BPL at the
mesopore scale (q < 0.35 A~* or the pore size >18 A) compared
to that of the remaining carbon samples (SiC-CDC-800 and
Takeda 3 A carbons). The higher degree of graphitisation of
the Ti;SiC,-CDC-800H1 and BPL samples can be evidenced
through sharper 002 reflections of the XRD patterns of these
samples compared to that of the SiC-CDC-800 sample, as
shown in Fig. S4. Furthermore, the helium densities of these
carbons (Ti3SiC,-CDC-800H1 and BPL) of 2.35g/cm® and
2.12 g/cm? respectively, as shown Table S1, are very close to

ues of the exponent n of the remaining carbon samples may
be due to the disordered nature of these carbons at the mes-
oporous scale, which most likely comprise curved and/or
twisted carbon walls, leading to their cylinder-like geometry.
Despite the higher degree of graphitization at the mesopore
scale of the carbon samples (Ti;SiC,-CDC-800H1 and BPL)
compared to the remaining carbon samples, these two former
carbons have an overall disordered character. This is due to
the fact that the exponent, n, at micropore scale (q>0.35 A
or pore size >18 A), as shown in Table 1, varies from 3 to 4,
indicating the disordered nature of the Ti3SiC,-CDC-800H1
and BPL samples at this scale. Accordingly, the predominant
population of micropores in these carbons, as seen in their
PSD results obtained by the adsorption technique of Ar at
87 K [14-15] or CO, at 273K [17], is clearly indicative of their
disordered nature.

3.2. Pore size distribution

In this sub-section, we determine the pore size distribution of
all the examined samples based on the small angle neutron
scattering measurements, as shown in Fig. 1, by minimizing
the deviation, J, between theoretical (Iineor) and experimental
(Iexp) coherent scattering intensities over the Porod law region
(Amin < 4 < max)

0 = [[Ttneor(q) — Iexp(q)H (3)

coupled with Tikhonov regularization. The L-curve technique
[20] is used for determining the regularization parame-
ter.As discussed in the above Section 3.1, carbon particles of
the examined samples showed high degrees of surface frac-
tals at microporous scales. Furthermore, micropore popula-
tions in these carbons are predominant. Accordingly, the
theoretical coherent scattering intensity was calculated by
considering the carbon microstructure as an infinitely dilute
solution of polydisperse hollow spherical particles [18] with
distribution y(R), and whose radius ranges from Ryin (=7/Gmin)
t0 Rimax (=7/Gmax)

*Rmax

ineor(4) = CHAP /

[ aroew (5 )RePansa@) @)
where the structure factor S(q) approaches unity at large q
(—o0) such that the inter-distance between pore spaces is
large compared to their sizes. From Eq. (4), it can be seen that
the pore volume v = f;:m dRy(R)(4)R®. Accordingly, the pore
size distribution, f(D), can be given as
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F(D) = dv/dD = 2 (g) By’ (5)

Thus, Eq. (4) can be rewritten by the use of Eq. (5)

Dmnax

neor (@) = CIAP? / dDf (D)P(qD/2) (6)

Diin
where (¥ is porosity, and Ap? is the contrast factor, defined as
Apz = (bcpc)z (7)

where b. and p. are the scattering length and density of the
carbon solid phase, respectively. The latter is assigned as
the helium density, assuming complete accessibility to He. C
is a normalization factor, which depends on the apparent
density of samples in the sample tube and the scattering vol-
ume with neutron beam, and is unknown. The focus of this
work is to compare the shape of the pore size distribution re-
sults determined from the experimental SANS data with
those obtained from the experimental adsorption isotherms.
Accordingly, the normalization factor, C, in Eq. (6) is used as
a fitting parameter such that the specific pore volume deter-
mined by SANS is close to that obtained by the adsorption
technique over the microporous range (size <20 A) accessible
by the probing gas. It is noted that the size of a graphitic slit-
pore, D, is defined as the carbon centre-carbon centre dis-
tance separating its two opposing carbon walls. The pore
width of the graphitic slit-pore, Hj,, is approximately deter-
mined by subtracting the LJ collision diameter of carbon atom
in the graphite, oc_c = 3.4 A, from the center-center pore size.
The choice of specific pore volume for this fitting task is due
to the fact that it is not sensitive to the choice of pore wall
thickness in the DFT interpretation of adsorption isotherms.
The form factor P(qR) is given [18] as

(sin(qR) — qR cos (qR))2
(aR)°

All the carbon samples examined contain principally mi-
cro and meso-pores whose size is less than 50 A, as deter-
mined in our recent works using the adsorption technique.
Accordingly, gmin is assigned a wave vector value within the
g-range of 0.13-0.14 A~* while gy is taken as 1.25 A~* to min-
imize the influence of the wide angle scattering signal [11].
The choice of qmin should be made to minimize the amount
of mesopores formed between carbon grains or inter-particle
mesopores. A large amount of inter-particle mesopores may
lead to the invalidity of the assumption of an infinitely dilute
solution of polydisperse hollow spherical particles made in
Eqg. (6). This choice of gmin enables one to probe a maximum
pore diameter (Dpmax = 27/qmin) in the pore size range of 45-
48 A which generally suffices to cover the pore size range of
microporous carbons. The choice of gmax (=1.25 A) allows
detection of the smallest pore size down to 5 A%, For conve-
nience, the pore size distribution result determined from the
SANS data is named as SANSPSD, while that obtained from
the adsorption isotherm of Ar at 87 K or CO, at 273K using
the slit-pore model is named as Ar87PSD or CO0,273PSD,
respectively.

The Ar87PSD and CO0,273PSD results of the examined
carbon samples (SiCDC-800, Ti3SiC,-DC-800H1, BPL, MSC Tak-
eda 3 A, and ACF-15) were taken from our previous works
[14,16-17]. In particular, these Ar87PSD results were obtained

P(gR) =9

(8)

for the four carbon samples (SiCDC-800, Ti;SiC,-DC-800H1,
BPL, and ACF-15) by the interpretation of the adsorption iso-
therms of Ar at 87 K using the Finite Wall Thickness (FWT)
model [16]. These Ar adsorption isotherms were measured
using a Micromeritics Adsorption Analyser ASAP 2020, and
are given in Fig. S5(a) of the Supporting Information section.
Furthermore, the C0,273PSD result of the MSC Takeda 3A
sample was determined [17] by the interpretation of the high
pressure adsorption isotherm of CO, at 273 K, as depicted in
Fig. S5(b), using the Infinite Wall Thickness model.

3.2.1. SiC-CDC-800

Fig. 2 depicts the comparison between the SANSPSD and
Ar87PSD results of the SiC-CDC-800 sample. The AR87PSD re-
sult of this sample was reported in our recent work [14]. From
this figure, it is interesting to see excellent agreement be-
tween the SANSPSD and Ar87PSD results over the accessible
pore size regions (3.4 A < width <20 A). Significantly higher
intensity of the first peak in the Ar87PSD result of this carbon
compared to that in the SANSPSD result is due to weaker car-
bon-Ar interaction strength used by the slit-pore model [13].
The actual carbon surface is normally curved due to defec-
tives (irregular rings or missing carbon atoms), enhancing
its interaction strength with Ar compared to that of the
smooth graphitic surface [13]. The use of the weak carbon-
Ar interaction strength by the slit-pore model to fit the exper-
imental Ar adsorption data artificially increases the popula-
tion of smallest pores, represented by the first peak in the
Ar87PSD result, in which the carbon-Ar interaction strength
is strongest. The SANSPSD result further reveals significant
porosities in the small pore region (width <3.4 A) inaccessible
to Ar at 87 K, and in the mesopore region (width >20 A). The
mesopore population is significant in the Ar87KPSD result of
these carbon samples, indicating inaccessibility of Ar at 87 K
to this mesopore region. In this regard, it is likely that the
small pore region inaccessible to Ar at 87 K represents the
passive pore entries into this mesopore region. Thus, the
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Fig. 2 - Comparison between the SANSPSD and Ar87PSD
results of the SiC-CDC-800 sample. The vertical red line
indicates the lowest pore width accessible to argon at 87 K.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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deformation of this carbon under high pressure adsorption
condition, as evidenced from the nonzero value of the maxi-
mum change in adsorbent volume due to deformation
(AVimax) estimated for these carbon samples [14], can stem
from the weak mechanical strength of these inaccessible re-
gions compared to pore regions accessible to the adsorption.
Furthermore, the small inaccessible region can be opened
up during the early stage of gasification [21], leading to a sig-
nificant increase in the surface area of gasified carbons com-
pared to that of their virgin forms. On the other hand, the
inaccessible mesopore region can also be opened during heat
treatment [22], due to the slight enlargement of the width of
their pore entries through which Ar can freely diffuse at
87 K within practical time scales.

3.2.2. Takeda 3 A, ACF-15, and BPL

3.2.2.1. Takeda 3 A. Fig. 3a shows good agreement between
the SANSPSD and CO,273PSD results of the molecular sieve
carbon (MSC) Takeda 3 A, only in the large pore region (width
<7 A). Surprisingly, the intensity of the population of small

(a) 0.10
SANS
0.08+ ——— HP CO, Adsorption
2 s
< 0.06 h
£ i CMS Takeda 3 A
- [
T 004 it
= ]
| II
(]
0.02 1 !
|
{
0.00 .
1 2 345 7 10 20 30 4050 70 10
Hi, (A)
(b) 0.4
SANSPSD
’. ——— AB7PSD
HRMCPSD
0.31
ACF-15

1 2 3 45 7 10 20 30 4050

Fig. 3 - (a) Comparison between the SANSPSD and
C0,273PSD results for CMS Takeda 3 A, and (b) comparison
between SANSPSD, Ar87PSD, and HRMCPSD results for
activated carbon fiber ACF15. The vertical red lines indicate
the lowest pore width accessible to (a) CO, at 273 K and (b)
Ar at 87 K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

pores (2.73 A <width <7 A) is significantly small compared
to that of the CO,273PSD result. Such significant deviation
in the intensity of the small pores between the SANSPSD
and CO,273PSD results may be due to the rather significant
amounts of noncarbon atoms in the Takeda 3A sample
including H, O, N, and S (H/C = 0.157, O/C = 0.005, N/C = 0.01,
S/C=0.00035 in the atomic ratio, as given in Table S1). It
may also be due to the presence of ash in this sample
(0.61% in the weight percentage, as given in Table S1), which
could contain trace amounts of metals such as V and Ni.
Although lacking g-dependence, the scattering by the noncar-
bon atoms depends on the degree of the atomic disorder [23].
It is defined as the diffuse coherent scattering, which is g-
independent and distinguishable from the true incoherent
scattering arising from the isotopic and nuclear spin distribu-
tions [23]. Hence, this diffuse coherent scattering artificially
enhances the true incoherent scattering intensity by carbon
atoms. The total scattering intensity in the high q region
(i.e. >0.6 A™1) corresponding to the small pore region (width
<7A) predominantly comprises incoherent scattering.
Accordingly, the slightly reduced accuracy in estimating the
incoherent scattering intensity leads to more severe impact
on the coherent intensity in this high q region. Such impact
can be explained by the abnormally lower population of the
small pores (2.73 A < width <7 A) determined by SANS com-
pared to that probed by Ar at 87 K. The small molecular
dimension of carbon dioxide (~3.03 A) used as a probing gas
enables one to detect the smallest open pore width down to
2.74 A or a carbon centre-to-centre pore size of 6.1 A calcu-
lated by adding the Lennard Jones (L]) collision diameter for
carbon, o, = 3.4 A, to the open pore width. However, the SANS-
PSD result showed a population of narrow pores (width
<2.74 A) inaccessible to CO, at 273 K. Indeed, our recent work
[24] showed the existence of pores having centre-to-centre
pore width of 5.66 A and smaller (or open pore width of
2.26 A and smaller), based on quantum effect mediated faster
diffusion rate of deuterium (D,) compared to of hydrogen (H,)
at 30 K, which was experimentally observed in this MSC Tak-
eda 3 A. This indicates that the SANS technique is very capa-
ble of detecting the pore populations inaccessible to the most
commonly used probing gases such as Ar and N, at subcritical
conditions or CO, at 273 K. Thus, SANS is very suitable for the
characterization of porous carbons, especially molecular
sieve carbons and coals.

3.2.2.2. ACF-15. Fig. 3b depicts the comparison between
the SANSPSD and Ar87PSD results of the activated carbon fi-
ber ACF-15 used in our recent work [25]. The pore size distri-
bution result of the atomistic model of this carbon obtained
by hybrid reverse Monte Carlo simulation [13] is named as
HRMCPSD, and is shown in Fig. 3b for comparison. From this
figure, much better agreement can be generally seen between
the SANSPSD and the HRMCPSD than between SANSPSD and
Ar87PSD. In particular, both SANSPSD and HRMCPSD results
show the population of ultra-micropores (width <3.4 A) which
is completely absent in the Ar87PSD result. However, the
SANSPSD result contains a small population of large pores
(width >17 A) which is not found in both the Ar87KPSD and
HRMCPSD results. This is indicative of inaccessibility of Ar
at 87 K to the large pore region for the case of the Ar87PSD



CARBON 50 (20I2) 3045-3054

3051

result. For the HRMCPSD, the high lower bound of the wave
vector (Gmin < 0.2 A‘l) and small size of the simulation box
(~30 A) prevents the probing of this inaccessible large pore re-
gion. Despite good agreement obtained between the SANSPSD
and HRMCPSD results, the intensity of the small pore popula-
tion (Hi, <7 A) in the SANSPSD result is generally lower than
that in the HRMCPSD result. This is due to the impact of the
scattering by noncarbon atoms (O, H, N), as discussed above,
present in the activated carbon fiber ACF-15 with the atomic
ratios (H/C =0.145, O/C=, N/C = 0.004). Smaller atomic ratios
of noncarbon atom to carbon atom in the ACF-15 compared
to those in the Takeda 3 A, and the absence of ash in the
ACF-15 sample, suggest lesser impact of the scattering by
noncarbon atoms on the true coherent intensity of carbon
atoms for the ACF-15 sample than for Takeda 3 A. This can
be seen from the better agreement between the SANSPSD
and Ar87PSD results in the intensity of the small pore popula-
tion obtained for the ACF-15 sample compared to the Takeda
3 A. Despite the impact of the scattering by the noncarbon
atoms, a small population of the inaccessible ultra-microp-
ores (width <3.4 A) in the SANSPSD result is still obtained
for the Takeda 3 A carbon.

3.2.2.3. BPL. Fig. 4 shows the comparison between the
SANSPSD and Ar87PSD results of the BPL sample. From this
figure, similar to the Takeda 3 A and ACF-15 samples, the
SANSPSD result shows significantly lower population of the
small pores (H;, <7 A) compared to the Ar87PSD result. The
chemical composition of the BPL sample is given in Table
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Fig. 4 - Comparison between the SANSPSD and Ar87PSD
results: (a) BPL and (b) Ti;SiC,-CDC-800H1.

S1, and shows that the hydrogen content of BPL carbon is only
a half of that of ACF-15 and Takeda 3 A, but its contents of
noncarbon atoms (O and S) are significantly larger than those
of the latter samples. Furthermore, the ash content (3.11%) in
BPL sample is much higher than that of Takeda 3 A (0.61%).
Consequently, among the three commercial carbon samples
examined (Takeda 3 A, ACF-15, and BPL) the impact of the
scattering by the noncarbon atoms on the coherent scattering
intensity in the high q region (q>0.6 A is expected to be
least for the ACF-15. This is consistent with the best agree-
ment between the SANSPSD and Ar87PSD results in the small
pore population (H;, < 7 A) found for the ACF-15 sample.

3.2.3. TizSiC,-CDC-800H1

Fig. 4b depicts the comparison between the SANSPSD and
Ar87PSD results of the Ti;SiC,-CDC-800H1sample. From this
figure, it can be seen that the SANSPSD result has an abnor-
mally high population of mesopores (H;, > 50 A), which could
arise from interparticle spaces. Such large population of mes-
opores is similar to that in the distributions of carbonizate
and its gasified forms with various burn-off degrees, deter-
mined from small angle scattering (SAXS) data by Gun’ko
et al. [11]. It is interesting to see that despite the possible
influence of the large population of mesopores (>50 A) on
the assumption of the infinitely dilute solution of polydis-
perse hollow spherical particles made in Eq. (6), there is a
good agreement between the SANSPSD and Ar87PSD results
in the small pore region (3.4 A < H;, < 20 A). Similar to the sil-
icon carbon-derived carbons discussed in the Subsection
3.2.1, the SANSPSD result of the Ti3SiC,-CDC-800H1 sample
also contains significant populations of ultramicropores
(Hin < 2.7 A) or mesopores (20 A < H;, < 50 A), which are inac-
cessible to Ar at 87 K. While a large population of mesopores
(>50 A) is present in the SANSPSD result of the Ti3SiC,-CDC-
800H1, and in the PSD results of carbonizate and its gasified
forms at various burn-off degrees, determined from small an-
gle scattering (SAXS) data by Gun’ko et al. [11], a significant
population of small pores (H, <7 A) present in the TisSiC,-
CDC-800H1 sample was surprisingly absent in the carbonizate
samples.

0.25

ACF-15

0.05- Ti,SiC,-CDC-800H1

0.00 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

q (A"

Fig. 5 - Comparison between the fitted SANS coherent
intensity and the corresponding experimental curve for all
the examined samples. Solid lines represent fitting results,
and dashed lines the experimental curves.
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Table 2 - Comparison of surface areas determined from the SANS and adsorption techniques.

Sample Name 23A<H;,<34A

34A<H;, <166 A

42 A >H;,>16.6 A 23A<Hp,<42A

Su (SANS) Sy (AdS)  Smicro (SANS)  Smicro (AdS)  Smeso (SANS)  Speso (Ads) S (SANS)  S;: (Ads)
SiC—CDC—SﬂOO 505 0 1521 1821 184 19 2276 1846
Takeda 3 A 30 0 385 660 37 7 431 668
BPL 85 0 789 1107 670 45 1612 1164
ACF-15 90 0 1151 1740 135 3 1419 1744

Note: the lower indices (u, micro, mes, and t) denotes ultra-micropores, micropores, mesopores, and total. Unit of the surface areas is given as

m%g.

Table 3 - Comparison of pore volumes determined from the SANS and adsorption techniques.

Sample Name 23A<Hp,<34A

42 A>Hy>16.6 A 23A<Hpn<42A

V. (SANS) V, (Ads) Vines (SANS) Vines (Ads) V, (SANS) V, (Ads)
SiC-CDC-800 0.070 0.000 0.240 0.052 0.909 0.608
Takeda 3 A 0.034 0.000 0.039 0.008 0.245 0.172
BPL 0.012 0.000 0.776 0.049 1.240 0.472
ACF-15 0.013 0.000 0.154 0.005 0.737 0.540

Note: the lower indices (u, mes, and t) denotes ultra-micropores, mesopores, and total. Unit of the pore volumes is given as cm?/g.

Finally, Fig. 5 shows excellent fits of the theoretical neutron
scattering intensities to the corresponding experimental data
for all the carbon samples examined over the Porod range
(0.13A 1< q<1.25AY). While there is significant impact of
the scattering by the noncarbon atoms present in the BPL
and Takeda 3 A samples on the accuracy of their SANSPSD re-
sults, there is reasonably good agreement of the SANSPSD re-
sults of the remaining carbon samples examined (three
carbide derived carbons and ACF-15), presented above, with
the PSD results determined from Ar or CO, adsorption, and
show the inaccessible pore spaces not probed by adsorption.

For clarity, we compared the surface areas and pore vol-
umes derived from the SANS and adsorption techniques, as
presented in Tables 2 and 3, for the carbon samples whose
pore size distribution was successfully determined by the
SANS technique. The values of the surface areas determined
by the SANS technique were calculated from the SANSPSD re-
sults based on the slit-pore model assumed for these investi-
gated carbon samples. In particular, the surface area was
given as

2
S— / 2 f(H)dH )

Table 2 shows very good agreement in the surface areas of
micropores (3.4 A < H;, < 16.6 A) obtained from the SANS and
adsorption techniques for the examined SiCDC-800, for the
pore size range but larger deviations exist for the commercial
carbon samples (Takeda 3 A and ACF-15, BPL). Furthermore,
the total surface area of all the examined carbon samples
determined by the SANS technique over the pore range size
(Hin<42A) is generally smaller than that of a perfect
graphene sheet (about 2630m?%g), as seen in Tables 2 and 3.
From Tables 2 and 3 it is interesting to note that the signifi-
cant fraction of the surface areas (500 m?/g) or pore volume
in the ultra-micropore ranges, determined by the SANS

technique, are inaccessible to Ar at 87 K for the silicon carbide
derived carbon sample. However, the small to moderate frac-
tions (<100 m%g) of the surface area inaccessible to CO, at
273 K for the Takeda 3 A and Ar at 87 K for the remaining car-
bon samples (ACF-15 and BPL) may be due to the impact of
scattering by the noncarbon atoms in this carbon, as dis-
cussed above. In practice, only part of the inaccessible surface
areas or pore volumes may be opened during the early stage
of gasification process, as discussed above. However, at higher
degrees of the carbon burn-off the significant pore enlarge-
ments as well as removal of defect sites, which enhance the
density of carbon fragments, will be the predominant mecha-
nisms. Accordingly, as the degree of activation is increased
the surface area of the carbon will at some point begin to de-
crease compared to that of its precursor. The relatively small
surface area of this ultramicropore region (<3.4 A) compared
to that of the larger pore regions accessible to Ar or CO,, could
be due to a large population of molecularly narrow pore en-
tries, which significantly slows the adsorption kinetics of
small molecule such as CO, in Takeda 3 A [26]. This is due
to the small volume of the pore entry compared to its pore
body.

It can be seen from Table 3 that except for the Takeda 3 A
CMS, which has small difference in mesopore volumes deter-
mined by the SANS and adsorption techniques, the remaining
carbon samples have significantly larger fractions of meso-
pore volumes (0.15—1.6 cm®/g) determined by the SANS tech-
nique compared to those (0.01—0.135 cm®/g) obtained by the
adsorption technique. The former mesopore volumes may
be inaccessible to the Ar adsorption at 87K, but will be
opened for the Ar adsorption during the thermal treatment,
as discussed above. Strong support for this conclusion of
opening up of inaccessible porosity by heat treatment is pro-
vided by a comparison of the total SANS pore volume of SiC-
CDC-800 of 0.909 cm®/g, with the adsorption-based values of
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1.064 cm®/g for this carbon obtained after 3 days heat treat-
ment at 1100 °C in Ar atmosphere [22]. It is clear that the
adsorption-based values increase significantly and approach
the SANS-based pore volumes upon heat treatment, indica-
tive of increase in accessibility. Thus, the adsorption pore vol-
ume of 0.608 cm®/g for the as-synthesised sample given in
Table 2, while essentially identical to the theoretically ex-
pected [22] value of 0.61 cm®/g, does not represent the true
pore volume of the carbon, and considerable inaccessible
porosity exists in the samples that is integrated into the
accessible pore space by heat treatment. This inaccessible
porosity must predominantly comprise of pore surface de-
fects and roughness which are removed on heat treatment,
as the surface area shows a much more modest increase on
heat treatment compared to the increase in pore volume [22].

4, Conclusions

We carried out the interpretation of the small angle neutron
scattering data for the average size of carbon particles as
well as pore size distributions of five activated carbon sam-
ples (SiC-CDC-800, Ti3SiC,-CDC-800H1, BPL, MSC Takeda 3 A,
and ACF-15). We find significantly larger sized carbon parti-
cles in the samples (SiC-CDC-800, MSC Takeda 3 A) with
predominance of micropores (size <20A), than those in
the other samples (Ti3SiC,-CDC-800H1 and BPL) which have
high mass fractal degree and significant population of mes-
opores sized up to 48 A. We also successfully determined
the pore size distribution of the former group of the carbon
samples (SiC-CDC-800, MSC Takeda 3 A, BPL, and ACF-15)
from the SANS data with the assumption of an infinitely di-
lute solution of hollow spherical particles However, this
assumption is inapplicable to the Ti3SiC,-CDC-800H1 sample
which contains significant population of large mesopores
with high mass fractal degrees. Among these samples, the
best agreement between the SANSPSD and Ar87PSD results
achieved for the silicon carbide derived carbon sample indi-
cates the relevance of SANS method to characterize the
pore structure of pure microporous carbons such as carbide
derived carbons. On the other hand, the presence of noncar-
bon species in the examined carbon samples (MSC Takeda
3A, BPL and ACF-15) leads to significant impact on the
accuracy of the SANSPSD results of these carbons. The re-
sults from SANS show significant pore populations that
are inaccessible to Ar and not probed during adsorption
characterization by this gas. This inaccessible porosity lar-
gely comprises of surface defects that are removed on heat
treatment or activation, so that while the inaccessible pore
volume is incorporated into the accessible pore volume on
heat treatment the surface area does not correspondingly
increase.
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