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A B S T R A C T

Chemisorption of hydrogen on graphene has been extensively investigated in last decades, but the reported
values of over several eV, depending on different factors, such as the local structural environment, substrates
or previously bound hydrogen.

In this work, we combine Temperature-Programmed Desorption experiments with simulations using
empirical reactive force fields and Density Functional Theory calculations. We observe that desorption occurs
through processes with different activation energies, which we are able to identify by analyzing simulation
data and post-processing experimental ones through a procedure based on Arrhenius fit with feedback. The
result is the assignment of experimentally observed desorption peaks to different desorption processes, namely
desorption from isolated sp3 H, or couples of H in conformation cis or trans, or edge sp3 or sp2 H.

The protocol we outline is generally applicable and might be particularly useful in more complex cases
with larger multiplicity of desorption peaks.

1. Introduction

The chemisorption of hydrogen on graphene has been investigated
since the very early days of graphene production, both experimen-
tally [1,2] and theoretically [3]. In fact, graphene has been presented
as an interesting material for stable, cheap, and safe mean for chemical
hydrogen storage [4,5] and almost 1:1 H:C stoichiometry was recently
demonstrated for hydrogenation of nanoporous graphene [6], possible
when the structures allow accession to both faces of the graphenic
surfaces. However, the process still presents some unclear aspects. In
spite of the extensive experimental and theoretical investigation of
graphene hydrogenation and dehydrogenation performed in the last
decade, the values of binding and desorption energies present a certain
variability in the literature, which is still a matter of debate. This study
addresses the origin of this variability.

At the theoretical level, several ab initio calculations were aimed at
evaluating the desorption/adsorption energy profile [7], which allows
us to define the binding energies 𝐸𝑏 as the differences in energies
between bound and unbound states (see also Fig. 1)

𝐸𝑎𝑡
𝑏 = 𝐸𝑔𝑟−𝐻 − (𝐸𝑔𝑟 + 𝐸𝐻 ) 𝐸𝑚𝑜𝑙

𝑏 = 𝐸𝑔𝑟−𝐻 −
(

𝐸𝑔𝑟 +
1
2
𝐸𝐻2

)

(1)

∗ Corresponding author.
E-mail address: luca.bellucci@nano.cnr.it (L. Bellucci).

𝐸𝑎𝑡
𝑏 and 𝐸𝑚𝑜𝑙

𝑏 corresponding to the C–H binding energy with respect
to atomic and molecular hydrogen, respectively, and 𝐸𝑔𝑟, 𝐸𝐻 , 𝐸𝐻2
and 𝐸𝑔𝑟−𝐻 being the energies of graphene, atomic hydrogen, molecular
hydrogen and hydrogenated graphene with a single H, respectively. By
definition, 𝐸𝑎𝑡

𝑏 and 𝐸𝑚𝑜𝑙
𝑏 are not independent, differing by the hydrogen

molecule dissociation energy per atom 𝐸𝐻2
𝑏 = 𝐸𝐻 − 1

2𝐸𝐻2
= 𝐸𝑚𝑜𝑙

𝑏 −𝐸𝑎𝑡
𝑏

whose value is known with a great accuracy [8]. Even restricting to
Density Functional Theory (DFT) calculations, a large variety of values
are found in the literature for 𝐸𝑎, 𝐸𝑏, and 𝐸𝑑 , depending on the cal-
culation setup and the pristine graphene conditions. In fact, graphene
tends to bend after binding, therefore 𝐸𝑔𝑟−𝐻 depends on the amount of
relaxation allowed to the system, which in turn depends on the bound-
ary conditions (isolated flakes and their size [9], periodic supercell and
its tension [3,10]). The spin state of the graphene-hydrogen atom (gr-H)
system also influences the binding energy [3], as well as the presence,
distance, and conformation of other bounded atoms in the neighbor-
hood of the chemisorbed H atom [7]. The overall hydrogen coverage
and distribution influences 𝐸𝑏 [11] destabilizing or stabilizing binding
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Fig. 1. Desorption/Adsorption energy profile for atomic H chemi(de)sorption on
graphene. Blue lines (and shades) correspond to ad(de)sorption referred to atomic H,
red lines (shades) to the process referred to the molecular hydrogen. Their difference is
the H2 binding energy, whose value is here taken as 2.23 eV [8]. Lines are qualitative
drafts but reflect the real dependence on the curvature or coverage: thick lines are
for pristinely flat graphene receiving an isolated H atom or a couple from a molecule,
on nearby sites. The lines below are for pristinely convex, and/or previously double
side loaded. Conversely above are for pristinely concave or pristinely single-side loaded
sheets. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

in specific configurations such as 2 H atoms (dimers) in cis or trans
conformations [3,7,12]. Convexities/concavities previously present on
the sheet can influence binding up to 2.5 eV [13], and the different
effects can combine theoretically leading to a variability of binding
energies of several eV (shaded areas in Fig. 1). Calculations reveal
the presence of energy barriers involved in adsorption/desorption, 𝐸𝑎
and 𝐸𝑑 (with 𝐸𝑑 − 𝐸𝑎 = 𝐸𝑏), also displaying a similar variability. In
this case, the 𝐸𝑚𝑜𝑙

𝑑∕𝑎 and 𝐸𝑎𝑡
𝑑∕𝑎 correspond to two different processes,

that is the associative desorption/dissociative adsorption of H2 and
atomic chemi(de)sorption, respectively (in red and blue in Fig. 1), and
therefore are not simply related. In the first process the molecule forms
directly upon dissociation of two H atoms in nearby sites, or the other
way round, the molecular dissociation occurs as the molecule binds
to the sheet and the two H attach in nearby sites. For this process
the activation energy 𝐸𝑚𝑜𝑙

𝑎 is generally in the order of eV, required to
dissociate the hydrogen molecule [14]. Combining graphene with tran-
sition metals capable of interfering with the molecular bond has been
proposed to promote hydrogenation [15]. However, 𝐸𝑚𝑜𝑙

𝑑 is reduced
even in specific conditions, e.g. when H2 desorption occurs between
two H bound in nearby sites and concavities [13,16]. Conversely, for
the adsorption of atomic hydrogen, only small barriers of a few tens
of eV were reported [7,9], while desorption occurs with 𝐸𝑑 of ∼ 1 eV,
depending, as 𝐸𝑏 the graphene condition and coverage. We report a
non-exhaustive selection of energy values in the SI in Table S1, and a
qualitative sketch of energy profiles in Fig. 1.

On the experimental side, several methods were used to study
graphene hydrogenation. Clearly, adhesion of atomic H [1,2] is easier
to achieve, due to its larger reactivity with respect to molecular form.
Atomically resolved microscopy directly observed H preferential bind-
ing on convexities [14] often present in supported graphene, usually
hydrogenated on a single side, although double side hydrogenation
was achieved for suspended double side exposed graphene foams [1,2].
Besides direct observation, H binding can be measured through the
change in electronic properties (typically, the band gap [1,14]), or
by (spatially resolved) vibrational spectroscopy [17,18], or XPS spec-
tra [19]. Although the shift in vibrational frequencies can give some

indirect indications on the strength of binding, and XPS can measure
to some extent the coverage, the method mainly used for evaluating the
binding energy is the Temperature Programmed Desorption (TPD) [20].
TPD desorbs gases by increasing the temperature at a constant rate 𝛽,
𝑇 (𝑡) = 𝑇0 + 𝛽𝑡. The measured desorption rate of (molecular) hydrogen
𝑅𝐻2

(𝑡) is described by the Polanyi–Wigner (PW) equation [21]

𝑅𝐻2
(𝑇 ) = −1

2
𝑑𝜎𝐻
𝑑𝑇

= 1
2
𝜈𝑛
𝛽
𝜎𝑛𝐻𝑒−

𝐸𝑑
𝑘𝑇 (2)

from which one can evaluate 𝐸𝑑 . The technique is quite robust and
relatively cheap but depends on several parameters, such as the H-
coverage 𝜎𝐻 , the order of the process 𝑛, and a pre-exponential factor
𝜈𝑛, roughly representing the frequency of desorption attempts. These
could be in principle fitted altogether on the measured temperature
spectrum, potentially returning not only 𝐸𝑑 , but also the 𝜎𝐻 and 𝜈.
In practice, however, the fitting procedure produces a large variability
in the values. This was previously recognized and attributed to the
sometimes arbitrary assumption on the value of 𝜈 and 𝑛 [22].

In this work, we aim to determine the values of hydrogen binding
and desorption energies from graphene samples. We adopt an unbiased
procedure by combining fits with numerical iterative solutions of the
PW equation. We apply the same procedure both to experimental data
and to simulated TPD spectra using molecular dynamics with a Reactive
Force Fields (ReaxFF) [23–25], which allow us to better analyze the
different peaks arising in the experimental spectra. We finally compare
the values obtained for the energies with the energy profiles from direct
calculations using either the ReaxFF or DFT.

2. Methods

2.1. Samples and experimental analyses

Highly hydrogenated graphene was provided by Xlynx Materials
Inc. (Victoria, Canada), in powder form, and analyzed with no further
manipulation. The surface morphology was evaluated by field emission
scanning electron microscopy (FEG-SEM, FEI Inspect F-EBL), revealing
an exfoliated layered structure (Fig. 2(a)).

The samples were additionally analyzed before and after desorp-
tion by Raman and Fourier Transform Infrared (FTIR) spectroscopy
measurements, acquired from powder samples placed in a crucible
and annealed at different temperatures inside a tubular furnace in a
2 L/min flow N2 atmosphere, previously purged for 1 h and ramped
at 10 ◦C/min. FTIR spectra were recorded using a Cary 630 FTIR-ATR.
The spectra were obtained after the compilation of 128 scans at 4 cm−1

resolution and are reported in Fig. 2(b). Raman spectra were obtained
in a Renishaw inVia spectrometer, equipped with a 532 nm wavelength
laser and 50x objective. To avoid sample damage or laser-induced
reduction, the laser was attenuated to 0.05% power, 20 s exposition
time, and 4 acquisitions (Figs. 2C and D).

Elemental analysis was performed with a TruSpec Micro CHNS an-
alyzer from LECO. Data from X-ray diffractometry (XRD) was supplied
by Xlynx Material Inc. (refer to Section S2 in the SI for additional in-
formation). Temperature-programmed Desorption (TPD) measurements
were obtained using an AutoChem II 2920 V4.03 chemisorption ana-
lyzer coupled to a mass spectrometer (MS). Roughly 10 mg of highly
hydrogenated graphene were used per experiment, and the temperature
was raised from 30 ◦C to 900 ◦C at 10 ◦C/min under a constant 60
sccm/min constant Ar gas flow.

2.2. Density functional theory calculations

DFT spin resolved calculations were performed using the Perdew–
Burke–Ernzerhof [26] (PBE) exchange and correlation functional with
Grimme’s D3 van der Waals corrections [27], a combination previously
validated for graphene in interaction with hydrogen [28,29]. We used
the supercells including 64 C atoms with periodic boundary conditions,
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and the Projected Augmented Wave (PAW) approach combined with
ultrasoft pseudopotentials as implemented in Quantum Espresso [30],
with 65 Ry and 520 Ry cutoff for wavefunctions and density, respec-
tively. Systems relaxations, either fully free or restraining the C–H
distance around different values along the detachment path, were
employed to evaluate the structure and energy of bound, and unbound
states and barrier values of a hydrogen atom isolated or bound in
dimers of different conformations, trans/cis and ortho, meta and para
(six combinations).

2.3. Generation of hydrogenated graphene models

Classical Molecular Dynamics simulations were performed using
LAMMPS [31] with the empirical CHON-2019 ReaxFF [24] proven
reasonable in describing a variety of graphene-based materials and
their interactions with C/H/N/O atoms [32,33]. To prepare hydro-
genated graphene models, we followed a previously tested strategy [34]
mimicking the experimental preparation procedure [35]. Graphene
was simulated by a 264-atom supercell (27 × 25Å2 large) periodically
arranged along the 𝑥𝑦 plane. A separation of 40 Å between graphene
sheets along the 𝑧 direction was applied to ensure graphene isola-
tion. Graphene was exposed to a reservoir of atomic H gas at two
different temperatures, 𝑇 ∼ 1250 K or 𝑇 ∼ 1400 K and 𝑃 ∼ 5000
bar, under 𝜇VT conditions simulated by using the Grand Canonical
Monte Carlo (GCMC) algorithm [36]. The chemical attack consisted of
six GCMC of 2 ps each, during which exchanges of hydrogen atoms
(insertion/deletion) took place every 2 ps. This procedure intentionally
imposes extreme conditions, aiming to efficiently generate a series
of random hydrogenated graphene models. Further 10 ps of standard
MD simulation was performed to relax the systems. During relaxation,
desorbed hydrogen was removed. From the procedure, six models were
selected, with hydrogen coverage (𝜎𝑐𝑜𝑣) evenly distributed from 41%
to 78%, see Fig. S1 and S2 of SI, where a description of the models is
reported.

2.4. Temperature programmed desorption simulations

The selected models were employed to generate two additional
systems of double size, derived from the original one (see Fig. S1)
by replicating along the x- or 𝑦-axis, respectively (see Fig. S3). Each
set consisted of three systems, originating from the corresponding
model at a fixed coverage. These systems were then subjected to
TPD simulations to mimic the corresponding experiments: the system
temperature increased step-wise from 300K to 3500K. The thermostat
equations [37] were integrated with a timestep of 0.2 fs. At every 10
K interval, desorbed atoms were removed from the simulation. Two
different temperature rates, denoted as 𝛽, were considered: 1011 ◦C/sec
and 1012 ◦C/sec. The desorption curve presented for each coverage set
represents the average outcome over three simulations, aiming to min-
imize statistical fluctuations (see Fig. S6 and Fig. S7). The cumulative
simulation time for each model amounted to 100 ns, resulting in an
overall total of 1800 ns.

2.5. Desorption curves analysis and Arrhenius fit

Both the TPD experiments and simulations generate TPD spectra,
i.e. a rate curve 𝑅𝐻2

(𝑇 ) measuring the amount of desorbed hydrogen
in each temperature interval. This is well described by PW Eq. (2),
equivalently cast in the form of the Arrhenius plot

𝐴(1∕𝑇 ) = ln
(𝑅𝐻2

𝜎𝑛𝐻

)

= −
𝐸𝑑
𝑘𝑇

+ ln
(

𝜈𝑛
2𝛽

)

(3)

obtained from the ratio of rate 𝑅𝐻2
(𝑇 ) and the residual coverage

𝜎𝐻 (𝑇 ) measured at the same 𝑇 , evaluated as the ratio between the
number of hydrogen atoms and carbon atoms (H/C) at the specific
temperature. For a single process, and once the order of the process

𝑛 is known 𝐴(1∕𝑇 ) is a straight line, with slope −𝐸𝑑∕𝑘 and intercept
𝑙𝑛(𝜈𝑛∕2𝛽). While 𝑛 is usually identified by attempt, we anticipate that
our comparative analysis clearly identifies mostly 1st order processes,
i.e. 𝑛 = 1. For these, (corresponding in this case to detachment of atomic
hydrogen) the Arrhenius plot is independent of the starting coverage,
and the relation between the maximum of desorption spectrum 𝑇𝑝 and
the energy barrier 𝐸𝑑 is

𝐸𝑑
𝑘𝑇𝑝

+ ln
(

𝐸𝑑
𝑘𝑇𝑝

)

= ln
( 𝜈𝑇𝑝

𝛽

)

(4)

which is an alternative way of evaluating 𝐸𝑑 , provided 𝜈 is known. In
the experimental practice it is customary to use the value 𝜈 = 1013 Hz,
about one order of magnitude smaller than the related physical quan-
tity, the C–H vibrational frequency, and to approximate the logarithmic
addend in the first member with the empirical constant 3.4–3.5, which
turns out a reasonable value if 𝛽 is in the range of 0.1–0.2 ◦/s and
the 𝐸𝑑 in the range of 1–2 eV, and therefore 𝑇𝑝 ∼ 400–700◦. While
these combined approximations can lead to reasonable evaluation of
the 𝐸𝑑 in the experiment, the much larger 𝛽 values of simulations do
not allow us to use them. Therefore we proceeded to a fit with no a
priori assumptions.

When different desorption processes are present, as is expected in
this case, 𝑅𝐻2

(𝑇 ) is the convolution sum of single processes

𝑅𝐻2
(𝑇 ) = 1

2𝛽
∑

𝑖
𝜈𝑖𝜎

𝑛𝑖
𝑖 𝑒−

𝐸𝑑𝑖
𝑘𝑇 , (5)

where in principle all the parameters are process dependent. Clearly,
the direct fit of such a large number of parameters may result poorly
determined. Therefore the regression procedure was preconditioned
using preliminary values obtained from a direct analysis of the Arrhe-
nius plot: there, we identify the linearity intervals of T, where one of
the single processes prevails, on which one fits the parameters of that
process by linear regression. Those parameters are then used as starting
values for the fit which is subsequently iteratively refined.

3. Results

Highly hydrogenated graphene samples observed by SEM present
an exfoliated structure (Fig. 2(a)), with stacking of multiple graphene
sheets forming 1-4 μm agglomerates. The thickness of the graphene
layers cannot be resolved by SEM, but these are formed of 50 to
1000 nm highly corrugated domains characterized by a large number
of edges, bending, and breakpoints.

3.1. Raman and FTIR spectra and elemental analysis

Data confirms the presence of C–H bonds with a main peak at
2850 cm−1, proving that hydrogen is directly bonded to the graphene
lattice. Up to the detection limit of this technique, no doublet peaks
indicative of the presence of C–H2 and C–H3 groups are revealed [5].
Oxygen functional groups can be detected in 1000–1250 cm−1 re-
gion, and traces of nitrogen bonded to the substrate are detected at
3360 cm−1. Upon annealing in N2 atmosphere, the C–H bonds peak
in FTIR is reduced at 400 ◦C and completely disappears for higher
temperatures (Fig. 2(b)). X-ray diffractometry was performed on the
material, revealing that the interlayer separation nearly doubled due
to hydrogenation, consistent with previous findings [38]; see Section
S2 and Fig. S4 in the SI.

The raw Raman spectra (Fig. 2(c)) is dominated by a significant
fluoresce upon excitation with the 532 nm laser, due to the band
gap opening caused by the significant presence of bonded hydrogen
(see for instance Ref. [39]. After removing fluorescence as a baseline
(Fig. 2(d)), the characteristic G peak for vibration of graphitic sp2

domains (1582 cm−1) is revealed to have a shoulder at 1594 cm−1,
which can be attributed to D’ band of structurally-defective graphene.
The D peak of defective graphene breathing mode (1350 cm−1) is also
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Fig. 2. (a) SEM image of a multiple stacking of highly hydrogenated graphene sheets in a highly hydrogenated graphene particle. (b) FTIR-ATR spectra of highly hydrogenated
graphene powders from room temperature (RT) to annealed at 600 ◦C in a nitrogen atmosphere for 1 h. (c) Raman spectra acquired with excitation with the 532 nm laser at
different temperatures. (d) The same data after baseline subtraction and normalization to the G peak.

revealed, with a stronger neighbor peak at 1316 cm−1 here named D𝐻 .
Usually, the positions, intensity, and width of defect-associated bands
(D and D’) arise due to the presence of ruptures in the crystal lattice of
graphene [40]. Poorly understood shoulder peaks at 1539/1561 cm−1

and an inter-band at 1458 cm−1 are also present. It must be noted
that the untreated sample (labeled as RT, room temperature) has a
lower signal for both FTIR and Raman fluorescence compared with
the one annealed at 100 ◦C, which can be caused by the presence of
ambient humidity physisorbed on the surface of the material (see SI
section S3 and Fig. S5) affecting local atomic conformation. Raman
spectroscopy shows a major loss of fluorescence at > 100 ◦C (Fig. 2(c)),
gradually decreasing with increased temperature. At 300 ◦C the oxygen
and nitrogen functional groups are observed to disappear from the
FTIR peaks, correlating with TPD-MS measurements (Fig. S5). For
annealing processes starting at 400 ◦C, a complete removal of the
C–H bonds is observed by FTIR. At higher than 400 ◦C treatments the
characteristic defective graphene structure is recovered, reducing the
C–C bond length, and presenting a narrower G peak and a smaller D
peak, which are clearly blueshifted compared with the D𝐻 peak, all
suggesting the reestablishment of order in the lattice. Thus, Raman and
FTIR-ATR spectroscopies can detect variations in the high hydrogen-
containing samples due to variations in photo-luminescence at low
binding energies (temperature treatments), and the loss of the major
part of H, with stronger bonding, at higher temperatures. The poorly
understood shoulder peaks at 1539/1561 cm−1 and an inter-band at
1458 cm−1 seem to be associated only with hydrogenated samples

and point to the relationship of the disappearance of H binding with
hydrogen removal.

3.2. Experimental TPD curves

In this section, we report and discuss the set of desorption energies
as extracted from TPD experiments and simulations, following the
procedure described in Sections 2.5 and 2.4, and compare them to
direct calculations of the desorption energy barriers. The TPD mea-
surements of hydrogenated graphene are reported in the SI (sections
S3). Elemental analyses of the pristine sample agree on values of the
H loading of 4.2% in mass, corresponding to the stoichiometry C1H0.53,
i.e. 53% of coverage.

Although samples include traces of other elements, here we focus
on the desorption spectra of hydrogen, shown in Fig. 3(a). The profile
displays multiple peaks in the range 400–1200 K, with a main one at
∼800 K, indicating several non-equivalent C–H bonds. The Arrhenius
plot is shown in Fig. 3(b)) and identified three linear intervals, that we
used to extract preliminary information on the dominant processes in
those regions via the linear regression. Considering that the parameter 𝜈
is physically related to the vibrational frequency of the C–H modes and
that this is known to vary by < 10% (Fig. 2(b)), and that it contributes
logarithmically to the intercept, it is reasonable to consider a single
𝜈 value for all the components. The values of 𝜈 and 𝐸𝑑 are reported
in Table 1. We then perform the convolution fit with the function
(5) including five first-order processes with the same 𝜈, using the
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Fig. 3. (a) Experimental mass spectroscopy measurements of curves of hydrogen desorption from graphene during TPD experiments (see also section S3 and Fig. S5 for more
details). Highlighted in red are the intervals of linearity in the Arrhenius plot (b). (b) Arrhenius plot with 𝑛 = 1 of the desorption profile (a). Red lines correspond to linear
regressions in the selected intervals. (c) Convolution fitting of the desorption profile with the fitted value of 𝜈. The fitted values of the desorption energy (𝐸𝑑 ) and the relative
coverages defined as 𝜎𝑟 = ( 𝜎𝐻 (𝑇 )

𝜎𝑐𝑜𝑣
%) are indicated in the visual legend. Different colors correspond to component desorption processes. (d) Same as (c), with a fixed value of

𝜈 = 1013 Hz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

parameters obtained from the linear fit as starting values. The results
are shown in Fig. 3 and reported in Table 1. The fit can resolve the
five peaks giving values of 𝐸𝑑 slightly larger than the starting one and
returning a total convolution curve that superimposes very well on the
experimental data (black dashed vs blue line in Fig. 3(c)). The relative
amounts of the different components are also resolved, indicating the
most abundant, the peak named ‘‘sp3’’. The fit of experimental data
cannot give an assignment to specific processes, which is conversely
possible with the simulation data and discussed later on in Section 3.3,
after which the names were assigned to the five TPD peaks.

The fitted value of the frequency is ∼ 108 Hz, larger than the starting
value but still quite lower than C–H vibrational frequencies. We then
repeated the fit fixing to the value 𝜈1 = 1013 Hz, the empirical value,
and 𝜈2 = 1.3 × 1014 Hz, i.e. the typical frequency of the C–H modes.
These larger values of 𝜈 produce sharper peaks (see Fig. 3(d)), which
decrease overall the quality of the fit. In turn, larger values of 𝜈 produce
systematically larger values of the 𝐸𝑑 . Interestingly, the values obtained
with 𝜈1 = 1013 Hz are those best matching the theoretical direct
calculations of barriers, as shown in the next sections. This apparent
discrepancy between the value of 𝜈 that best fits the peak width and
that gives the best match with the energies but narrower peaks, could
be explained by the presence of other sources of errors contributing to
the width of the peaks in the experiment, aside the C–H fluctuations.

3.3. Simulated TPD curves and comparison

The analysis and fitting procedure repeated on the simulated TPD
data allows us to assign the peaks to specific desorption processes.
The desorption profiles at different starting coverage and with the
two simulated temperature rates 𝛽 = 1011 and 1012 𝐾∕𝑠 are reported
in Fig. 4. Clearly, due to the extremely different value of 𝛽 used in
simulations, the 𝑇𝑝 position is moved to higher temperatures, in the
range 2000–2500 K. Up to 𝜎𝑐𝑜𝑣 = 65.5% of, we do not observe any
dependence of the peaks shape and position on the starting coverage,
while for the two largest coverages (𝜎𝑐𝑜𝑣 = 76.1, 78.4%) we observe the
appearance of new peaks in the high energy regions, indicating the
activation of new processes. Among these, ruptures of the sheet and
detachment of larger carbon moieties were also observed, which are
not likely to be present in the experiment conducted at much lower
temperatures. The substantial independence of the peaks from the
coverage justifies the use of single-order formulas for the experimental
data, where coverage is less than or around 50%, and for the lower
coverage simulation data, while more attention is required for the high
coverage simulations, although even in these cases the first order direct
desorption appears prevalent over the associative desorption, from the
direct analysis of simulation trajectories.

Simulations give access to the analysis of the single components
of the total desorption profile, by post-processing the trajectories and



Carbon 227 (2024) 119211

6

F. Delfino et al.

Table 1
Desorption barriers (𝐸𝑑 ), frequency factors (𝜈), starting relative surface H coverage 𝜎𝑟 of different C–H desorption processes extracted with the different methods from simulations
(sim) and experimental (exp) TPD curves. The peaks are named by their prevalent component. ‘‘sp3 ’’ is a superposition of basically all internal sp3 type sites, although the most
populated are those in trans conformation (see Fig. S2).

Method data 𝛽 (K/s) C–H type 𝐸𝑑 (eV) 𝜈 (s−1) 𝜎𝑟 (%)

A direct fit exp 0.16 1.04 1.9 × 106

direct fit exp 0.16 1.25 1.9 × 106

direct fit exp 0.16 1.81 1.9 × 106

B conv fit, unrestrained 𝜈 exp 0.16 sp3 iso 1.15 1.2 × 108 3.7
conv fit, unrestrained 𝜈 exp 0.16 sp3 cis/iso 1.33 1.2 × 108 5.4
conv fit, unrestrained 𝜈 exp 0.16 sp3 1.56 1.2 × 108 65.2
conv fit, unrestrained 𝜈 exp 0.16 edge sp3 1.70 1.2 × 108 21.5
conv fit, unrestrained 𝜈 exp 0.16 edge sp2 1.96 1.2 × 108 4.3

C conv fit, fixed 𝜈1 exp 0.16 sp3 iso 1.69 1.0 × 1013 3.5
conv fit, fixed 𝜈1 exp 0.16 sp3 cis/iso 1.97 1.0 × 1013 6.9
conv fit, fixed 𝜈1 exp 0.16 sp3 2.28 1.0 × 1013 61.9
conv fit, fixed 𝜈1 exp 0.16 edge sp3 2.46 1.0 × 1013 23.9
conv fit, fixed 𝜈1 exp 0.16 edge sp2 2.85 1.0 × 1013 3.9

D conv fit, fixed 𝜈2 exp 0.16 sp3 iso 1.81 1.3 × 1014 3.4
conv fit, fixed 𝜈2 exp 0.16 sp3 cis/iso 2.10 1.3 × 1014 6.8
conv fit, fixed 𝜈2 exp 0.16 sp3 2.44 1.3 × 1014 61.4
conv fit, fixed 𝜈2 exp 0.16 edge sp3 2.63 1.3 × 1014 24.6
conv fit, fixed 𝜈2 exp 0.16 edge sp2 3.05 1.3 × 1014 3.8

E convolution fit sim 1011 sp3 cis/iso 1.92 ± 0.11 1.3 × 1014 1.9 ± 0.1
convolution fit sim 1011 sp3 2.26 ± 0.01 1.3 × 1014 55.0 ± 4.1
convolution fit sim 1011 edge sp3 2.43 ± 0.10 1.3 × 1014 32.2 ± 3.8
convolution fit sim 1011 edge sp2 2.97 ± 0.04 1.3 × 1014 10.9 ± 1.4

F convolution fit sim 1012 sp3 cis/iso 2.04 ± 0.05 1.3 × 1014 1.8 ± 0.1
convolution fit sim 1012 sp3 2.26 ± 0.02 1.3 × 1014 56.5 ± 5.8
convolution fit sim 1012 edge sp3 2.40 ± 0.06 1.3 × 1014 27.6 ± 1.8
convolution fit sim 1012 edge sp2 2.86 ± 0.03 1.3 × 1014 14.1 ± 5.5

G direct fit sim sp3 cis/iso 2.06 ± 0.14 1.3 × 1014 1.0
direct fit sim sp3 2.17 ± 0.13 1.3 × 1014 48.1
direct fit sim edge sp3 2.50 ± 0.09 1.3 × 1014 43.1
direct fit sim edge sp2 2.95 ± 0.12 1.3 × 1014 7.8

Fig. 4. Simulation TPD curves of hydrogen desorption from graphene at different starting 𝜎𝑐𝑜𝑣, at the two different simulated heating rates 𝛽 = 1011𝐾∕𝑠 (a) and 𝛽 = 1012𝐾∕𝑠 (b).
The bell-shaped lines are the desorption rates with scales on the left, The upper lines report the residual C on the sheet, with the scale read on the right.

selecting desorption process types. In Figs. 5 (a) and 5 (b), we report
in different colors the desorption profiles corresponding to desorption
from given C–H bond types, in the simulations with the two values of 𝛽
(indicated) and for a selected initial hydrogen coverage of 62.9% (pro-
files for the other starting coverages are reported in the SI, section S4).
The analysis allows unambiguously assigning the higher temperature
peaks to desorption from edges, in sp2 or sp3 conformation (orange and
red curves in Fig. 5). The desorption from internal sites, conversely,
is more difficult to resolve. We classify the type of sites in isolated,
or dimers in cis (same side of the sheet) or trans (opposite side, see

Fig. 5 and legends for the color coding). The analysis indicates that the
peaks corresponding to these three types are partially superimposed,
although isolated and cis dimer conformation appears to contribute
to the lower temperatures. Based on these observations, we assigned
the experimental peaks as summarized in Table 1. Interestingly, the
edges, initially absent in simulations, form during heating, producing
a population of edge-bonded atoms and their subsequent desorption.
This is the origin of the ‘‘negative’’ anomaly in the desorption profile
for edge hydrogen (red and yellow curves).



Carbon 227 (2024) 119211

7

F. Delfino et al.

Fig. 5. (a, b) Desorption profiles of different C–H configurations, for 𝛽 = 1011𝐾∕𝑠 and 1012𝐾∕𝑠, respectively. The color legend is the following: black, total desorption profile of
hydrogen atoms; green, bulk sp3 C–H bonds, usually in trans conformation (light green); pink, isolated bulk sp3 C–H bonds; blue, pairs of C–H bonds in cis conformation; red,
edge sp3 C–H bonds; orange edge sp2 C–H bonds; gray, desorption profile of carbon atoms. (c) Visual representation of the above-mentioned C–H configurations encircled with
the corresponding color. (c) Association of the experimental convolution fit peaks with the above-identified peaks in simulations. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

The experimental peaks are assigned by analogy (Fig. 5(d)). Starting
from the highest energy, the assignment of edge sp2 peak (yellow) is
unambiguous, and the separation of edge sp3 peak (red) clear enough
(see also Fig. 6, same color coding); also quite clear, though in part
mixed with the central sp3 peak (green) are the peaks associated to
the cis desorption (blue) and to the isolated one (pink) that in the
experiment appear better resolved than in the simulation. We will
discuss this point more in detail in the next section.

As for the experimental ones, we analyzed the simulation TPD
curves with the convolution fit. Since, as observed, the low energy
peaks are very weak in this case, the fit is performed using Eq. (5)
of four processes only. In this case, we used the theoretical value of
𝜈 = 1.3 × 1014 Hz, which however turns out to better fit the relatively
narrower peaks. This is consistent with the fact that in simulation the
vibrational motion and dynamic of the system is the only source of the
peaks enlargement. The values of 𝐸𝑑 extracted from the convolution
fit are plotted as a function of the starting H coverage in Fig. S9 (see
also SI, section S4), and show little dependence on it, as already noted.
Their averages are reported in Table 1.

The 𝐸𝑏 value can be estimated also fitting directly the peaks position
with Eq. (4), taking advantage of the fact that each single process can be
separated, and that for each we have two different determinations with
two different 𝛽 values. Using Gaussian shapes for the peaks, we estimate
𝑇𝑝(𝛽) for the separate processes and coverages. Coherently with the
previous strategies, we fitted a single frequency value, returning 1.3 ×
1014 Hz, which roughly corresponds to the average C–H vibrational
frequency. The values of 𝐸𝑑 extracted by the direct fit are reported in
the SI in Fig. S9(c) as a function of the coverage, showing again little
dependence, while the average values are reported in Table 1.

3.4. Direct calculations of barriers and discussion

To resolve the remaining ambiguities of assignment we now include
into the discussion the direct calculations of 𝐸𝑑 , 𝐸𝑏, and 𝐸𝑎 from DFT
or ReaxFF, reported in Table 2. Because the edge desorption peaks
are already unambiguously assigned, we performed only calculations
for sp3 internal atoms and in the most likely configurations, that is,
the isolated H on the sheet or ‘‘dimers’’, i.e. nearby adsorbed atoms
in the configurations ortho meta and para and from the same side of
the sheet (cis) or opposite side (trans). In all cases the desorption is of
single atoms, leaving the other one on the sheet. Looking first at the
ReaxFF desorption energies, we observe that the values of 𝐸𝑑 for the
isolated, ortho and para conformations are similar with those obtained
from the main peak of the simulated TPD and confirm the assignment
of this peak to a mixture of the more stable conformation of internal
H atoms. As noted, 𝐸𝑑 for the isolated atom superimposes in energy to
the ortho-cis and with the para values, while the ortho-trans appears at
slightly larger energies. Conversely, the 𝐸𝑑 values of the meta energies
are substantially lower, but do not contribute to the TPD simulations
because meta conformations are considerably less stable and therefore
little populated, giving low statistical contribution to the TPD curve.

The DFT 𝐸𝑑 values are correlated with the Reax ones, although
10%–15% smaller (see Fig. 6, red vs green dots). The difference can be
explained by the fact that ReaxFF is generally optimized to reproduce
the different chemical state, but are known to be less accurate on
the transition states especially when it involves radicals or complex
spin states. Accordingly, we observe the larger discrepancies in the
isolated and meta cases, which among all are those where the graphene
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Table 2
Binding and barrier energies as defined in Fig. 1. In each case, the considered process
is the extraction of a single atom, from the configurations indicated in the second
column. The unbound state is the detached atom at ∼ 10 Å from the graphene sheet.
Energies are per H atom.

System 𝐸𝑏 (eV) 𝐸𝑎 (eV) 𝐸𝑑 (eV)

DFT isolated −1.3 0.3 1.6
dim ortho cis −1.79 0.7 2.5
dim ortho trans −2.36 0.19 2.55
dim meta cis −0.65 0.27 0.92
dim meta trans −0.60 0.29 0.89
dim para cis −1.75 0.32 2.07
dim para trans −1.57 0.36 1.93

Reax isolated −1.37 0.88 2.25
dim ortho cis −1.61 0.63 2.24
dim ortho trans −2.19 0.48 2.67
dim meta cis −1.15 0.51 1.66
dim meta trans −1.14 0.53 1.67
dim para cis −1.62 0.74 2.36
dim para trans −1.4 0.79 2.19

Fig. 6. Correlation plot of theoretical determinations of 𝐸𝑑 vs experimental ones.
The set of experimental data determined with the convolution fit and frequency 𝜈1
(see Table 1, set C) is used as the reference, and theoretical determinations (Reax
TPD sim in blue, circles = set D, squares = set F, triangles = set G, ReaxFF direct
calculations in green and DFT calculations in red, as per visual legend) are plotted vs
it. Data are grouped with shaded areas colored according to the different types of sites,
with the same colors as in previous Figs, and representative structures for each group
are reported in the ovals, contoured with the same colors. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

sheet is magnetically polarized (see the SI, section S5). However, meta-
dimers do not affect this discussion, since as previously observed, their
stability and population are very small. The case of isolated H atoms,
conversely, deserves a discussion. DFT calculations return an 𝐸𝑑 value
for the isolated H (∼ 1.6 eV) compatible with the low energy peak
observed experimentally. Our calculations reveal that this value has
a large variability, which is consistent with the values reported in
the literature. The reason is that the stability of isolated internal H is
particularly sensitive to the local curvature of the sheet [13], see also
the SI, section S6, with values of ∼ 1 eV on completely flat graphene,
increasing up to > 2 eV when the sheet corrugates. In the table we
reported an average value that is likely to be more consistent with the
real situation where thermal ripples are present. The problem is not
present in the dimers, where the main factor affecting the 𝐸𝑑 is the

vicinity and conformation (ortho/meta/para, cis/trans) of the second
atom. Additionally, although the population of isolated H is not large
in the observed simulations, isolated H are indeed present, especially
at lower coverages, since they are more stable than meta dimers. This
allows us to hypothesize the assignment of the low energy elusive
experimental peak to the isolated H atom (see pink shaded area in
Fig. 6).

The ortho cis-dimer deserves a separate discussion. ReaxFF predicts
for this case a barrier lower than for the trans one, while, conversely,
DFT predict a high barrier. It must be noted however, that the transition
state in this case is very elusive because the process is competitive with
the associative desorption, in which the H is captured by the other one
in the nearby site and together are desorbed as H2 (this process turns
out negligible in all other cases, either because the atoms are too far or
because on different sides of the sheet). This causes a very large error
in the determination of 𝐸𝑑 in this case. While this is the only case in
which the first order analysis might not be applied, we also observe
that in the dynamical simulations (and in real experiment) the phase
space offered to single H for escaping to the other H capture is larger,
and therefore the second order process definitely suppressed.

Fig. 6 finally reports a summary of the 𝐸𝑑 values calculated with
various methods and plotted against those extracted from the experi-
mental convolution fit with 𝜈1 (set C in Table 1), which we consider
the most reliable set of experimental data, and our hypothesized peaks
assignment. Blue dots are the data extracted from fits of the TPD simu-
lation, red and green are the direct calculations of 𝐸𝑑 either from DFT
or ReaxFF. Edge-sp2 and edge-sp3 (red and yellow shades and contours,
respectively) show a good correlation with experimental data, and
therefore a clear assignment. We consider also quite clear the assign-
ment of the isolated conformation (pink shade and contour), although
in this case only the DFT datum (red dot) matches numerically with the
experiment, for the reason previously discussed. Less clear is the precise
assignment of the intermediate region peaks, given the larger spread of
energies and superposition of peaks. However, the larger stability and
population of trans (especially ortho-trans) configurations suggest the
assignment of the main peaks to these (green shaded area and green
contoured ovals), while the secondary peak seems mainly associatable
to the less stable cis conformations (blue shaded areas). We reported
the para one, best matching the energy value, but we do not exclude
the presence of ortho cis, whose desorption, however, may also occur
through a second order process in alternative to the first order one.

4. Summary and conclusions

In conclusion, in this work we have reported an extensive study
of TPD from highly hydrogenated graphene combining experimental
data, molecular dynamics simulations and advanced fits analyses with
Arrhenius plots and Polanyi–Wigner approach. The initial convolution
fit on experimental data returned a multi-first-order process picture,
with at least five distinct desorption energies 𝐸𝑑 . We obtained different
sets of values for 𝐸𝑑 corresponding to different values of the frequency
pre-factor 𝜈, a parameter that should be physically related to the
vibrational frequency of C–H modes, but that in fact, is conventionally
set at smaller values. From direct fit, we find a that a value appropriate
to fit the TPD peaks width would be very small (i.e. 7–8 orders of
magnitude smaller than the actual C–H frequency), and in turn produce
too small values of the desorption energies. Conversely, values near to
the actual physical value of C–H frequency 1014 Hz or 1013 Hz, a value
often used in the literature, produce reasonable values of the 𝐸𝑏 but
narrower peaks than the experimental ones. This is attributed to the
presence of additional sources of experimental peak enlargement aside
from the C–H vibrations.

The same procedures applied to the TPD simulations can take
advantage of the possibility of separating the single processes explicitly
by the post-processing of the simulation trajectory. In addition, simula-
tions include no source of peak enlargement other than the vibrations
and dynamics of the system.
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This brings two main results: (i) we were able to assign the peaks
to specific processes, corresponding to edge sp2 and sp3 desorption
and to internal H desorption, in turn classified in isolated cis or trans,
though with large superpositions, and to transpose this assignment in
the experimental peaks, and (ii) we were also able to verify that the
high value of 𝜈 corresponding to the physical C–H frequency, in the
simulation data, gives a good fit of the TPD curve, and is therefore
consistent with the whole picture. In order to better resolve the main
peaks associate to the desorption of H in sp3 conformation from the
internal H atoms, we compared the fitted 𝐸𝑑 data with those obtained
from direct calculations of the desorption energy profile, either by DFT
and ReaxFF. With Reax, we obtain values coherent with the TPD Reax
simulations, which allow us to further analyze the peak in sp3 from
ortho, meta and para conformations. The assignment of the low energy
peak observed in experiment remains still elusive, since this is not
resolved in ReaxFF simulations. However DFT calculations indicate that
its energy is compatible with that of isolated H desorption, not visible
in ReaxFF. The comparative analysis of DFT and ReaxFF data with
simulation allow to give hypotheses to resolve the assignment of the
superimposed peaks, the main one resulting prevalently in ortho-trans
conformation, while the smaller one including a mixture of the other
cases (with the possible exception of the very weakly populated meta
states).

This combined technique allows to give an accurate representation
of the processes occurring during TPD and the complete assignment of
the desorption peaks observed in experiment. This procedure is proven
effective and accurate, and is particularly useful in cases when the
multiplicity of processes is high.
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Supporting Information
S1. Hydrogenated model systems details

The six model systems that were used to apply the simulated TPD proce-
dure (S1). On average, the models exhibit a coverage of 63%. The hydrogen
distribution is random in cis or trans conformations (Fig. S2). Additionally,
Models 2, 3, 5, and 6 display small defects where sp2 carbon atoms at the
edges are hydrogenated (Fig.S2).
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M1: σcov=41%, T=1250 K M2: σcov=54% T=1250 K M3: σcov=65% T=1250 K

M4: σcov=63% T=1250 K M5: σcov=78% T=1400 K M6: σcov=76% T=1400 K

Figure S1: The six initial hydrogenated models (Ms) are presented at various specified
coverages (σcov), expressed as the ratio of the number of H to the total number of C in
percentage. The temperature (T) of the H reservoir to which the systems are exposed is
also indicated.

Figure S2: Examples of cis (green) and trans (red) hydrogen conformations are shown. In
blue, a sp2 hydrogenated carbon atom positioned at the edge of a defect is highlighted.

ii



Figure S3: Example of a set of systems at fixed coverage originates from the original M1
model (A) with a H coverage of 41% (see Fig. S1) and used to evaluate averaged TPD
reported in Figure S6 and Figure S7. B) Replica along the x-axis. C) Replica along the
y-axis.
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S2. Experimental XRD experiments

XRD diffractograms show that the interplanar spacing increases due to
hydrogen bound to the surface of graphene layers, with the peak (002) at 2θ
= 18.90° for the pristine layer and 2θ = 26.18° for the hydrogenated layer,
respectively, in accordance with other similar works[1].

Figure S4: The XRD diffractogram of both hydrogenated and non-hydrogenated samples,
supplied by Xlynx Materials Inc..
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S3. Experimental TPD spectra

TPD experiments are illustrated in Figure S5. The thermal conductivity
detector (TCD) signal (black line upper plots) shows the conductivity change
from all gases emitted simultaneously, meanwhile, the mass spectrum (MS)
shows the individual desorption of every species. It can be seen that water
molecules are desorbed starting at 340 K (67 ◦C) and have a significant im-
pact on the TCD detection. Meanwhile, hydrogen molecules start desorbing
at 425 K (152 ◦C) but with a smaller impact in the conductivity detector,
caused by its way smaller mass. There are two extra H2O peaks in the 500-
600 K region, which could be generated by the presence of -O- and -OH
functional groups impurities. Also, small traces of ammonia and its ionized
species are detected.

Figure S5: Upper plots: TPD raw spectra of highly hydrogenated samples of Fig. 2
(a). The signal of TCD (black line) is indicative of all desorbed products simultaneously,
which can be separated by the mass spectrometer (MS, colored lines). On the right, same
experiment but zoomed in to show better the low signal parts.
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S4. Simulated TPD profiles

Figure S6 and Figure S7 report the TPD spectra for the six desorption
simulation set (Fig. S3) at different starting coverages (Fig. S1) for the two
β values.

S1 S2

S3 S4

S5 S6

Figure S6: TPP spectra for the set S1-6 for β = 1011.
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S1 S2

S3 S4

S5 S6

Figure S7: TPD spectra for the set S1-6 for β = 1012.
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S5. Energy barriers direct calculations, details

Figs. S8 reports the results of direct calculations of the desorption energy
profiles with ReaxFF, as per the visual legend.

Fig. S9 reports a summary plot of the Ed values extracted from TPD
fits as a function of the starting coverage of the sheet. Colors coding in the
visual legend and the caption.

Figure S8: Desorption energy profiles obtained with the neb method and the ReaxFF for
different ideal hydrogen configurations.

(a) (b) (c)

Figure S9: (a, b, c) Energy barriers of different desorption processes as a function of the
initial hydrogen coverage. Color code: black, sum of all processes; blue, sp3 cis; green,
sum of all sp3 in the bulk; yellow, sp2 on the edges; red, sp3 on the edges. In (a , b) energy
barriers are calculated with the convolution fit method, respectively for β = 1011K/s and
β = 1012K/s. Average values are given in the visual legend, and also reported in Table 1.
In (c) energy barriers are calculated with the regression fit method.
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Fig. S10 reports a summary of the DFT calculations for sample cases.
Two different conformations of the isolated H are shown, with different start-
ing corrugation, displaying different Ed values (reported in the caption).
The three cases where the bound state is observed weakly magnetic are also
shown, with the sheet colored according to magnetization, as explained in
the caption.

Figure S10: Sample structures from DFT calculations. (a) and (b): isolated H structures,
in the completely flat sheet and in the weakly corrugated one, respectively. The Ed values
for the H desorption from these conformations are 0.97eV and 1.64eV respectively. (c) Top
view of (a), with the sheet represented as vdW-filled balls colored according to magnetiza-
tion, blue representing magnetized sites. The total value of the Mz is 1 Bohr magnetons.
(d) the same for the cis-meta dimer, with the bond network of graphene represented by
sticks. In this case, the color shading is such that the neutral sites appear reddish, and
the polarized one in blue. The same alternating structure of polarized/unpolarized sites
of the two inequivalent sublattices is observed as in the previous case, enhanced by the
fact that in this case two carbons of the same sublattice are occupied by the H. The total
value of magnetization is 2 in this case. The case trans-meta (not reported) brings a very
similar magnetization distribution.
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Table S1 reports a summary of the previous literature values of binding
and barrier energies.

System Eat
b Emol

b Eat
a Eat

d Emol
a Emol

d cover year ref
graphane chair –6.56 –4.33 100% 2007 [2]
graphane boat –6.50 –4.27 100% [2]
graphane –2.5 –0.3 100% 2013 [3]
isolated –1.44 0.8 0 2008 [4]
dim ortho cis –0.909 1.32 [4]
dim ort trans –0.504 1.726 [4]
dim para cis –1.406 0.824 [4]
isolated –0.84 1.39 0.20 1.04 0 2009 [5]
2nd ortho –1.934 1.30 [5]
2nd meta –0.802 1.42 [5]
2nd para –1.894 0.336 [5]
curved sheet –[2.5,0] [-0.27,+2.3] [0.7-2.5] [0,1.5] 2011 [6]
clusters one side –[1.9,1.0] [0.33,1.23] 0-40% 2015 [7]
isolated –[0.64,1.23] [1.59,1.00] [0.22,0.30] [0.86,1.53] 2017 [8]

Table S1: Binding and barrier energies as defined in Fig. 1 from literature expressed in
eV. Energies are per H atom. Eat

b and Emol
b are both binding energies per atom, but

referred to the atomic or molecular hydrogen. The value in Roman font is extracted from
the papers, the one in italics calculated with the formula Emol

b −Eat
b = 2.23 eV. The two

values of ref [2] are for graphane in armchair and boat configurations. The coverage in the
case of dimers is left undefined: dimers are more likely at high coverage, but even at low
coverage the dimers conformation is favored over the isolated one.
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