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Abstract

For years, the characterization of carbon pore size distribution (PSD) has been dominated
by the analysis of N, isotherms. Recently, the [UPAC Technical Report (2015) recommended
Ar as inert gas for this analysis. N, molecule due to its significant quadrupole moment may
selectively interact with the polar surface sites and affect the isotherm measurement. CO,,
another gas that is often used for the characterization of microporous carbons exhibits even
higher quadrupole moment than N,. In the present study, we substitute N, and CO, with O, and
H,; gases that have much lower quadrupole moments. The PSD calculations are performed using
molecular models based on classical and quantum corrected two-dimensional nonlocal density

functional theory (2D-NLDFT).

We compare the results of the dual gas analysis methods by the simultaneous fit of our models
to N, & CO,, and O, & H; isotherms for several reference carbon samples and demonstrate

consistency between the results derived from both pairs of isotherms.

A fundamental and practical benefit of using the dual gas analysis method is the ability to obtain
the full micro and mesopore PSD by using a partial O, isotherm without low-pressure data in

combination with full H, isotherm both measured at 77 K.



1. Introduction

For years, the characterization of carbon pore size distribution (PSD) has been dominated
by the analysis of nitrogen (N,) isotherms measured at its boiling point (77 K). From the
scientific viewpoint, however, N, may not be the most appropriate molecular probe for the PSD
evaluation. Its high quadrupole moment may affect the adsorption of N, molecules due to the
interactions with polar surface sites.

The molecular models used in this work for the evaluation of carbon pore structure assume
nonspecific interactions of gas molecules with carbon surface. Real carbon materials may
contain various mineral contaminations and chemical surface sites that may interact with
adsorbate molecules via specific interactions. If the experimental adsorption isotherms are
distorted by such interactions it may affect the PSDs calculated from these isotherms.

To minimize such effects [UPAC Technical Report 2015 [1] recommended argon (Ar) as
the most reliable for the PSD evaluation. However, Ar adsorption measurements using liquid
Ar as a coolant are more costly than the standard N, analysis; therefore, from the practical
viewpoint, Ar analysis is not a preferred one in a typical laboratory. As a replacement for argon,
it was recently proposed to use oxygen (O;) [2]. Oxygen was chosen because its quadrupole
moment has about three times lower value than N,. Moreover, it was shown for several
representative carbon samples that their PSDs derived from adsorption measurements of N, and
0O, at 77 K and Ar at 87 K are in quantitative agreement.

On the other hand, the Report [1] recommended using CO, for the characterization of
ultramicroporous carbons because, at the recommended temperature (273 K), CO, diffuses
faster into micropores than N, at the cryogenic temperature. This recommendation, however, is
inconsistent with the premise of using molecules with low sensitivity to interactions with polar
sites, because the CO, quadrupole moment is even larger than that of N,, which makes it
sensitive to the carbon surface chemistry [3]. In the absence of polar sites, the use of CO, may
be appropriate, and several authors applied CO, adsorption to study the porosity of microporous
carbons and carbon molecular sieves [4-9].

Another simple gas that diffuses faster into ultramicropores than N, at 77 K is H,, which is
supercritical at this temperature. Furthermore, the H, molecule has a small quadrupole moment
and smaller diameter than CO,, and it has been that H, adsorption data may provide meaningful
PSD results in an extended range of pore sizes when analyzed alone [10] or simultaneously with
argon data [11]. The grand canonical Monte Carlo (GCMC) model isotherms of H, and CO,

were also used [12] to analyze simultaneously adsorption data of H, and CO,



The values of the absolute quadrupole moments of the considered molecules are in the
following order [13]: Ar <O, <H, <N, <CO, and their ratios to the value of N, are as follows
0.0 <0.28<0.46 < 1.0 <3.1. Other gases such as CH4 [14], CF4 and SF¢ [15] with symmetrical
molecules, zero quadruple moments and different molecular diameters have been used for the
carbon pore size analysis as well as for the evaluation of pore connectivity and molecular
sieving effects.

In present work, we use molecular models based on the nonlocal density functional theory
(NLDFT) to analyze O, and H, adsorption data simultaneously. We show comparisons of PSD
results derived from O, and H, data and with those from N, and CO, data. The approach
introduced in this work is advantageous compared to the earlier presented “dual analysis
method” [16] based on N, and CO, data, due to the lower quadrupole moments of O, and H,. It
is also more practically convenient because of the same cryogen, liquid N,, used for both
analyses. The PSD analysis is executed using adsorption models incorporating surface
roughness, and energetic heterogeneity derived based on the NLDFT [17-20] in its two-
dimensional version 2D-NLDFT-HS [21, 22] herein referred to as 2D-HS where HS stands for

the heterogeneous surface.

2. Experimental

In this work, we have used two series of carbon samples derived from two precursors: (i)
polyethylene terephthalate, (PET), and (11) corn stigmata (CS). Both precursors were first
carbonized to obtain chars, and then the chars were activated with CO,. The char derived from
PET was labeled PC and the activated carbons derived from this char were labeled PCn, where
n is the burn-off percent during the activation process. The char derived from corn stigmata was
labeled C-CS, and its two activated carbon derivatives were labeled C-CS-0.5 and C-CS-1.0,
where the number in the sample label represents the time of activation in hours. Preparation and
properties of the samples used in this work were described earlier for the PET series [16, 23]
and the CS series [24]. In addition to the porous carbons, a sample carbon black BP 280 (Cabot)
was used to obtain H, adsorption reference data. This carbon has been used previously [2, 21,
25] as reference for carbon material with the heterogeneous surface. The measurements of H,
and O, adsorption isotherms at 77 K were performed using the high-resolution Micromeritics
3Flex instrument. The samples were degassed on sample ports at 620 K overnight before the

measurements.

3. Results and Discussion



3.1 The two-dimensional NLDFT model of H, adsorption on heterogeneous carbon surface at 77
K

At 77 K, hydrogen is far above its critical point of 33 K and thus its adsorption isotherms
on the uniform carbon surface do not show the layering transitions that lead to artifacts [21, 26]
in the PSD calculations when the one-dimensional NLDFT model was applied. Nevertheless,
for the evaluation of H, adsorption model, we use the same surface roughness parameters and
type of energetic heterogeneity as in the earlier developed models for the other simple gases
[2]. We calculate the kernel isotherms in the framework of the 2D-HS model [2, 21, 22] using
Tarazona’s version [17-19] of the non-local density functional theory (NLDFT). The theory
provides a prescription for the evaluation of the density profile p(r) of gas molecules confined
in a pore of a given shape and dimensions. The equilibrium density profile is calculated by the
iterative procedure which finds the minimum of the grand thermodynamic potential functional

given by [20]
Q[p(M)] = Flp(m)] = [drp(®)[s — Vex (0], (1)

where F is the Helmholtz free energy functional, n is the chemical potential, and V,,(r) is the
so-called external potential which describes the pore-fluid interactions. The theoretical kernel
isotherms are obtained by the integration of p(r) over a pore space for a series of pressures and

pore dimensions.

3.1.1 Standard slit pore model with quantum corrections

Molecular interactions of light molecules such as H, may be influenced by quantum effects
at low temperatures. Several authors have accounted for quantum effects in modeling the
adsorption of H; at cryogenic temperatures by using advanced simulation methods such as path
integral Monte Carlo formalism [27, 28]. A simpler approach to account for quantum effects is
based on the Feynman-Hibbs (FH) effective potential [29, 30]. In the present work, we apply
the second-order FH effective potential that is expressed as a sum of the classical interaction

@ 99,

potential and a quantum correction term, indicated below by the superscript “q”:

u(r) = u(r) +ui(r), (2)
where

Q[ d? 2d
ul(r) = 4|5 2u) + gu) 3)

and the composite parameter Q is given by

Q = (h/21)*/tmk5sT (4)



The classical interaction potential @y(7) is assumed here in the form of the Lennard Jones (LJ)

potential

brr(r) = 4€ff[(arff)

12

6
-] (5)
In the above equations, r is the distance between two interacting molecules, gy and oy are the
LJ energy and size parameters, 4 and kp are the Planck and Boltzmann constants, x4, is the
reduced mass of the two interacting particles. For the interaction between the two H, molecules
H,=m/2, where m is the mass of the H, molecule. For the interaction between H, molecule and
the solid z,,=m.

For the LJ potential Eq. (3) takes the following form

off aff

¢Fr(r) = Qegpr _Z[ZZ(r)lz — 5<r)6]. (6)

Based on the analysis of Sese [30], the effective potential given by Eq. (2) is reliable for a
particle with the reduced de Broglie thermal wavelength Az <0.5, where

A5 = h/(2mmksTo%s)'/? (7)

The Ag value for hydrogen at 77 K is 0.47.

To be able to compare our calculations with published results, we start with the slit pore
model that is one-dimensional with respect to the z-axis perpendicular to the ideal uniform
surface of a graphitic solid. The potential of interactions ¢y(z) of a gas molecule with such a
model solid depends only on a distance from the center of the molecule to the centers of carbon
atoms in the solid surface and is expressed as a sum of interaction potentials with the single
surface layer of graphite ¢, and interactions and interactions with the rest of the solid. This

potential is usually given by the Steele formula [31]

¢)Sf(z) = d)l(z) + d)oo(z)a (8)
where ¢, is evaluated by the integration of the LJ potential over the surface,
200010 o4
s =452 -] ©)
and ¢, is represents the interaction potential with other graphite layers summed up to infinity
Adgf
Poo(2) = — 3A(z + 0.614)3 (10)
The aggregate parameter A is given by
A= 27‘[0’Sf285fpsA (11)



where &y and oy are the solid-fluid energy and size interaction parameters, p; is the density of
carbon atoms in graphite, and 4 is the spacing between graphite layers.

The FH correction for the interaction potential of H, molecule with a single graphitic plane
is obtained by applying formula (3) to the solid-fluid LJ potential and integrating over the plane

surface which gives the following expression:
1170\ 10 5705\
() -7 ] (12)

The Steele potential [31] given by Eq. (8) sums interactions with the series of parallel graphitic

d)gheet(z) = QAZ —2

planes expanded to . The FH correction for the graphitic pore wall is given here by the
following finite sum:

4 (2) = B, _ oPheet (2 + i) (13)

A similar formula was derived earlier [32], and it is justified by the fact that terms in this sum
decrease sharply with the distance from the surface.

The total quantum-corrected external potential of interaction between H, molecule and
standard slit pore may now be written as
V@) = (5 + 2) s (5 — 2) + 0% (5 + 2) + 045 — 2). (14)

Where pore width H is the distance between the centers of atoms composing the surface planes
of the opposite walls.

For the comparison of our quantum corrected NLDFT calculations with published results,
we used Eq. (14) as the external potential in Eq. (1) and we calculated several FH-NLDFT
adsorption isotherms of H; at 77 K using &ykz = 36.7 K and oy = 2.958 A as the LJ fluid-fluid
interaction parameters [33]. The solid—fluid parameters were obtained from the Lorentz-
Berthelot combining rules taking the values &/kz =28 K and o, = 3.4 A for the carbon-carbon
interaction parameters in graphite [31]. The same LJ parametrization was applied for the
modeling of H; isotherms at 77 K in three reference papers: (a) [32], (b) [12] and (¢) [34]. The
method used in (a) and (b) papers was the grand canonical Monte Carlo (GCMC) simulation
with FH quantum correction FH-GCMC while the method used in the paper (c) was the path-
integral PI-GCMC method, which is considered the most accurate treatment of the
thermodynamics of quantum fluids. We digitized the data of Fig. 2, Fig. 6a, and Fig. 2a from
papers (a), (b), and (c), respectively. The isotherms data were converted to common format and

compared with the FH-NLDFT isotherms in Fig. 1. The H; isotherms are expressed as the mass



densities calculated per volume between pore walls separated by the distance H. The plotted

isotherms are labeled with values of the effective pore width [35] defined as w=H - 3.4 A.
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Fig. 1- Comparison of quantum corrected absolute NLDFT-FH isotherms calculated in the present
work with literature data calculated using (quantum corrected) FH-GCMC and (path integral) PI-
GCMC. Data taken from three reference papers: (a) [32], (b) [12] and (c) [34].
The theoretical isotherms (Fig. 1) calculated using three different methods are highly
similar, but not identical. The sequence of the isotherm values is not the same for different
pore sizes. The NLDFT-FH isotherms calculated in the present work show values in between
the values of other isotherms or slightly below other values in only one case of pore width
w=3.6 A (Fig. 1a). Taking into account the complexity of the methods used in the calculations
of the data presented in Fig. 1 and their certain diversity, we may consider our NLDFT-FH

results in an overall agreement with the other referenced data.

3.1.2 Two-dimensional slit pore model with quantum corrections

The two-dimensional model used in the present work assumes the corrugated and
energetically heterogeneous surface of carbon pores [21, 22]. The model was formulated on the
bases of the graphene carbon structure that was demonstrated in the recent study [36] using
atomic-resolution images obtained from STEM microscopy. The images presented in that study
were taken from various parts of nanoporous carbon samples, and they consistently showed the

curved and defective graphene sheets that, according to the authors, constitute the carbon
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building blocks. To describe the spatial curvature of the surface, it is necessary to extend the
description of the solid-fluid interaction potential from one-dimensional @(z), used in the
standard model, to at least two-dimensional @y(x, z). In the present model, @y 1is constant as a
function of y variable, and a simple trigonometric function describes the corrugation of the
graphene pore surfaces,

t(x) = asin (2nx /1), (15)
where a is the amplitude and A is the periodicity of the corrugation.

In addition to the corrugation, the surface is energetically heterogeneous, where a

trigonometric series describes this heterogeneity
E(x)=1+X, _ Bisin (2mkx/A), (16)

where n is the number of By adjustable parameters.

The corrugation and the energetic heterogeneity are introduced only to the carbon surface
layer. The solid-fluid potential ¢;(x, z) for this layer and its FH quantum correction ¢{are
calculated by the integration of the LJ potential and its quantum correction. First, an analytical

integration over the y-direction gives the following integrals of one variable:

o E@)[63 [o,10 as
ey =4l (%) %) Jo ax (a7
o E) Us 10 o\
#n) = 0" (%) 25( g ax (18)
where
g=[1+ (dt/dx')z]l/ { (19)

]1/2 (20)

= [(Z + t(x'))2 + (x — x")?

Then, the numerical integration using the ten point Gaussian quadrature is performed to evaluate
the integrals in Eqs. (17) and (18). To calculate these integrals in infinite limits the periodic

boundary conditions are assumed for the x coordinate.

Finally, using Eqgs. (10) (12) (17) (18) the corrugated wall potential with quantum-

corrections may be expressed in the following form:

VER(,2) = $1(%2) + benl(z + @) + P1X,2) + X Dlhoer(z + @ + iA),(21)



where the amplitude a is added to shift potentials @, and ¢,..; from ¢ to avoid geometrical
overlapping with the corrugated surface layer.

The potential defined by Eq. 21 is used in Eq. (1) as the external potential to calculate the
theoretical adsorption isotherm (2D-HS-FH) on the model carbon surface. This isotherm is
fitted to the experimental H, isotherm on the reference carbon black BP 280 (Fig. 2) to obtain
the energetic heterogeneity parameters and the gy parameter of our H, adsorption model. This
reference carbon has been consistently used to develop the 2D-HS models for other gases [2,
16, 22]. The other interaction parameters are the same as for standard slit pore model (section
3.1.1). The surface corrugation is assumed here to be the same as established for the original
2D-HS nitrogen model [22], but since the surface geometrical parameters, @ and A are expressed
in terms of the reduced quantities scaled with respect to the molecular diameter; we adjusted
these parameters accordingly for H, molecule to preserve the corrugation geometry. All
parameters applied in the 2D-HS-FH model calculations are reported in Table 1. For

comparison, Table 1 also contains the parameters used in the original 2D-HS model for N, [22,
37].

0.006

O H,lsotherm at 77 K
—— 2D-HS-FH fit

0.004 -

0.002 -

2
Amount adsorbed, mmol m

0.000 T .
103 102 10 100

Pressure, atm

Fig. 2- Fit of the 2D-HS-FH model to the experimental isotherm of H, measured at 77 K on
the reference carbon black BP 280.
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Table 1. Parameters used to calculate the 2D-HS-FH kernel for H, and 2D-HS kernel for N,
adsorption at 77 K on carbons with heterogeneous surfaces.

Intermolecular
Interaction H, N, Heterogeneity H, N,
parameters parameters
oy=dys(A) 296 | 3.58 i/ 0.357 0.065
gk (K) 36.70 | 93.62 oz 0.640 0.565
qf(A) 3.18 3.49 a 0.54 0.45
&y/k (K) 32.86 | 53.50 A 7.0 6.0

The total quantum corrected external potential of H, interaction with the corrugated pore is

given as sum of the wall potentials defined by Eq. (21),
FH FH (L H FH (L H
Vpore(x;z) = Vwall(x;f + Z) + Vwall(x'f - Z) (22)

A detailed description of a corrugated pore model and the calculation method of the theoretical
isotherms have been given earlier [2, 22]. Here, we calculated the kernel of 2D-HS-FH
theoretical isotherms for H, at 77 K using the parameters listed in Table 1. This kernel
constitutes our quantum-corrected hydrogen model for carbons with the heterogeneous surface.
Fig. 3a shows the excess isotherms of this model for selected effective pore widths, w. To
illustrate the effect of FH quantum corrections, the isotherms calculated without these
corrections are also shown in this figure. The fact that the quantum corrected model predicts
lower H, densities than the classical model is because the quantum effects weaken the fluid-
fluid and solid-fluid interactions [12, 38]. To compare the H, kernel with the previously
developed CO; kernel [16], in Fig. 3b, we plot the 2D-HS isotherms of CO, at 273 K calculated
for the same pore widths as for H,. The absolute pressures of 1 and 10 atm correspond to 0.03
and 0.3 p/p, for CO,. It is interesting to note that both sets of isotherms are similar in shape, but
CO, isotherms show lower densities and are shifted to higher pressures compared to H,
isotherms. These differences between the two kernels indicate that the H, kernel is to a certain
extent more responsive to pore sizes than CO, kernel under the temperature and experimental

pressure conditions.
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Fig. 3- The excess theoretical adsorption isotherms of 2D-HS kernels for H, at 77 K (a) and
CO, at 273 K (b) calculated for selected effective pore widths, w from 3.5 to 25 A.

It is important to realize that both kernels presented in Fig. 3 have limited applicability for the
PSD characterization of porous carbons. As discussed earlier [16, 39], the sensitivity of CO,
adsorption isotherms to pore sizes is limited to w ~ 10 A. A similar upper sensitivity limit was
considered [40] for H, at 77 K. At this temperature, H, is a supercritical gas which does not
condense. Its adsorption isotherms are of type I (Fig. 3a), and their shapes for larger pores
become increasingly more similar to one another, which in mathematical terms means that they
become linearly dependent, and thus less sensitive to pore sizes. To better explain the physical
state of H, gas confined in the carbon micropores, we plot in Fig 4, the density profiles in the
pores of different widths calculated by the present 2D-HS model. This illustration shows that
at 77 K and 1 atm H, may saturate only the small pores of 4 — 7 A. The average density of H,
decreases in larger pores where it is adsorbed mostly on the pore walls. It follows that the

amount of H, adsorbed in the larger pores depends on their surface area and not on their widths.
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Fig. 4- Cross-sectional contours of the local densities of H, at 77 K and 1 atm calculated using
present 2D-HS-FH model.

The limited sensitivity to larger pore sizes of CO, and H, implies that to calculate the carbon
PSD in a full range of micro and mesopores, it is necessary to use an additional adsorbate that
will condense in the larger pores. The concept of using two adsorbates that are sensitive to
different pore sizes was implemented for CO, and N, in the dual gas analysis method [16, 24].
A similar methodology has been applied earlier using standard NLDFT [11, 40] and GCMC
[12, 41] models.

3.2 Comparison of the PSD characterization methods using multiple simple gases

It was recently demonstrated that the PSD results obtained from the 2D-HS models and
adsorption isotherms of N,, Ar, and O, [2] were consistent for several representative porous
carbons. Here, we attempt to show that the dual gas analysis methods based on two pairs of
simple gases, N, and CO,, and O, and H, also give consistent results in terms of carbon PSDs.

We use the adsorption data of N,, and CO, reported in two papers [16, 24] for two series of

13



porous carbons and new adsorption data of O, and H, measured at 77 K on the same carbons.

All PSD were calculated using the SAIEUS [42] software that is available at www.nldft.com.

The results of the PSD analysis of PC series of samples are presented in Figs. 5 and 6. The
PC samples are the activated carbons with systematically changing pore structures upon the
increasing degree of activation. The sample labeled PC is a char derived from PET, and the
activated carbons derived from this char by CO, activation are labeled PCn, where n is the burn-
off percent. The goodness of fit of the 2D-HS models to the isotherms measured on these
samples is shown in Fig. 5 where we plot experimental data and fitting lines in a linear and
logarithmic pressure scale to show the goodness of fit accurately in the range of low and high
pressures. Meanwhile, it is interesting to note that the amounts adsorbed of H, measured up to
1 atm reach values similar to those of CO, measured up to 10 atm. The CO, uptake on these
carbons at 1 atm is significantly smaller than H, at the same pressure.

The isotherms of carbons with narrow PSDs (PC, PCS5, and PC23) were fitted using dual
gas analysis method applied to two pairs of isotherms, N, & CO,, and O, & H,. The version of
the dual gas analysis method introduced in the original reference [16] was unable to fit the 2D-
HS models simultaneously to N, & CO, isotherms for samples of char PC (Fig. 5 al, bl) and
mildly activated char PC5 (Fig. 5 a2, b2) . These samples have extremely small ultramicropores
which hinder the diffusion of N, at low temperature and pressure. The problem was then solved
by fitting partial data excluding the N, data points at pressures below 0.001 p/py and the CO,
points above 0.03 p/po.

Here, we apply a refined approach to this problem [24], and we slightly increase the lower
pore width limit w,,;, of the N; kernel. With this modification, we are able to fit simultaneously
both isotherms in the full range of pressures. The physical meaning of w,,;, is an estimate of the
minimum pore width accessible to N, molecules at the measurement conditions. Increasing the
Wmin parameter from its default value w,,;, = 3.6 A modifies the N, kernel by excluding the
theoretical isotherms calculated for small pores that contribute to CO, but not to N, adsorption
at low temperature and pressure. We believe that this approach is more accurate and provides
higher resolution than the approach that excludes the experimental points as it was done
previously.

The comparison of PSDs obtained from the two pairs of gases N, & CO,, and O, & H, show
similarities and differences. As reported in Table 1, the H, molecule has a smaller molecular
diameter (o= 3 A) than the other gases used in this work which means it may access smaller
pores than the other gases. Consequently, we assumed w,,;, = 3.0 A for the H, kernel, and thus

we extended the range of the PSD analysis using this gas to the lower limit than can be achieved
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by other gases. As a result, the PSDs of PC, PC5, and PC23 (Fig. 5 al-a3) calculated using O,
& H, have similar shapes to those derived from N, & CO, but are shifted to lower pore sizes
showing an additional contribution to pore volume by the smallest pores accessible to H, but
not to other gases. These additional pore volumes are visible in the cumulative pore volume
plots (Fig. 5 b1-b3) and are reported in Table 2.

For carbons with wider PSDs (PC39 and PC63), we were able to obtain excellent fit of four
2D-HS models to four isotherms simultaneously which implies that the PSDs calculated for
these carbons from the general fit of four isotherms should be very similar to those obtained
from two gases N, & CO, being a subset of the four gases. Indeed, this similarity is confirmed
by the calculated PSDs and pore volumes (Fig. 6 and Table 2). Results of simultaneous fitting
of the NLDFT kernels to adsorption data of several gases measured on the same sample were
reported earlier [16, 40, 43]. The results derived from such a procedure are statistically more
robust than those derived from a single isotherm. Moreover, if the goodness of such fit is

satisfactory, it confirms that the obtained PSDs are not adsorbate related.
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Table 2. Cumulative pore volumes calculated from the kernel sets including H, model.
Comparison with volumes calculated from the dual gas N, & CO, using 2D-HS models.

Pore volume from the kernel set including H, model [cm3g!]
Pore volume difference from N, & CO; model [%]
Sample
w<6 A w <10 A w<l15A w <20 A w <50 A
PC 0.14 0.24 0.25 0.26 0.26
43% 24% 23% 24% 24%
PC5 0.16 0.22 0.26 0.26 0.28
23% 2% 13% 14% 17%
PC23 0.18 0.31 0.39 0.43 0.43
34% 9% 3% 3% 0%
PC39 0.15 0.38 0.54 0.63 0.65
7% 6% 5% 4% 3%
PC63 0.08 0.33 0.57 0.84 1.07
-2% 1% 2% 2% 1%
C-CS 0.09 0.12 0.13 0.14 0.14
1% 13% 18% 22% 22%
C-CS-0.5 0.16 0.22 0.25 0.25 0.29
33% 10% 11% 9% 6%
C-CS-1.0 0.16 0.25 0.31 0.33 0.37
21% 1% 4% 4% 2%
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Fig. 5 —Multiple gas analysis of the PC series of samples on the basis of the 2D-HS models.
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273 K plotted in linear (a) and logarithmic (b) pressure scale.
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The samples of the second series of carbons C-CS are all characterized by the narrow PSDs.
Nevertheless, we were able to fit simultaneously four 2D-HS models to four respective
isotherms for two carbon samples C-CS-0.5 (Figs. 7 a2 & b2) and C-CS-1.0. (Figs. 7 a3 & b3).
Only C-CS sample that is a non-activated char requires separate fitting of the two pairs of
isotherms with two dual models N, & CO,, and O, & H,. In general, a high similarity is

observed between the PSDs derived from the two types of analysis for the C-CS carbon series.
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Notation is the same as in Fig. 5.
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Fig. 8 - Results of the multiple gas analysis of the CS series of samples on the basis of the 2D-HS
models. Notation is the same as in Fig. 6.

3.3 Dual gas analysis using full H; isotherm and O, isotherm without-low pressure data

The comparisons presented in the preceding section show consistency between the results
derived from the pairs of isotherms N, & CO,, and O, & H; and in some cases between all four
gases. This consistency is demonstrated by the ability of simultaneous fit of two or four 2D-HS
models to the relevant isotherms. The fitted isotherms are, in part, mathematically correlated
via applied models and the calculated PSD. This correlation is limited to the range of pore sizes
to which both models are sensitive. The original work on the dual gas analysis method [16]
took advantage of this correlation and showed, using PC23 and PC85 samples as examples, that

the analysis of N, isotherm at 77 K without low-pressure data in combination with CO, isotherm
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at 273 K might give the PSD equivalent to that derived from the full N, isotherm. Here, we
follow that approach and apply it to O, & H, data of two samples, PC23 (Fig. 9) and C-CS (Fig.
10). In both cases, the PSDs derived from full data of both isotherms are in a close agreement
with the PSDs derived from full H, and partial O, isotherms. By partial O, isotherm, we mean

the isotherm without low-pressure points shown as full symbols in Figs. 9 and 10.
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Fig. 9 — PSD analysis of PC23 sample. Simultaneous fit of 2D-HS models to full H, isotherm
and partial O, isotherm in linear (a) and logarithmic (b) scale. (c) Comparison of the differential

PSDs derived from H, and partial O, isotherms with the PSDs derived from full data of both
1sotherms.
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Fig. 10 — PSD analysis of C-CS sample. Notation is the same as in Fig. 9.

To explain the validity of the presented approach in simple terms, we note that the full O,
isotherm may provide the information about the full range of micro and mesopores, while the
information limited to small pores is provided by H, isotherm. It follows that in combination
with H; isotherm only upper-pressure part of O, isotherm is necessary to describe the full range
of micro and mesopores. At this point, it is interesting to note that in special cases of
ultramicroporous carbons, a single H, isotherm may be sufficient for evaluating the carbon PSD.
Such a result is presented as a dotted line in Fig. 10c¢ for ultramicroporous char C-CS. This

result could be expected based on the fact that the H, uptake for this carbon is higher than O,.
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Finally, following the suggestion of one of the reviewers, we consider N, & H, as another
combination of gases to be employed in the dual gas method. Some researchers may find it
convenient to continue using standard N, adsorption for carbon materials that are not expected
to have a significant amount of the surface polar sites, combine N, & H, data measured at 77 K
for the analysis with the dual gas method. To show that such an approach may be effective, in
Fig. 11, we present the results of the dual gas analysis using N, & H, for the sample of PC char.
As in the case of O, & H; analysis shown in Fig. 9 and 10, we observe a high similarity between
the PSDs derived using N, isotherm data in the full and reduced pressure scale. This example
demonstrates the general applicability of the dual gas analysis method that may employ various
gases chosen based on their molecular properties, such as the molecular diameter or the

intermolecular interaction parameters.
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Fig. 11 — PSD analysis of PC sample. Notation is the same as in Fig. 9, but for N, instead O,.

4. Conclusions

This study is an extension of previous studies [16, 24] on the dual gas analysis method using
N, and CO, isotherms, which we propose to replace with the analysis of O, & H, isotherms. In
the first part of this work we develop the quantum corrected 2D-HS-FH model for H, adsorption
on the heterogeneous carbon surface at 77 K. This model is then used in conjunction with the
earlier developed O, model for the carbon PSD analysis at 77 K.

The underlying reason of using the isotherms of fast diffusing gases like CO, at 273 K or
H, at 77 K in combination with the N, or O, isotherms is to obtain reliable information about
carbon micro and ultramicropore sizes. The diffusion of CO, into micropores at 273 K is faster
than N, at 77 K, which makes the measurement of equilibrium adsorption data more reliable

and obtained faster. The same refers to H, adsorption as Hj is a supercritical gas at 77 K.
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The drawback of using N, and CO; is their high quadrupole moment that may influence the
measured isotherms by interacting with the surface polar sites. A replacement of these gases
with O, and H; that have significantly smaller quadrupole moments than the other pair of gases.
To quantify the effects of such substitution, we compare the PSD analysis results using the pairs
of isotherms N; & CO,, and O, & H, for several reference carbon samples and the comparisons
show consistency between the results derived from both pairs of isotherms. For samples with
wider PSDs, we were able to fit the relevant 2D-HS models to adsorption data of all four gases
simultaneously and as a result, obtain a common PSD from all data.

Samples with narrow PSDs require separate fitting using two dual models N, & CO,, and
0, & H,. Because H, molecule has a smaller molecular diameter (o= 3 A) than the other gases
it can penetrate smaller pores and the range of PSD analysis using this gas may be extended to
a lower limit than the standard for N, by about 0.5 A. As a result, the PSDs calculated using O,
& H; have similar shapes to those derived from N, & CO, but are shifted to lower pore sizes
showing an additional contribution to pore volume by the smallest pores accessible to H, but
not to other gases. These additional pore volumes are visible in the cumulative pore volume
plots.

A fundamental and practical benefit of using the dual gas analysis method is the ability of
obtaining the full micro and mesopore PSD by using a partial O, isotherm without low-pressure
data in combination with full H, isotherm both measured at 77 K. We presented examples for
our reference samples where the PSDs derived from full data of both isotherms are in a close
agreement with the PSDs derived from full H, and partial O, isotherms. By partial O, isotherm,
we mean the isotherm without low-pressure points, p/py<10-3.

We also showed that in special cases of ultramicroporous carbons where the H, uptake is
higher than O,, a single H, isotherm might be sufficient for evaluating the carbon PSD. Using
this option may be very useful for screening the properties of such materials as chars, biochars,
and carbon molecular sieves.

We believe that the results and methods presented in this study may facilitate obtaining
highly detailed characteristics of microporous carbon materials. Such detailed and accurate
characteristics are critical for the advanced carbon applications such as electrodes in
supercapacitors [44], gas storage [6], gas sensors [45, 46], or gas separation using molecular

sieves [47].
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