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Abstract: This article is devoted to some fundamental aspects of “super” storage in graphite
nanofibers (GNF) of “reversible” (~20-30 wt.%) and “irreversible” hydrogen (~7-10 wt.%). Extraor-
dinary results for hydrogen “super” storage were previously published by the group of Rodriguez
and Baker at the turn of the century, which been unable to be reproduced or explained in terms
of physics by other researchers. For the first time, using an efficient method of processing and
analysis of hydrogen thermal desorption spectra, the characteristics of the main desorption peak
of “irreversible” hydrogen in GNF were determined: the temperature of the highest desorption
rate (Tmax = 914-923 K), the activation energy of the desorption process (Q ~ 40 kJ mol 1), the
pre-exponential rate constant factor (Kg ~ 2 x 107! s71), and the amount of hydrogen released
(~8 wt.%). The physics of hydrogen “super” sorption includes hydrogen diffusion, accompanied by
the “reversible” capture of the diffusant by certain sorption “centers”; the hydrogen spillover effect,
which provides local atomization of gaseous Hy during GNF hydrogenation; and the Kurdjumov
phenomenon on thermoelastic phase equilibrium. It is shown that the above-mentioned extraordinary
data on the hydrogen “super” storage in GNFs are neither a mistake nor a mystification, as most
researchers believe.

Keywords: graphite nanofibers; “super” storage of “reversible” and “irreversible” hydrogen; thermal
desorption and thermogravimetric data; efficient analysis methodology; characteristics and physics
of sorption processes

1. Introduction

It is well known that one of the urgent problems of hydrogen energy is that of compact
and safe storage of “reversible” hydrogen (i.e., hydrogen with fairly fast extraction kinetics
at operating temperatures) on board vehicles with fuel cells. In this regard, the long-term
(about 25 years) problem of “super” storage (according to Maeland’s terminology [1]) of
“reversible” hydrogen in graphite nanofibers (GNFs) is very topical. The problem was dis-
cussed in [1-3] considering the role of the largest corporations (including General Motors
and Shell) and based on extraordinary (not reproduced by anyone and not properly inter-
preted) results [4-12]. Many researchers (including [13-16]) consider the results of [4-12]
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to be at least erroneous, since they could neither reproduce these results nor reveal their
physics.

The purpose of this work was to return the attention of researchers to the solution
of this topical problem by showing that the corrected results [4-12] are not a mistake or
a mystification, by determining the necessary conditions for their reproduction by other
researchers, and also by considering the physics of processes.

In this work, we used a modified (to a certain extent) methodology [17-23] for the
analysis and interpretation of a number of experimental data, including for processing
and analysis of thermal desorption (TDS) and thermogravimetric (TG) spectra from [5] for
“irreversible” hydrogen in GNF, and also considered the physics [2,17,18,24,25] of “super”
storage of hydrogen in GNF, including the spillover effect [26-30] and the G.V. Kurdjumov
phenomenon of thermoelastic phase equilibrium [31,32].

One can expect that the conclusions arising from the results of the work will help to
reproduce the effect of hydrogen “super” storage in GNF, and modern thermal desorption
techniques, such as molecular beam thermal desorption spectrometry (MB-TDS) [33,34],
will lead to more accurate experimental results for further theoretical work.

2. Methods

The technique [17-23] (described in detail in [20]) was developed, in particular, to
study the problem noted above [1-3]. This technique makes it possible to determine,
from TDS and TG spectra [5], the one heating rate (3), activation energies (Q), and pre-
exponential factors (Kp) of rate constants (K) of desorption processes corresponding to
desorption peaks with different temperatures (Tmax) of the maximum desorption rate. It
should be noted that when developing this methodology, a number of other works were
taken into account, including [35-39].

The developed methodology [17-23] makes it possible to reveal the physics of des-
orption processes by thermodynamic analysis of the obtained characteristics of thermal
desorption peaks and comparison with the corresponding independent experimental and
theoretical data. The technique [20] contains several stages of implementation, including
the use of some non-standard reliability criteria and the confirmation and/or the final
refinement of the results using numerical simulation methods [23].

The first stage consists of approximating the investigated spectrum by the smallest
number of symmetric Gaussians. The second stage consists of determining, in the first-
order reaction approximation, for each of the Gaussians noted above (from the temperature
dependence of the desorption rate (—d6/dt) divided by (3), the rate constant (K(T)) of
hydrogen desorption at various temperatures around Tmax; hence, the values of Q and Ky
are determined (using the Arrhenius equation). In this case, the kinetic equation for the
first-order reaction is used in the form:

1\d0 do o [0 _Q
()i = =g =rls) e (-ar) v

where t is time; T is the absolute temperature; R is the universal gas constant; 8 = (C/Cy) is
the relative average hydrogen concentration in the sample corresponding to the considered
Gaussian (for given values of T and ¢); 6 =1 at t = 0.

The corresponding criterion of reliability (Q°), showing the correspondence of the
obtained value of Q to the Kissinger theory [36], can be obtained from the condition of the
maximum desorption rate (4°0/dT? = 0) in the form:

~ RTRaxK(Tmax)

B 7
where the quantities Tmax and K(Tmax) can be taken (in a satisfactory approximation) from
the results obtained above for the considered Gaussian.
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Hydrogen desorption rate (a.u.xs ')

The next stage consists of determining Q and K in the second-order reaction approxi-
mation for each of the above-mentioned Gaussians. In this case, the kinetic equation for the
second-order reaction is used in the form:

1\ do 4o 02 62 Q
_<B>dt:_dT:KB:K()(B)exp(—m,). ®)

The reliability criterion (Q”) can be obtained from the condition (426 /dT? = 0) in the

form:
. 2RT30(Tmax) K (Tmax) 4)
(3 7

where the value of 8(Tmax) can be taken to be equal to 0.5 (with an error of about 15%).

The final stage is the refinement (and/or confirmation) of the above results using
numerical simulation [23] of desorption spectra, taking into account (in the sense of a certain
fixation) the values of Q" and K(Tmax). It should be noted that, in this case, the spectra
under consideration are approximated not by Gaussians, but by peaks corresponding to
first- or second-order processes; the error (scatter of values) in determining Q and ¢n Kj in
most cases is about 15%.

The effectiveness of this methodology is confirmed by the results obtained with its
help and the recently published results of studies of the thermal desorption of hydrogen in
a number of carbon nanostructures and graphite materials [19-22,25].

Q*

3. Results of the Study of a Number of Experimental Data
3.1. Analysis and Interpretation of TDS and TG Spectra of the Rodriguez and Becker Group for
“Irreversible” Hydrogen in GNF

The results of processing and analysis (using the technique [20]) of the thermal des-
orption (TDS) spectrum for “irreversible” hydrogen from [5] are shown in Figure 1a and
Table 1. It should be noted that the total (refined) content of “irreversible” hydrogen in
GNF samples (Cpy, = 11 £ 3 wt.%) was determined from the data of [5,8].
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Figure 1. Processing (using the technique [20]) of thermal desorption (TDS) and thermogravimetric
(TG) data from [5] for “super” desorption of “irreversible” hydrogen from GNF samples with a
herringbone structure (see Figure 2 in [5]). (a) Fitting by three Gaussians (peaks ##1-3) of the TDS
spectrum (B = 0.17 K s~1) for samples subjected to hydrogenation in gaseous Hj (at 300 K, 11-4 MPa,
24 h); the red curve corresponds to the sum of three peaks. (b) Fitting by three Gaussians (peaks
##1-3) of the temperature derivative of the TG spectrum for samples subjected to hydrogenation in
gaseous Hj (at 300 K, 11-4 MPa, 24 h) and subsequent heating (3 = 0.17 K/s) in He; the red curve
corresponds to the sum of three peaks.
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Table 1. The results of processing [20] of three peaks (Figure 1a) in the approximation of reactions of
the first and second orders. Here v is the proportion of the peak in the spectrum; (H/C) is the atomic
ratio (hydrogen/carbon) corresponding to the hydrogen content (Cpyp = v-Cypy) for the given peak;
Cipy ~ 11 £ 3 wt.% (from [5,8]).

Peak Tmax, Reaction Q, Ky, K(Tmax), Q*, Cha, (H/C)
# K Order kJ mol—1 s—1 s—1 kJ mol—1 Y wt.%
1 39.0 15x 107! 9 x107* 39
1 ol4 2 77.5 5.1 x 10! 2x1073 77.5 076 84 11
1 199 42 x 107 4x1073 198
2 1036 2 398 8.8 x 1017 7 x 1073 396 0.02 0.2 0.02
1 126 8.5 x 102 2x1073 125
3 1161 2 250 70%x 108  4x10°3 250 0.22 24 0.30
The results of processing and analysis [20] of the thermogravimetric (TG) spectrum
from [5] are shown in Figure 1b and Table 2. There are reasons (in particular, from the
consideration of curves (a), (b), and (c) in Figure 7 in [5]) to believe that peak #3 in Figure 1b
is mainly associated with the gasification of carbon atoms and/or oxygen-containing
functional complexes (groups). In this case, it should be taken into account that, in [5],
when the material was heated in an inert atmosphere at temperatures up to 1300 K, no
hydrocarbon products were found. Therefore, the value of the atomic ratio (H/C) for
peak #3 (in Figure 1b) can be negligibly small, and there is no need to more accurately
approximate this peak.
Table 2. The results of processing [20] of three peaks (Figure 1b) in the approximation of reactions of
the first and second orders. Here v is the proportion of the peak in the spectrum; (H/C) is the atomic
ratio (hydrogen/carbon) corresponding to the hydrogen content (wt.%) for a given hydrogen peak,
obtained by appropriate integration of this peak.
Peak Tmax, Reaction Q, Ko, K(T'max), Q' o
# K Order kJ mol—1 s—1 s—1 kJ mol—1 Y wt. % (H/C)
1 43 29 x 107! 1x1073 43
1 923 2 87 1.7 x 10? 2x 1073 87 0.23 8.5 L1
1 152 1.5 x 104 2x1073 152
2 1165 2 304 2.0 x 101 4 %1073 303 0.08 29 04
1 149 1.0 x 103 2x1073 148
3 1345 2 298 12x10°  1x103 297 069 26

By comparison, a significant noise level for the spectrum in Figure 1b does not interfere
with determining the characteristics of the main hydrogen peak #1 (Figure 1b) with the
required (to solve the set goal) accuracy.

Analysis (using the methodology of [20]) of the results obtained (Tables 1 and 2) for
the main process of desorption of “irreversible” hydrogen (peak #1 in Figure 1a,b) from
GNF samples [5] shows the process (reaction) of the first order (expression (1)), which
corresponds to the following characteristics: Tmax = 914-923 K, Q ~ 40 k] mol~1, Ky ~
2 x 1071 s71, Cipy ~ 8 wt.% (i.e., atomic ratio (H/C) ~ 1). The analysis shows that the
desorption process is limited by hydrogen diffusion, which is accompanied by “reversible”
capture [17,18,34-36] of the diffusant by certain “centers” of hydrogen chemisorption in
GNEF. This is comparable to diffusion processes of types I and II (with activation energies
Q1 ~ 20 k] mol~! and Qy; &~ 120 k] mol !, respectively) considered in [17,18], having open
access on the Internet. The resulting desorption activation energy (Q ~ 40 k] mol~!, Tables 1
and 2) is (in addition to the Q; and Qyy values noted above) the effective activation energy
of such diffusion and is close (in absolute value) to the binding energy of the diffusant
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with the corresponding chemisorption “centers” in carbon material [17,18]. Obviously, the
“centers” are localized, as it were, between the basic carbon planes in the GNF [5]; at the
same time, they are almost completely filled with hydrogen; these basic carbon planes are,
as it were, “separated” by layers of chemisorbed hydrogen (as in multilayer graphane [18]).

The characteristic diffusion size for the process under consideration can be estimated
(up to an order of magnitude) using the well-known expression [17,36] L ~ (Dg/ Ko)Y2. In
this expression, the value of the pre-exponential factor of the effective diffusion coefficient
of hydrogen (Dg) in GNF [5] can be in the range of the corresponding values for processes
of types I and Il in [17,18] (i.e., in the range from Dy ~ 3 x 1073 em? s~ to Dgpp ~ 2 X
10® cm? s~ 1), which corresponds to the value L ~ (1 x 10~! — 1 x 10?) cm ~ 1 cm, which
corresponds to a certain size of the sample [4,5] (a bundle of graphite nanofibers), leading
to the quite acceptable desired value Dy ~ 5 cm? s~ 1.

Similarly [17-23], one can consider the results of processing (Tables 1 and 2) of other
(less significant) desorption peaks (Figure 1a,b).

3.2. Analysis and Interpretation of the Kinetic Data of the Rodriguez and Becker Group on the
“Super” Sorption of “Reversible” Hydrogen (~30 wt.%) in GNF

As follows from the results of processing the kinetic data from [4] on the change in
hydrogen pressure in the working chamber during the “super” adsorption of “reversible”
hydrogen (at a temperature of about 300 K) for three samples (nos. 1, 2, and 3) of graphite
nanofibers with a herringbone-type structure shown in Figure 2, the process proceeds as a
first-order reaction with rate constants: Kagsrev. = 2.7 X 1072 571, Kpadsrev. = 3.8 X 107 71
and Ks,gsrey. = 2.8 X 1072571, respectively. The characteristic time of “super” adsorption
of “reversible” hydrogen (t,4s rev. = K.dsrev 1) here was about 9 h, and the hydrogenation
time of the samples was 24 h.

Pressure (MPa)

0 5 10 15
Time (10%)

Figure 2. Processing (in the first-order reaction approximation) of kinetic data from [4] on the change
in hydrogen pressure in the working chamber during “super” adsorption of “reversible” hydrogen
(at a temperature of about 300 K) for three samples of graphite nanofibers with a “herringbone”
structure.

There are reasons to believe that the process is limited by the diffusion of hydrogen
over the characteristic distance Lsamp. &~ 1 cm, corresponding to the sample size [4,5] (a
bundle of graphite nanofibers), and is accompanied by “reversible” capture [17,18,36-38]
of the diffusant by certain sorption “centers” in graphite nanofibers. This leads to an
acceptable value of the effective diffusion coefficient of “reversible” hydrogen (D,4s rev. =
(Lsamp,2 X Kagsrev) =3 x 1072 cm? s~! corresponding to the type I process noted above
(in Section 3.1) [17], and /or “centers” of physical sorption [17,40] in a carbon nanomaterial.

As shown in [4], the time of “super” desorption (at 300 K) of the predominant part of
“reversible” hydrogen from GNF samples was about 10 min; the characteristic desorption
time of “reversible” hydrogen can be taken (up to an order of magnitude) as t4esrev. =
(1/Kges.rev.) = 6 x 10% 5, where Kgeq rey. is the rate constant of the desorption process (in
the approximation of a first-order reaction). Assuming that the process is limited by the



C 2022, 8,23

6 of 13

diffusion of hydrogen over the characteristic distance Lsamp,z 1 cm, corresponding to the
sample size [4,5], and is accompanied by “reversible” capture of the diffusant by certain
sorption “centers” in graphite nanofibers, we obtain an acceptable value of the effective
diffusion coefficient of “reversible” hydrogen (Dges rev. = (Lsamp.2 X Kgesyev) ~ 1.7 x 1073
cm? s71), which is possible with the “reversible” capture of the diffusant by the “centers’
of physical sorption [17,40] in the carbon nanomaterial (see also Section 5 of the article).
In this case, the “centers” of chemisorption in GNF [4,5] can apparently have a limiting
filling with hydrogen, that is, a certain saturation, which leads to the cessation of their
influence on hydrogen diffusion (see Equations (11) and (8') in [41], having open access on

the Internet).

7

3.3. Consideration of the Kinetic Data of the Rodriguez and Becker Group on X-ray Diffraction

X-ray diffraction experiments carried out by the Rodriguez and Becker group showed
(see Figure 12 in [5]) that hydrogenation causes an increase in the interplanar spacing in
graphite nanofibers from the initial value 49 = 0.340 nm (before hydrogenation) to apyq.
= 0.347 nm (after hydrogenation for 24 h and removal of “reversible” hydrogen). Such
an expansion of the lattice is obviously due to the “super” adsorption of “irreversible”
hydrogen up to a certain content of Cpyq ~ 8 wt.%, corresponding to desorption peak #1
in Figure 1a (see Section 3.1 and also Appendix A: Cavity model). In this case, it can be
assumed that (anyq. — a0) = X X Cpyq., where the coefficient of proportionality x ~ 9 x 1074
nm wt.% L.

It was shown (see Figure 12 in [5]) that desorption aging (of hydrogenated samples) for
t; =24 h in air at a temperature of 300 K leads to the value of the interplanar spacing of ap4
= 0.345 nm and the corresponding content of “irreversible” hydrogen Cy4, and desorption
aging for t; = 48 h leads to a43 = 0.342 nm and a hydrogen content of C45. Within the
framework of such a model, it can be shown that [(anyq. — 24)/((anyd. — a48)] = [(1 — exp
(—24K))/(1 — exp (—48K))], where K (h~!) is the rate constant of the desorption process at
300 K, which is considered in the first-order reaction approximation.

Substitution of the experimental values of the interplanar distance leads to the value
[(@nyd. — a24)/((anya. — aas)] = 0.4, which differs significantly from the limiting (at K — 0)
value of lim [(1 — exp (—24K))/(1 — exp (—48K))] = 0.5. It should be noted that the value
[(@hyd. — a24)/((@nya. — a%s8)] = 0.5 if we use the possible (within the measurement error)
value of the interplanar distance a*;g = 0.343 nm (instead of a4g = 0.342 nm).

To estimate the rate constant (at 300 K) of the process under consideration, one can
use the expression K = —(1/¢) In (Ct/Cpyq.), where the desorption time f is 24 and 48 h, and
the corresponding hydrogen content C; is Cpq = 5.6 wt.% and Cyg = 2.2 wt.% (or C*43 = 3.3
wt.%). From here we obtain (up to an order of magnitude) the value K = Kges irrev.300x = 1.7
x 1072 h™1, corresponding to the characteristic desorption time of ~60 h.

This value of the rate constant for the desorption of “irreversible” hydrogen (Kes irrev.300K)
is in satisfactory agreement with the kinetic data of the group of Rodriguez and Becker on
the change in the pore size distribution in GNF samples, where the desorption period at
300 K was 92 h (see Figure 11 in [5]).

In addition, it should be emphasized that such a value of the rate constant (Kes irrev.300k
~ 4.6 x 1070 s71) is two orders of magnitude higher than the rate constant at 300 K obtained
using the characteristics (Q and Kj) for the desorption peak #1 (See Figure 1a and Table 1).

The analysis shows that the desorption process is limited by the diffusion of hydrogen
along the characteristic distance Lsamp. &~ 1 cm, corresponding to the size of the sample [5] (a
bundle of graphite nanofibers), and is accompanied by “reversible” capture of the diffusant
by certain sorption “centers” in graphite nanofibers. This leads to an acceptable value of the
effective diffusion coefficient of “irreversible” hydrogen at 300 K (Dges irrev. 300k = (Lsamp,2
X Kes.irrev300K) = 5 x 1070 em? s~ 1), which is expected in the case of “reversible” capture
of the diffusant with chemisorption “centers” in GNF corresponding to the type I process
in [17] and/or “centers” of physical sorption [17,40].
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3.4. Consideration of the Results of the Gupta’s Group on the “Super” Sorption of “Reversible”
Hydrogen (~17 wt.%) in GNF

The data obtained by Gupta’s group [10,11] on multiple “super” sorption of “re-
versible” hydrogen in graphite nanofibers and presented (to a certain extent) in Figures 3
and 4 can be regarded as a satisfactory reproduction of the data [5,8] of the Rodriguez
and Becker group (see Section 3.2). There is a correspondence (within the same order of
magnitude) both in the amount of “reversible” hydrogen (~15 wt.% and ~17 wt.% (see
Figures 3a and 4)), and in the value of the characteristic time of its desorption at 300 K

(tdesrev. = Kdesrey. 1 & 1 x 103 s, where Kges rev, is the rate constant of the desorption process
obtained from the kinetic data in Figure 3b.

15}¢
15} .
g 3
£ 210}
S0l C10
=] i)
S ®
1= € =l
3 5t g 5
5 5
O O
0 1 1 1 1 1 1
0 4 6 8 10 12 0o 1 2 3
Pressure (MPa) Time (10%s)
(a) (b)

Figure 3. Processing of thermodynamic and kinetic data from [10] on the “super” sorption of
“reversible” hydrogen (~15 wt.%) for GNF samples with a “plate” structure (see Figure 4) subjected
to hydrogenation (24 h) in gaseous molecular hydrogen (at a pressure of 12 MPa and a temperature
of 300 K) and subsequent dehydrogenation with a decrease in hydrogen pressure to 0.1 MPa: (a)
processing of adsorption data in the approximation of the sorption isotherm of the Henry-Langmuir
type [17]; (b) processing of thermal desorption data in the first-order reaction approximation.

As shown in [2,17,18,24,25], the TEM results (Figure 4) can be considered as direct
experimental evidence (proof) of multiple “super” adsorptions of “reversible” hydrogen
(~17 wt.%) in GNF [11]. The similar transmission electron micrographs of GNF were
also obtained in the works [9,10]. Detailed consideration of how the micrograph shown
in Figure 4 is related to a direct proof of “super” hydrogen adsorption is presented in
work [24], and in work [18], which has open access on the Internet.

p— —

1pm

Figure 4. A micrograph of graphite nanofibers [11] subjected to hydrogenation (24 h) in gaseous
molecular hydrogen at a pressure of 12 MPa and a temperature of 300 K to a content of “reversible”
hydrogen of ~17 wt.%. The sizes of lenticular nanocavities in one of the nanofibers are shown, which
are necessary for estimating (see works [2,17,18,24]) the volume of such nanocavities and the density
of “reversible” hydrogen localized in them.
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3.5. Physics of “Super” Storage of “Reversible” Hydrogen in GNF

According to [2,17,18,24,25], the physics of extraordinary results [5,8,10,11] on the
“super” storage of “reversible” hydrogen (about 20-30 wt.%) in graphite nanofibers can
be associated with the hydrogen spillover effect [26-30], which ensures the atomization of
molecular hydrogen and manifests itself near the particles of a metal catalyst in GNF sam-
ples, and with the G.V. Kurdjumov phenomenon of thermoelastic phase equilibrium [31,32].
In this case, there is a thermoelastic “megabar” compression (up to a solid state) of molecular
hydrogen localized in lenticular nanocavities (see Figure 4) between the base carbon layers
of the material, which occurs due to the association energy of atoms hydrogen penetrating
into closed nanocavities through certain defects in the graphene material (see [18,22,42]). In
this regard, it should be noted that the hydrogen molecules formed in closed nanocavities
cannot escape from them, since only atomic hydrogen passes through defects, while a
certain purification of hydrogen used for hydrogenation of GNF samples takes place.

Detailed consideration of how the spillover effect and the Kurdjumov phenomenon
in the thermal elastic phase equilibrium may be active in the nanocavities, to clarify the
claimed high density of hydrogen storage, is presented in work [24], and also in work [18],
which has open access on the Internet. It can be also considered as a direct comparison
between the theoretical and experimental analyses of the results.

4. Analysis of TDS Data for “Irreversible” Hydrogen in GNF

The results of processing and analysis of TDS data [13,14], which were obtained by
Rzepka et al. with the advisory participation of Becker [8], are shown in Figure 5 and in
Table 3.

c o o =
N o ® o
N

o
[N

1

Desorption rate (10° Axs™)

o
o

400 600 800 1000 1200 1400
T(K)

Figure 5. Approximation by two Gaussians of the thermal desorption spectrum (kinetic curves
0.08 wt.% and 0.02 wt.% from Figure 18 in [13]) for sample #3 GNF with a herringbone structure

(Table 3 in [13]), subjected to the action of gaseous molecular hydrogen at a pressure of 13 MPa and
subsequent heating from 293 K (8 = 0.10 K s~!) to a stop and isothermal holding at 1173 K.

Table 3. The results of processing [20] of two peaks (Figure 5) in the approximation of reactions of
the first and second orders.

Peak

Tmaxr

Reaction Q, Ko, K(T'max), Q'

0,
# K Order kJ mol—1 s—1 s—1 kJ mol—1 Y wt. % (H/C)
1 163 1.6 x 10% 13 x 1073 162
1 1203 2 325 3.6 x 101 2.7 %1073 324 0.96 0.08 0.010
1 68 45 x 10° 51 x 1073 67
2 397 2 133 41x10%  10x1073 134 0.04 0.02 0.002

The obtained characteristics of the main desorption peak #1.6 in Figure 5 (Tmax, Q,
Ko, Crp; see Table 3) are very different from the analogous characteristics of the main
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desorption peak #1.1a in Figure 1a (see Table 1), i.e., peak type #1.1a is absent in the TDS
spectrum for GNF samples [13,14].

In [13], in particular, the authors noted (on p. 8) that Rodriguez and Becker [5,7]
considered the presence of a certain high-temperature desorption peak to be an indicator
(attribute) of a material for “super” storage of “reversible” hydrogen, while they [5,7]
associated this peak with a relatively small part of the stored hydrogen, which could be
released only at high temperatures, i.e., with the presence of a relatively small amount of
“irreversible” hydrogen. Obviously, Rodriguez and Becker [5,7] had in mind the desorption
peak of type #1.1a (see Figure 1a and Table 1), but they did not determine the characteristics
(Q and Kj) of this peak.

It should be emphasized that such desorption of a relatively small amount of “irre-
versible” hydrogen (corresponding to a peak of type #1.1a) from hydrogenated GNF was
also noted in the works of the Gupta group [9-12].

The peak of type #1.1a was absent in the GNF TDS spectra in [13,14] (see Figure 3), so it
was not possible to reproduce the results of [5,8,10,11] on the “super” storage of “reversible”
hydrogen in GNFE.

In works [13,14] (with the participation of Becker [8] as a consultant) the lowest
(among the known values; see Figure 3 in the analytical review [17]) value of the amount of
hydrogen adsorbed by graphite nanofibers (about 0.1 wt.%) was obtained by the Tibbetts
group [16] (from the Research Center of the General Motors Corporation (see [2,3])).

In this regard, it should also be emphasized that typical results on hydrogen storage
in GNF (see Figure 3 in [17]), obtained by other researchers, were reproduced by the group
of Rodriguez and Becker (see Figure 5 in [5], where the quantity of hydrogen is ~2 wt.%,
and Figure 4 in [43], where the quantity of hydrogen is ~3 wt.%.

As noted in [17], in order to reproduce the extraordinary results [5,8,10,11] of the
Rodriguez—Becker and Gupta groups on the “super” storage of “reversible” hydrogen
(~20-30 wt.%), it is necessary to disclose the treatment they used to activate the GNF, which
ensures the appearance of the #1.1a-type peak in the TDS spectra (see Figure 1a). It is also
necessary to study, with the use of recent theoretical and experimental techniques, the
data [5] about the effect of cycle experiments on the GNF hydrogen absorption/desorption
characteristics (Figures 5, 6, 9 and 10 in [5]), the pore size distribution measurements (Figure
11 in [5]), the effect of surface properties on the hydrogen adsorption on GNF (Figures 13
and 14 in [5]), and some others.

5. Conclusions

1. The study carried out in this work (using the methodology and results of [17-25]) of a
number of kinetic and thermodynamic aspects (fundamentals) related to solving the
problem of “super” storage of hydrogen in graphite nanofibers (GNF) [1-3] shows
that the results obtained in works [5-12], i.e., the extraordinary experimental results
(accumulation of about 20-30 wt.% of “reversible” hydrogen and about 7-10 wt.% of
“irreversible” hydrogen), are neither a mistake nor a mystification.

2. It is shown that the physics of accumulation of ~20-30 wt.% of “reversible” high-
density hydrogen intercalated in nanocavities between the base carbon layers in GNF
is connected with the Kurdjumov phenomenon and the spillover effect in terms of
thermoelastic phase equilibrium.

3. The conducted study shows that there is a real possibility of reproducing the earlier
extraordinary experimental results [5-12], but only if the details of the technologies
used in these works for activating GNF are revealed, which led to the appearance
of a type #1 thermal desorption peak in the material (Figure 1a) corresponding to
“irreversible” chemisorbed hydrogen (in an amount of ~8 wt.%) with certain kinetic
and thermodynamic characteristics.

4. In this regard, further experimental and theoretical studies are needed.
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5. There are reasons ([1-3] and others) to believe that, in the foreseeable future, these
technologies will be used by one of the largest automotive companies to gain a great
competitive advantage.
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Appendix A. Cavity Model

Let us consider three regions confined with graphene monolayers. We assume that the
topmost and bottommost layers of graphene are fixed and immovable. Molecular hydrogen
can be pumped into the central interplanar region (region 2) (or pumped out of this region).

Let us now consider three states of the central region 2. In the state a, there is no
hydrogen in region 2. Van der Waals interaction with Lennard-Jones potential takes place

between the carbon atoms of adjacent planes: Vi‘}(z) = 4¢[(c/2)"? — (0/2)°], wherej =1, 2,

3 numbers the regions, zg = dg = v/20 ~ 1.120 is the equilibrium interplanar distance (in
graphite dy = 3.35 A) and e is the value of the interplanar bond energy. The force constant
corresponding to the Lennard-Jones potential is kj & 75¢/d3 ~ 60e/0>.

In state b, a certain amount of molecular hydrogen is injected into region 2, which
creates pressure Pﬁb2 = nppkpT, where nyy, is the concentration of hydrogen molecules, T
is the absolute temperature, and kg is the Boltzmann constant. The interplanar repulsion
of region 2, caused by pressure PZ), is counteracted by specific (per unit area) van der
Waals forces of attraction equal to: fop = —kpjAdy/S, fi2 = fzo = —kpjAd,/2S, where
Ad, = dy,—dypand S = 3\@11% /4 ~ 2.62 A? is the area per carbon atom in graphene,
ap~ 1.42 A is the distance between adjacent carbons in graphene. Then, the total specific
compression force is equal to f% = —2k;;Ad,/S.

In addition to molecular hydrogen, there is atomic chemisorbed hydrogen localized
on the inner surfaces of graphene planes that confine region 2, whose atoms have charges
g. Assuming for simplicity that the charges localized on opposite graphene planes are
separated from each other by a distance dy, we obtain the specific electrostatic repulsion
force eZZb = q*/emd2S, where ey, is the dielectric permittivity caused by the polarization
of hydrogen molecules. Then, the equilibrium condition in the case b has the form:

PR+ - =0 (A1)

In the state c, there is no molecular hydrogen after pumping out, but chemisorbed
atomic hydrogen remains, so there is an unshielded electrostatic repulsion f2¢ = ¢2/2428,
where we assumed that there is only one chemisorbed hydrogen atom per unit cell of

graphene (as is the case in graphane). Electrostatic repulsion is counteracted by van der
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Waals forces fzc = —2k;jAd./S, where Ad. = d: — dy. The equilibrium condition in the
case ¢ has the form:

X —fe=o. (A2)

Now the values Adj, and Ad. can be determined based on the expressions obtained
above. Let us enter the following parameter:

Ady—Ade A (Ze)? 1

where we assume the charge of the chemisorbed hydrogen atom g = Ze (e—elementary
charge). From (A3), it follows that§ > 0at T > Tx = (Ze)*(1 — 1/en,)/2kpd3Sny, and
0<0atT < Tx.

Let us make some numerical estimates: ¢2/2dy ~ 2.15eV, Sdy ~ 8.78 A3. Further,
PA,Sdy = NZ,kpT, where N3, is the number of H, molecules in a parallelepiped with
a base area S and height dy. Assuming the volume of a hydrogen molecule ~1 A3, we
obtain N ~ 7 and Piyh Sdo ~ 50kpT. For T = 500 K, we obtain P23 Sdy ~ 2.16 eV, so that
PIZ{EbSdO ~ ¢%/2d, (this estimate corresponds to Z = 1 and epyp >> 1). Thus, the value of
4 (both magnitude and sign) depends on the parameters |Z|< 1, egp > 1 and T. Model
estimates for the adsorption of a single hydrogen atom on single sheet graphene [44] give
Z ~ 0.2-0.4. Numerical calculations performed within the framework of various variants
of DFT (density functional theory) lead to noticeably different results. Further, the value
of eyp for such a specific hydrogen medium (more similar, at least, to a viscous liquid, if
not to an amorphous solid formation, than to a gas [25]) is absolutely unknown. Taking
into account these two circumstances, we can only assume that the value of A lies in the
interval A ~0.01-2 eV. Both theoretical estimates [45] and experimental data [46] show that
€ ~ 0.52 meV /atom. Hence for eyyp >>1weget§ ~0(Z=1)—-0.25(Z =0).
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