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Abstract. An efficient technique for processing, analyzing, and
interpreting thermal desorption spectra (TDSs) of hydrogen in
carbon materials and nanomaterials obtained using a single
heating rate is developed, which makes it possible to study
various states of hydrogen and determine the characteristics
corresponding to them, including the rate constants and activa-
tion energies of desorption processes. The method is no less
informative, but much less laborious from the experimental
point of view, than the generally accepted (to determine such
characteristics) Kissinger method, which requires using several
heating rates and has strict limits on applicability. The devel-
oped technique is based on approximating the hydrogen TDS by
Gaussians and processing their peaks in the approximation of
first and second order reactions. The technique includes the use
of nonstandard criteria of ‘likelihood’ and/or ‘physicality’ of the
results, as well as verification and/or refinement of the results
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by numerical modeling methods that allow approximating
TDSs not by Gaussians but by curves corresponding to first or
second order reactions.
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1. Introduction

The problem of studying in detail the states and character-
istics of hydrogen in carbon nanostructures and graphite is
urgent in connection with the impact of hydrogen on the
physical properties of these functional and constructional
materials [1-4].

A generally accepted method for determining the main
characteristics of hydrogen (activation energies and de-
sorption rate constants) is thermal desorption spectroscopy
(TDS) of hydrogen using several rates of material linear
heating, the so-called Kissinger method [5]. However, in
addition to high labor consumption, this method is char-
acterized by severe limitations on its applicability, noted in
Refs [4, 6, 7]. Therefore, the overwhelming majority of
known TDS studies are carried out using a single heating
rate of the material and without determining the rate
constants of desorption processes. As noted in many
publications (see, e.g., [4, 6-9]), in this case there are
difficulties with processing, approximating, and interpreting
TDS data, which is the cause of the main gaps in knowledge
in the field. It should be noted that in many studies only the
first-order reaction approximation was used to process
thermodesorption spectra, whereas in other studies only the
second-order reaction approximation was used. It should
also be noted that there is a big difference between and large
scatter in the experimental and theoretical values of the
characteristics of hydrogen desorption processes in such
materials.
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For these reasons, it seems appropriate to develop an
effective technique for the thermodesorption study (using a
single rate of material heating) of the states and character-
istics of hydrogen and to apply this technique to the analysis
and interpretation of a number of known and the most
representative experimental TDS data for hydrogen in
carbon materials and nanomaterials.

The present methodological study takes into account all
the above issues. The aims and objectives of our study include
considering an efficient technique [10-14] of thermodesorp-
tion study of hydrogen states and the results of its application
[12-21] to a number of experimental TDS data (including
those obtained with a single heating rate) for carbon materials
and nanomaterials. The results of applying approximations
of both first-order and the second-order reactions to deso-
rption processes are considered and compared.

2. Techniques for processing and analyzing
thermodesorption spectra of hydrogen

The technique [10-21] developed and applied to solve the
problem [1-4] formulated in the Introduction allows deter-
mining the activation energies Q and pre-exponential factors
Ky of rate constants K of desorption processes that correspond
to desorption peaks with different temperatures (7T,x) of the
maximal desorption rate from the TDS recorded using a single
heating rate § of material, as shown in Sections 3—6. A number
of other studies, in particular [6-9, 22, 23], were taken into
account when developing this technique.

The method [12] comprises several stages of realization,
including the use of nonstandard criteria of ‘likelihood’ and/or
‘physicality’ of the results, as well as verification and/or
refinement of the results by numerical modeling methods [14].

The first stage consists in approximating the studied
spectrum by Gaussians, the number of which varies and is in
some sense optimized to obtain the most ‘physical’ results.
The second stage consists in determining the rate constant
K(T) of hydrogen desorption at various temperatures, close
to Tmax» in the first-order reaction approximation for each
Gaussian (from the temperature dependence of the desorp-
tion rate — d6/dt divided by f3), whence the values of Q and K
are determined (using the Arrhenius equation). In this case,
the kinetic equation for the first-order reaction is used in the
form

1 do de 0 0 0
o Bespa(en(- ). o

where ¢ is the time, T is the absolute temperature, R is the
universal gas constant, 6§ = C/Cy is the relative average
concentration of hydrogen in the sample, corresponding to
the considered Gaussian (for given values of 7 and ), and
0=1atr=0.

The criterion of ‘likeliness’ (Q*) for the obtained values of
the desorption activation energy Q, showing the correspond-
ence (at Q* ~ Q) to the Kissinger model [5, 10], can be
obtained from the condition of maximum desorption rate
(d*0/dT? = 0) in the form

Q* ~ RTr%lax K(Tm'dx) , (2)

B
where the values of Ty, and K(Tyax) can be taken (in a
satisfactory approximation) from the above results for the
considered Gaussian.

The next stage consists in determining the values of Q and
K in the approximation of the second-order reaction for each
of the Gaussians. In this case, the following kinetic equation
for a second-order reaction is used:

1 do do 0> 0? 0
a () ee(wm) o

The likeliness criterion Q* can be obtained from the
condition d?0/dT? = 0 in the form

H(Tmax)K(Tmax)
ﬁ b

max

2
o~ 2K )
where the value of 0(Tmax) can be taken equal to 0.5 (with an
error of about 15%).

The next stage consists in refining (and/or confirming) the
results obtained above (using approximations of both the
first-order and the second-order reaction) by means of
numerical simulation [14] of the desorption spectra. It should
be noted that, in this case, the considered spectra are
approximated by peaks, corresponding to processes of the
first or second order, rather than by Gaussians; the error
(and/or scatter) in the determination of the values of Q and
In Ky in most cases amounts to ~ 15%.

The final stage is considering the issue of the ‘physicality’
of the obtained results and their interpretation.

The efficiency of the described technique is confirmed by
the recently published results of its application to hydrogen
thermodesorption studies in a number of carbon nanostruc-
tures and graphite materials (see Sections 3-6).

3. Thermodesorption spectra of hydrogen
in graphite materials

In Ref. [24], using the method of thermodesorption spectro-
scopy, the interaction of atomic hydrogen with pyrolitic
graphite with a density of 2.19 g cm™> was studied. The
samples were exposed (for 2 hours) to atomic hydrogen (at a
pressure of ~ 1 Pa and temperature of 873 K). In the
thermodesorption spectra recorded using three heating rates
(25, 10, and 100 K s~1), only two major (self-manifesting)
peaks were considered [24].

The results of a more detailed processing and analysis
(methods [12, 14]) of the TDS data [24] for pyrolitic graphite
(six thermodesorption Gaussian peaks) are presented in Fig. 1
and Table 1; they are also described in Ref. [21]. Note that the
approximation of this spectrum by exactly six Gaussians is
based on the obtained dependence of the quadratic parameter
of the agreement between the theoretical curve and the
experimental one on the number of Gaussians (see the inset
in Fig. 1). The characteristics of all six Gaussians, including
those corresponding to two major peaks mentioned above
(2 and 6), are presented in Table 1.

Analysis shows that one of the two major peaks in Fig. 1
(peak 2) corresponds to a reaction of the first order with the
following characteristics: Q> ~ 201 kJ mol~!, Ky ~ 7.3x
103 s~! (see Table 1). The process can be limited by hydrogen
diffusion with a ‘reversible’ capture of the diffusant by the
chemosorption ‘traps’ described in Refs [10, 11], freely
accessible on the Internet, for the diffusion processes denoted
in the above papers as type III processes. The characteristic
diffusion length for the process corresponding to peak 2 can be
estimated (according to [10, 11, 21]) as Ly ~ (Doprijie)/ Koz) 12
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Figure 1. Approximation by Gaussians (method of [12, 14]) of the
thermodesorption spectrum (f =25 K s~!) of hydrogen for pyrolitic
graphite [24] exposed to atomic hydrogen (2 hours at a pressure of
~ 1 Pa and temperature of 873 K). Inset shows dependence of the
quadratic parameter of the correspondence of the theoretical curve to
the experimental one on the number of Gaussians.

6 x 107% cm, where Dopyjj0)~3x 1072 em? s! is the pre-

exponential factor of the effective hydrogen diffusion coeffi-
cient for type III processes [10].

Analysis also shows that the second major peak (peak 6
in Fig. 1) corresponds to a reaction of the second order with
the characteristics Q¢ ~ 377 kJ mol~!, Ky ~ 3 x 10'2 57!
(see Table 1). In this case, the reaction can be limited by
processes of recombination of hydrogen atoms into mole-
cules and desorption of these atoms from so-called rever-
sible chemosorption hydrogen traps (models G and/or F in
Refs [10, 11]) on the free surface of the sample, which is
described by the Polanyi—-Wigner equation for second-order
reactions [10].

In a similar way, we can consider the remaining four
Gaussians (relatively small peaks 7 and 3-5).

The results of the detailed processing and analysis
(methods [12, 14]) of the data [4, 25-28] on hydrogen
thermodesorption from various graphite materials, hydrated
in gaseous atomic or molecular hydrogen, are presented in
Refs [15, 16, 21].

4. Thermodesorption spectra of hydrogen
in graphene structures

Reference [29] investigates the phase transition induced by
hydrogen adsorption in epitaxial graphene containing from
one to four hydrogen-saturated (in gaseous atomic hydro-
gen) graphene layers on a substrate of Pt (111) to a diamond-
like structure close to that of graphane [30, 31]. Several up-to-
date research methods were applied, including thermode-
sorption spectroscopy. However, the authors of [29] hardly
processed the TDS data obtained by them using a single rate
of heating.

The results of processing and analysis (methods [12, 14])
of the TDS data [29] for such epitaxial graphene with a
graphane-like structure and a certain content of chemo-
sorbed hydrogen are presented in Fig. 2a,b and Table 2.
The physics of processes corresponding to four studied
thermodesorption peaks (states) is described in detail in
Ref. [12].

Note that the found characteristics (see Table 2) of peak 4
in Fig. 2a (Q4 ~ 224 kJ mol™!, Koy ~ 1.4 x 10'% s7!) and in
Fig. 2b (04 ~ 228 kJ mol~!, Koy ~ 2.6 x 101 s~ 1) are close to
the theoretical [30] and experimental [31] values of the energy of
separation of a hydrogen atom from graphane and the
frequency of hydrogen atom oscillation in graphane, respec-
tively, considered in Refs [11, 12].

The results of a detailed processing and analysis (methods
[12, 14]) of data [22] on the thermodesorption of hydrogen
from graphene sheets hydrated in plasma are presented in
Ref. [12].

Table 1. Results of processing and analysis (methods [12, 14]) of six Gaussians* (peaks /-6 in Fig. 1) in the approximation of first-order and second-order

reactions.
Peak | Tax. Order 0, Ky, s7! K (Tmax)s 0%, y Co
No. K of reaction kJ mol~! 57! kJ mol~!
First 163 1.5 % 108 0.47 162
1 1001 0.02 5.0 x 107°
Second 326 1.0 x 10" 0.97 325
First 201 7.3 %108 0.49 201
2 1145 0.25 6.2x 1078
Second 402 22 x 10" 1.00 401
First 373 5.7 x 1013 0.73 371
3 1226 0.04 1.0 x 1078
Second 745 8.6 x 10°! 1.50 742
First 227 53 x 108 0.40 225
4 1300 0.14 3.5x 1078
Second 452 1.2 x 10" 0.82 451
First 441 2.6 x 101 0.68 437
5 1389 0.04 1.0 x 1078
Second 876 1.2 x 10% 1.40 874
First 189 6.3 x 10° 0.24 188
6 1538 0.51 1.3 x 1077
Second 377 3.0 x 1012 0.47 376
* 9 is the fraction in the spectrum, Cy = y[H/Cly,, is the initial atomic fraction of hydrogen in the sample corresponding to a given peak,
[H/Clsyqy. ~ 2.5 x 1077 is the total initial atomic fraction of hydrogen in the sample.
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Figure 2. Processing (methods [12, 14]) of thermodesorption spectra
(B =3 Ks")([29], Fig. 1) of deuterium for hydrogen-saturated graphene
layers with a diamond-like structure on a Pt(111) substrate. Approxima-
tion by four Gaussians of the spectrum (a) for single-layer (H-SLG)
epitaxial graphene and (b) for four-layer (H-FLG) epitaxial graphene.

5. Thermodesorption spectra of hydrogen
in carbon nanotubes

The results of processing and analyzing TDS data [32] on the
physical sorption of hydrogen in single-wall carbon nano-
tubes (SWCNTs) hydrated in gaseous molecular hydrogen
are presented in Fig. 3 and Table 3.

The values (see Table 3) of the desorption activation
energy Q and the pre-exponential factor of the rate constant
Ky obtained for five self-manifesting desorption peaks (see
Fig. 3) are apparently related to the processes of physical
adsorption of hydrogen by carbon nanostructures [10, 33],
which can be approximated as reactions of the first order.

6. Thermodesorption spectra of hydrogen
in graphite nanofibers

The results of processing and analyzing (using the methods of
[12, 14]) the thermodesorption spectrum for the ‘irreversible’
hydrogen in graphite nanofibers (GNFs) [34], hydrated in
gaseous molecular hydrogen, are presented in Fig. 4a and
Table 4, as well as in Refs [18-20]. Note that the total
(specified) content of ‘irreversible’ hydrogen in GNF sam-
ples (Cizs ~ 11 £ 3 wt.%) was determined from data from
Refs [34, 35].

Figure 3. Approximation by five Gaussians (peaks /-5) of the deuterium
thermodesorption spectrum (Fig. 1 in Ref. [32], # = 0.067 K s7!) for a
sample of single-wall carbon nanotubes after exposure (1 hour at a
temperature of 298 K) to gaseous D, at a pressure of 2 MPa. Residual
gas was pumped out at 77 K. Red curve shows the sum of five Gaussians,
black curve shows the initial experimental spectrum.

The results of processing and analyzing (by methods of
[12, 14]) the thermogravimetric (TG) spectrum from Ref. [34]
are presented in Fig. 4b and Table 5, as well as in Refs [18-20)].
There are reasons to believe that peak 3 in Fig. 4b is mainly
due to the gasification of carbon atoms and/or oxygen-
containing functional complexes (groups). In this case, it
should be taken into account that in Ref. [34] no hydro-
carbon products were detected when heating the material in
an inert atmosphere at temperatures up to 1300 K. Therefore,
the atomic ratio value (H/C) for peak 3 (in Fig. 4b) can be
negligibly small, and there is no necessity to approximate this
peak with more accuracy.

On the other hand, a significant level of noise for the
spectrum in Fig. 4b does not hinder determining the
characteristics of the major hydrogen peak / (Fig. 4b) with
the accuracy required (to achieve the goal of Refs [18-20]).

An analysis [18-20] of the results (see Tables 4 and 5) for
the main process of ‘irreversible’ hydrogen desorption (peak /
in Fig. 4a and b) from GNF samples [34] shows that a first-
order process (reaction) occurs with the following character-
istics:  Tax = 914—923 K, O =~40kJ mol™!, Ky=2x
107" s7!, Cos ~ 8 wt.% (i.e., the atomic ratio is [H/C]~1).
The analysis [18-20] also shows that the desorption process is
limited by the hydrogen diffusion accompanied by the
‘reversible’ capture [6—11] of the diffusant by certain ‘centers’
of hydrogen chemosorption in GNFs. This is comparable to
type I and I1 diffusion processes (having the activation energies
01~ 20 kJ mol~! and Oy ~120 kJ mol~!, respectively),
considered in Refs [10, 11]. The obtained activation energy of
desorption Q ~ 40 kJ mol~! (see Tables 4 and 5) is (like the
above values of Q; and Q) an effective activation energy of
such diffusion close (in absolute value) to the energy of the
diffusant binding to the corresponding ‘centers’ of chemosorp-
tion in the carbon material, which is also considered in Refs[10,
11]. Obviously, such ‘centers’ are localized between the base
carbon planes in the GNF [34]; in this case, they are almost
completely filled with hydrogen, i.e., the base carbon planes
are, as it were, separated by layers of chemisorbed hydrogen.

The characteristic diffusion length (L) for the considered
process, corresponding to peak I, can be described (to an
order of magnitude) by means of the known [6, 10] expression
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Table 2. Results of processing and analyzing (methods [12, 14]) four Gaussians (peaks /-4 in Fig. 2a and b) for hydrogen-saturated graphene layers on a
Pt(111) substrate in the approximation of first-order and second-order reactions.

Peak TmaXs Order Q’ KO, Sil K(Tmax)y Q*’ Y
K of reaction kJ mol~! s kJ mol~!

Fig. 2a (H-SLG)

First 24 8.8 x 10° 3.9 x 1072 32

1 543 0.15
Second 48 3.4 %103 7.9 x 1072 64
First 72 5.1 x 10* 6.4 x 1072 72

2 640 0.40
Second 132 7.5 % 10° 1.3 x 107! 144
First 130 1.3 x 10° 1.0 x 107! 129

3 671 0.30
Second 252 9.2 x 10'8 2.0x 107! 255
First 224 1.4 x 101 1.5x 107! 222

4 733 0.15
Second 412 7.8 x 1028 3.0 x 107! 442

Fig. 2b (H-FLG)

First 50 1.1 x 103 6.1 x 1072 63

1 610 0.20
Second 98 3.2 % 107 1.2x 107! 122
First 92 1.2 x 10° 7.5 % 1072 92

2 665 0.55
Second 180 2.0 x 103 1.4 x 107! 177
First 193 1.3 x 10" 1.6 x 107! 207

3 675 0.11
Second 377 4.4 % 10% 3.0x 107! 382
First 228 2.6 x 10 1.6 x 107! 242

4 735 0.14
Second 456 8.6 x 10°! 3.1 x 107! 457

Table 3. Results of processing and analyzing (methods [12, 14]) five peaks shown in Fig. 3 for single-wall carbon nanotubes in the approximation of first-
order processes.

Peak | Tiax, 0, Ko, s7! K (Tax)- 0, Y Wt. % [D/C]
K kJ mol~! s kJ mol~!

1 90 9.2 2.1 x 10° 9.1 x 1073 9.1 0.11 0.13 0.008

2 95 53 3.5 x 10° 4.6 x 1073 52 0.33 0.40 0.024

3 126 5.0 3.0 x 107! 2.5x 1073 5.0 0.20 0.24 0.014

4 172 6.8 2.2 x 107! 1.9 x 1073 6.8 0.14 0.17 0.010

5 259 10.7 1.8 x 107! 1.3x 1073 10.7 0.21 0.25 0.015

Table 4. Results of processing and analyzing (methods [12, 14]) three peaks* (Fig. 4a) in the approximation of first-order and second-order reactions
(from Refs [34, 35]).

Peak | Toax. Order 0, Ky, s~! K (Tmax)s o, y Cha, [H/C]
K of reaction kJ mol~! st kJ mol~! wt. %
First 39 1.5 x 107! 9x 1074 39
1 914 0.76 8.4 1.1
Second 71.5 5.1 x 10! 2x 1073 71.5
First 199 4.2 %107 4x1073 198
2 1036 0.02 0.2 0.02
Second 398 8.8 x 107 7 %1073 396
First 126 8.5 x 10% 2x 1073 125
3 1161 0.22 2.4 0.30
Second 250 7.0 x 108 4 %1073 250
* [H/C]— atomic ratio (hydrogen/carbon) corresponding to the weight content of hydrogen (Cyz = yCras) for a given peak, Cps ~ 11 £+ 3 wt.%.

L~ (Dy/Ko)'"?, where Ky ~0.15 s7! (see Table 1). Setting Dy~ 5 cm® s~! (at Q ~ 40 kJ mol~! (see Table 1)), compar-
L~ Lgmple~1 cm, which corresponds to a definite size of the  able to the characteristics (Do and Q) for type I and II
sample [34] (a bundle of graphite nanofibers), we get processes[10, 11].
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Table 5. Results of processing and analyzing (methods [12, 14]) three peaks* (Fig. 4b) in the approximation of first-order and second-order reactions.

Peak | Timaxs Order 0, Ko, s7! K (Tiax)» o, y Wt % |[H/C]
K of reaction kJ mol~! 5! kJ mol~!
First 43 2.9 x 107! 1x1073 43
1 923 0.23 8.5 1.1
Second 87 1.7 x 102 2x1073 87
First 152 1.5 x 10* 2x 1073 152
2 1165 0.08 29 0.4
Second 304 2.0 x 10" 4x1073 303
First 149 1.0 x 103 2x 1073 148
3 1345 0.69 26
Second 298 1.2 x 10° 1x1072 297
*v1is the fraction of the peak in the spectrum, [H/C] is the atomic ratio (hydrogen/carbon) corresponding to the hydrogen content (in wt.%) for
a given hydrogen peak obtained by appropriate integration of this peak.

In a similar way, it is also possible to consider in [18-20]
the processing results (see Tables 4 and 5) for the remaining
(less significant) desorption peaks in Fig. 4a, b.

Reference [17] presents the results of processing and
analyzing in detail (method [12, 14]) thermodesorption and
other data [36] for graphite nanofibers subjected to hydration

600 - 1 a

(93

(=3

(=)
T

I

=3

S
T

9%}

(=)

(=)
T

200

100 |~

Hydrogen desorption rate, arb. units

! / \ |\ e

250 500 750 1000 1250

1500
K

Temperature derivative
of mass decrease, wt.% K~!

250 500 750 1000 1250 1500
T,K

>

Figure 4. Processing (using the methods of [12, 14]) of data from Ref. [34]
for ‘super-desorption’ of ‘irreversible’ hydrogen from GNF samples with a
herringbone structure (see Fig. 2 in Ref. [34]). Approximation by three
Gaussians (peaks /-3) of (a) the thermodesorption spectrum (ff =
0.17 K s for samples subjected to hydration in gaseous H, (at 300 K,
11-4 MPa, 24 h); (b) temperature derivative of the thermogravimetric
spectrum for samples subjected to hydration in gaseous H, (at 300 K, 11—
4 MPa, 24 h) with subsequent heating (8 = 0.17 K s7!) in He. Red curves
correspond to the sum of three peaks.

in Hj at a pressure of 9 GPa and temperature of 753 K (with
subsequent quenching). This procedure led to a total
hydrogen content of up to 6.3 wt. % and a manifestation of
three different states of hydrogen, corresponding to physical
sorption, chemosorption, and high-density molecular hydro-
gen localized in the closed nanocavities of the material.

The research results discussed in this section are of interest
for solving the problem of creating materials and technologies
for highly efficient hydrogen storage [2, 37-39] to be used in
environmentally friendly road transport.

7. Conclusion

An efficient technique of processing, analyzing, and inter-
preting thermodesorption spectra of hydrogen in carbon
materials and nanomaterials recorded at a single heating
rate is developed. The technique allows studying various
states of hydrogen and determining the corresponding
characteristics, including rate constants and activation
energies of desorption processes. The efficiency of the
proposed technique is confirmed by recently published
results of hydrogen thermodesorption studies in a number of
carbon nanostructures and graphite materials considered in
the present paper.

This study was carried out with financial support from the
Russian Foundation for Basic Research, project no. 18-29-
19149 mk.
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