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Abstract

The diffusional behaviour of H2 adsorbed in a novel mesoporous N-doped car-
bon material and on exfoliated graphite has been studied with quasi-elastic
neutron scattering. While the activation energies for diffusion obtained for
exfoliated graphite was in line with prior results, H2 in the mesoporous carbon
showed an exceptionally low diffusion barrier and behaved qualitatively like
liquid hydrogen. Complementary results from neutron and X-ray diffraction
as well as from isothermal nitrogen sorption studies provide a full character-
isation of this novel mesoporous carbon.

1. Introduction

The use of hydrogen as an energy carrier is one of the major options that
are considered for emission free energy supply. However, a generalised appli-
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cation of hydrogen is still hindered by difficulties in the search for lightweight
mobile storage media and for platinum-free catalysts for the hydrogen evo-
lution reaction [1, 2]. Due to their very large specific surface area and low
specific weight, porous carbons and carbon nano-structures are being consid-
ered as serious candidates for hydrogen storage and catalysis, which is why
a large number of studies have been conducted on these materials in recent
years [2–7]. Various specific carbon systems have been studied experimentally
with regards to hydrogen storage, such as nanofibers [8], nanotubes [3, 9, 10],
nanohorns [11], porous carbons [12], and carbon aerogels [13–15]. The struc-
tures of all of these systems can be considered as derivates of the structure of
graphite, i.e., based on hexagonal carbon layers, which are inter-connected
by weak van-der-Waals forces. However, the materials have substantially
different degrees of medium and long range order, of connectivity and dif-
ferent doping concentrations, which lead to dramatic differences in hydrogen
storage and release properties.

Regarding the structure of adsorbed hydrogen, early diffraction experi-
ments have found that a layer of molecular hydrogen exhibits a commensurate(√

3×
√

3
)
R30◦structure on a basal plane of graphite at temperatures up to

22 K for coverages up to a full monolayer and an incommensurate dense
layer at higher coverages [16, 17]. Further neutron scattering studies showed
a more complex picture, revealing several intermediate structural phases for
H2 and D2 [18–20].

The diffusion dynamics of hydrogen have been studied using quasi-elastic
neutron scattering in a large number of carbon materials: graphite [21], single
wall carbon nanotubes (SWNT) [22], carbon nanohorns [23], porous carbons
[24–27], potassium intercalated graphite [28, 29], platinum containing porous
carbon [30], and carbon molecular sieves (CMS) [31]. Two diffusion models
were employed for the interpretation of most of the above data: jump diffu-
sion models of a discrete geometry [25, 29] and jump diffusion models over
a continuous distribution of jump distances, as originally developed for the
description of liquids [21–24, 26, 30].

Here, we present a combined neutron spectroscopy and diffraction study
of the adsorption and diffusional dynamics of molecular hydrogen in a novel
N-doped highly porous carbon that one of the authors has recently produced
(from now on referred to as D-96-7) [32, 33]. This material was synthesized
by direct route, omitting the need for inorganic templates. Poly-aniline was
used as carbon source during synthesis and tetraethylortosilicate acted as
a micellar stabiliser that allowed to reach a very high porosity. To inves-
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tigate the effect of the porosity on the diffusive dynamics, we conducted a
complementary study on exfoliated graphite.

2. Experimental

2.1. Sample Preparation and Characterization

A detailed description of the synthesis of the mesoporous N-doped car-
bon D-96-7 has been published elsewhere [33]. Briefly, the material was
synthesized via direct route assembly using pluronic F-127 as surfactant and
aniline as carbon source. Porosity was controlled with the use of tetraethyl-
orthosilicate (TEOS) as a micellar stabilizer.

Nitrogen adsorption/desorption isotherms of D-96-7 were measured in a
Micromeritics ASAP 2020 instrument at 77 K. Prior to the measurement,
the samples were activated under vacuum at 250◦ C for 12 h. A percentage
of residual nitrogen in D-96-7 of about 5.5 % was determined using elemental
analysis (CHN LECO, Truspec Micro).

A first isotherm analysis was calculated using the software Micromeritics
Data Master V 4.03. This included the calculation of the specific surface area
with the Brunauer-Emmett-Teller (BET) method [34] and a calculation of
the pore size distribution using the Barrett-Joyner-Halenda (BJH) method
[35]. Further analysis was performed using the pyGAPS [36] and the SAIEUS
[37] programs.

The reference material Papyex R© is an exfoliated and re-compressed graphite
that consists mainly of (0001) basal graphite planes with well ordered do-
mains extending over length scales of several hundred angstroms (Å) 1[38].
In this study, it is used as a substitute for graphite since its high-surface area
allows adsorption of sufficient adsorbent material to compensate the weak
neutron scattering signal. Its adequacy as a graphite substitute has been
demonstrated in several prior, comparable studies [27, 39, 40].

2.2. Neutron and X-ray Diffraction Measurements

Small angle neutron scattering (SANS) experiments on the structure of
D-96-7 were performed on the diffractometer PAXY at LLB (Saclay, France).
Prior to the measurement, fine powder of D-96-7 was filled into a pocket of

1Papyex Grade N998, Mersen, 41 rue Jean Jaurès, 92 231 Gennevilliers, France
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aluminum foil of approximately 10×20 mm width and 1 mm thickness. Mea-
surements were performed at three different set-ups of neutron wavelength
λ and detector distance D: λ = 4 Å, D = 1.245 m; λ = 10 Å, D = 3.194
m; λ = 12 Å, D = 6.807 m. The combination of these set-ups covers a total
range of momentum transfers, Q, of 0.004 ≤ Q ≤ 0.47 Å−1. X-ray powder
diffraction data of D-96-7 were recorded on a Philips PW1130 diffractometer
using Cu Kα radiation (λ = 1.54 Å).

SANS measurements on the structure of the exfoliated graphite sample
were performed on the diffractometer D22 [41] at Institut Laue-Langevin, ILL
(Grenoble, France). Prior to the measurement, a 1× 6× 10 mm3 chip of ex-
foliated graphite was out-gassed under vacuum at 1000 K over 24 h and filled
into a standard quartz SANS sample holder under argon atmosphere. Mea-
surements were performed at a neutron wavelength λ = 6 Å and at detector
distances of 11.2 m and 2 m, respectively, thereby covering a total Q-range
of 0.004 ≤ Q ≤ 0.45 Å−1. The beam size at sample position was 7×10 mm2.
Neutron powder diffraction experiments on the exfoliated graphite sample
were performed on the diffractometer D20 [41] at ILL using a wavelength
of λ = 2.4 Å. Data were taken in a Q-range of 0.2 ≤ Q ≤ 5.1 Å−1. The
resolution in this set-up for a 2 cm diameter sample is about ∆Q/Q = 0.03
[42].

2.3. Neutron Time-of-Flight Measurements

The diffusion of adsorbed hydrogen was measured with the neutron time-
of-flight (TOF) spectrometer IN6 [43] at ILL at an energy resolution of 70
µeV (neutron wavelength λ = 5.12 Å) [44]. Before the experiments, the car-
bon samples were heated in vacuum at 350 ◦C for 20 h to remove volatile
contaminants. For the measurements on carbon powder, D-96-7 was crushed
to a fine powder and filled into a hollow, cylindrical aluminum sample holder
with an annular width of 1 mm. For the measurements on graphite, disks of
exfoliated graphite were stacked flat-lying in a cylindrical aluminum sample
holder of 2 cm diameter (disk-diameter: 18 mm). The sample temperature
was controlled with a standard liquid helium cryostat (“orange” cryostat
[45]). Both samples were initially cooled to 1.5 K and the quantity cor-
responding to 0.5 monolayers (ML) of hydrogen gas was dosed through a
stainless steel capillary that was connected to a pressure control monitor.
For the definition of 1 ML coverage we assume that the area occupied by
one H2 molecule corresponds to 15.6 Å2 (this value was measured by neutron
diffraction [46]) and we use the specific surface area from the BET isotherm

4



data. Throughout the entire experiment, connection to a 500 cm3 reservoir
at room temperature was maintained for security reasons. In our set-up any
desorbed hydrogen rises to the reservoir, where the desorbed quantity can
be deduced through pressure monitoring. A listing of the relative coverages
obtained at sample temperatures between 5 and 80 K is given in Tab. 1. An
elastic scattering resolution measurement was performed at 1.5 K. Spectra
were then measured at temperatures between 5 K and 80 K. The scatter-
ing functions, S(Q,ω), covered momentum and energy transfer ranges of
0.1 ≤ Q ≤ 2.0 Å−1 and −6 ≤ ~ω ≤ 2 meV, respectively. Data were binned
in steps of ∆Q = 0.1 Å−1 and ∆(~ω) = 50 µeV. All data reduction was per-
formed using the LAMP software package [47]. The spectra of a cylindrical
vanadium sample were used to correct for detector efficiency.

Sample Relative coverage Relative coverage
temperature [K] D-96-7 [ML] exfoliated graphite [ML]

5 –12 0.5 0.5
17 0.46 0.5
22 0.39 0.5
30 0.33 –
40 0.29 0.48
50 0.26 –
60 0.22 0.39
80 – 0.27

Table 1: Relative coverages in fractions of a monolayer (ML) used in the experiment at
sample temperatures between 5 and 80 K. Dashes: temperatures, at which no measurement
has been performed for the respective material.

3. Results and Discussion

3.1. Sorption Isotherms

Nitrogen sorption measurements for D-96-7 revealed a type IV(a) isotherm
curve with a type H2(b) hysteresis (Fig. 1 a) as defined in the 2015 IUPAC
Technical Report [48]. The isotherm indicates a clear monolayer adsorption
step at low pressure and pore condensation in mesopores that leads to a hys-
teresis loop. However, the smooth step-down of the desorption branch and
its smooth link to the adsorption branch at low pressures (H2(b) hysteresis
in contrast to a H3 hysteresis) indicate a very broad distribution of neck
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widths and pore sizes [48]. A BET analysis of the D-96-7 isotherm revealed
a single point surface area of 1712 m2/g at p/p0 = 0.31 and we obtained a
single point pore volume of Vtot,0.99 = 2.75 cm3/g at p/p0 = 0.99 (under the
cylindrical pore approximation). An extended BET linear fit in the region
p/p0 = 0.026–0.33 delivered a BET surface area of 1885 ± 45 m2/g. For the
calculation of the micropore volume we applied the Dubinin-Radushkevich
(DR) equation, the t-plot method and the αS-plot method (using a recent
reference carbon [51]). The latter analyses were conducted using the py-
GAPS software [36]. The DR method showed a linear behaviour only at very
low pressures (p/p0 < 0.01), where it delivered a micropore volume of 0.3
cm3/g, indicating that the DR method cannot be applied and that micro-
pores contribute less than 10 % to the total pore volume. The t-plot was
unsuccessful, since it gave a negative pore volume and the αS-plot method
gave a micropore volume of the order of 0.02 cm3/g. Hence, we conclude
that D-96-7 has an insignificant fraction of micropores.

This result is corroborated by our pore size distribution (PSD) analysis:
The calculated PSD of D-96-7 is shown in Fig. 1 b). As a first approx-
imation for calculating the PSD we have applied the BJH model with the
Harkins-Jura (HJ) statistical adsorbate thickness [35]. A refined analysis was
performed using two nitrogen-carbon DFT kernels as realised in the soft-
ware SAIEUS [37]: a standard slit-pore non-local density functional theory
(NLDFT) model and a 2D-NLDFT model, that incorporates surface ener-
getical heterogeneity and geometrical corrugation [49, 50]. The two DFT
models are able to fit the D-96-7 isotherm very well, although a significant
deviation is found for the standard slit model in the region p/p0 ≈ 10−4 due
to a layering effect. The PSD analysis shows that D-96-7 has no micropores
and a broad distribution of pore sizes with a minimum cut-off pore diameter
of about 15 Å. The minimum pore size extracted by the BJH method is al-
most a factor of 2 lower than the minimum size given by DFT, but BJH gives
the correct overall shape of the PSD. The specific surface area provided by
the DFT analysis, SDFT = 1080 m2/g, is substantially lower than the BET-
surface area, but still very large. The DFT total pore volume, Vtot,DFT = 2.56
cm3/g, on the other hand, agrees well with the values obtained by analytical
methods. Tab. 2 summarises the characteristic numbers of the pore geometry
that have been deduced from the adsorption/desorption measurements.

The nitrogen sorption isotherm of Papyex is of type II, indicative of a
clear monolayer sorption, and shows no or little hysteresis [38, 48]. Our
own nitrogen sorption isotherm measurements confirmed the measurements
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BET p/p0 = 0.99 BJH DFT

SBET Vtot,0.99 Vtot,BJH SDFT Vtot,DFT
[m2/g] [cm3/g] [cm3/g] [m2/g] [cm3/g]
1712 2.75 2.68 1080 2.56
S: specific surface area; Vtot: total pore volume.

Table 2: Characteristic parameters of adsorption and morphology of D-96-7 from N2 gas
adsorption measurements. References to the calculation procedures are given in the text.

of Gilbert et al. (not shown here).

3.2. Diffraction Measurements – Structure

Fig. 2 shows the diffraction measurements of exfoliated graphite (Fig. 2 a)
and D-96-7 (Fig. 2 b). The figures display the SANS and powder diffraction
data that were collected on the clean carbon substrates and, in comparison,
the energy-integrated scattered intensities S(Q) of the hydrogen covered car-
bons, collected on the neutron TOF spectrometer IN6.

We will first consider the diffraction measurements on exfoliated graphite:
The exfoliated graphite substrate exhibits a small angle response that follows
a power law scaling S(Q) ∝ e−α with an exponent α = 3.75 ± 0.01 over a
range of about 0.01 – 0.1 Å−1 (Fig. 2 a) in good agreement with published
results. As already pointed out by Gilbert et al. [38], there are numerous
possible reasons for the deviation of the exponent from α = 4, as expected for
small angle scattering from smooth surfaces [53]. In their study Gilbert et al.
have obtained a greater deviation from Porod’s law (α = 3.5) for the same
material [38], however, the sample of Gilbert et al. had been measured as
delivered and not been carefully outgassed at elevated temperature as in our
case. The diffraction data of the exfoliated graphite substrate also exhibit
a bright peak at about 1.9 Å−1 (powder diffraction and TOF spectrometer
data, Fig. 2 a). This peak stems from the (002) Bragg reflection of graphite.
Its sharpness is a further indicator of the order of the sample: The full width
at half maximum of the 1.9 Å−1 peak is 3 % ∆Q/Q, which corresponds to the
angular resolution of the powder diffractometer in the set-up that we used.
Hence, we can establish an approximate lower limit for the graphite particle
size lgraph: lgraph ≥ 6.96/∆Q ≈ 120 Å [54]. This value is, of course, strictly
valid only for the (001) direction, i.e., perpendicular to the graphite basal
planes, because we have used the (002) peak. However, it is clear that a very
good ordering in the (001) direction cannot be established if the ordering in
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the basal planes is not of similar quality.
The SANS response of D-96-7 shows a clear deviation from Porod’s law

and we, therefore, applied the generalized Guinier-Porod model that was pro-
posed by Hammouda [52, 55] as implementated in SASView (http://www.sasview.org).
With this model we achieved an excellent fit to the data up to Q = 0.2 Å−1

(see Fig. 2 b). We find a Porod exponent α = 3.09 ± 0.10 and a symmetry
parameter 3 − s = 2.50 ± 0.06, where 3 − s = 3 represents a 3D symmetry,
3−s = 2 represents a 2D symmetry (rods) etc. X-ray diffraction and the data
from the neutron TOF spectrometer reveal a massively broadened structural
peak in the vicinity of 1.9 Å−1 with a width ∆Q ≈ 0.7 Å−1. We conclude
that the structure of D-96-7 is strongly fractal and that the size of the co-
herent scattering regions of the graphitic structures is limited to the order
of lD96 ≈ 6.96/∆Q ≈ 10 Å. This finding is in accordance with the highly
(meso-)porous structure that we have deduced from the isotherm data.

For both samples, the incoherent neutron scattering signal of the hydro-
gen containing samples rises with temperature (see insets of Fig. 2). This is
due to a higher amount of the ortho-hydrogen spin state at higher tempera-
tures, which yields a much higher neutron scattering cross section than the
para-state [14]. It is worth noting that this effect is stronger than the concur-
ring loss in signal that stems from a desorption of hydrogen with increasing
temperature (see Tab. 1).

3.3. Neutron Spectroscopy – Dynamics

Now we turn to the spectroscopy data. The clean substrates, exfoliated
graphite and D-96-7, showed negligible quasi-elastic broadening in the spec-
troscopic window of the spectrometer and, hence, no indication of diffusion.
Diffusion became visible upon sorption of hydrogen: after exposure to hydro-
gen a clear broadening of the elastic scattering line developed (quasi-elastic
broadening) that showed a significant Q-dependence (see Fig. 3). This Q-
dependence can be used to identify the character of the diffusion processes
(e.g., jump diffusion or Brownian diffusion) and to quantify the rate of dif-
fusion [56]. The amount of the quasi-elastic broadening was obtained by
fitting a general rotation-translation model to the measured scattering func-
tions S(Q,ω) as described in the following:

Our general expression of the overall (incoherent) scattering function of
the adsorbed H2, SH2(Q,ω), contains a combination of three processes, which
are, under the assumption of negligible correlations, given by a convolution
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of the three respective scattering functions:

SH2(Q,ω) = SV (Q,ω) ∗ SR(Q,ω) ∗ ST (Q,ω), (1)

where contributions from vibrations, rotational diffusion and translational
diffusion are expressed by SV (Q,ω), SR(Q,ω) and ST (Q,ω), respectively. In
the following we will describe the three contributions to the H2 scattering
function in detail.

The vibrations of molecules and substrate did not lead to any inelastic
peaks in our spectral window. The vibrational contribution, thus, manifests
itself only in a Q-dependent loss of signal in the elastic and quasi-elastic
channels:

SV (Q,ω) = exp
(
−Q2〈u2〉/3

)
δ(ω), (2)

with the mean squared vibrational displacement 〈u2〉 of the H atoms and the
Dirac delta function δ(ω). The expression exp

(
−Q2〈u2〉/3

)
is also called the

Debye-Waller factor [56]. Since the ω-dependence of SV (Q,ω) is expressed
by a delta function in our case, we can reduce Eq. 1 to:

SH2(Q,ω) = Sqe(Q) ·
(
SR(Q,ω) ∗ ST (Q,ω)), (3)

with the intensity of the quasi-elastic scattering Sqe(Q), which should follow
the Q-dependence Sqe(Q) ∝ exp

(
−Q2〈u2〉/3

)
according to Eq. 2.

We describe contributions from rotational diffusion by a model of isotropic
rotational diffusion, which is given by a series expansion, weighted by the
spherical Bessel functions jl(QR) [56]:

SR(Q,ω) =j20(QR)δ(ω)

+
∞∑
l=1

(2l + 1)j2l (QR)L
( l(l + 1)~

6τrot
, ω
)
, (4)

with the characteristic time of rotation, τrot and the order, l, of the spherical
harmonic. We also use the real space co-ordinate R, and Lorentzian energy
distributions L

(
Γ(Q), ω

)
, where the half-width at half-maximum (HWHM)

is given by the quasi-elastic broadening, Γ(Q):

L
(
Γ(Q), ω

)
=

1

π

Γ(Q)

(~ω)2 + Γ2(Q)
. (5)

The fitting of the translational component of both studied systems re-
quires at least two Lorentzian quasi-elastic contributions, indicating spatial
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confinement. We find that the present data are well described by a model of
spatially confined translational diffusion in first order approximation:

ST (Q,ω) =A0(Q) · δ(ω) +
[
1− A0(Q)

]
· L
(
ΓT (Q), ω

)
, (6)

with a Q-dependent elastic component A0(Q) (elastic incoherent structure
factor, EISF) [56]:

A0(Q) = j20(Qd), (7)

where d is the diameter of a spherical confining volume.
Elastic scattering from the substrate (and from immobile hydrogen) is

expressed by a delta function δ(ω) and weighted with the elastic scattering
intensity Sel(Q). The sum of scattering processes, convoluted with the in-
strumental resolution function, R(Q,ω) (experimentally obtained from the
hydrogen filled substrate at a temperature of 1.5 K), finally gives the test
function used for fitting the experimental data:

S(Q,ω) =
[
SH2(Q,ω) + Sel(Q) · δ(ω)

]
∗R(Q,ω). (8)

An example spectrum is shown in Fig. 3. In this figure, the translational
and rotational contributions are shown by dashed and dotted lines, respec-
tively, and the entire fitted test function is shown by the solid orange line.
The resulting fit function gives an excellent fit over the entire energy range
of the spectrum and no systematic deviations are observed in the residuals
(differences between the fit function and the experimental spectrum). In par-
ticular, no constant or sloped background was needed to fit the experimental
data. Therefore, we can conclude that our model is sufficient to describe the
experimental data and no further parameters are required.

In both systems, exfoliated graphite and D-96-7, the quasielastic scat-
tering intensity Sqe(Q) decays with increasing Q (Figs. 4, 5). We attribute
this decay to the Debye-Waller factor from vibrational contributions (Eq.
2). Since Sqe(Q) depends on the amount of mobile hydrogen, it also drops
with decreasing temperature and vanishes in the instrumental background
at a temperature of 22 K for exfoliated graphite and at 17 K for D-96-7.
We interpret this as a freezing of the hydrogen diffusive dynamics, in accor-
dance with neutron diffraction measurements of hydrogen on graphite that
discovered melting of adsorbed H2 at 22 K [18, 20].

The elastic incoherent structure factor (EISF), A0(Q), that is shown in
Figs. 4, 5 decays with Q as expected for a confined process. It was not
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possible to determine the exact geometry of the confining volume from the
shape of A0(Q), since differences are very subtle. The case of a spherical
confinement was described in Eq. (7) above and is depicted by dashed lines
in the plots. The characteristic length d of the confining volume is very
small in both materials, (2.0 ± 0.2 Å for D-96-7 and 2.9 ± 0.4 Å for exfoli-
ated graphite). In graphite, the basal planes are separated by 3.4 Å, so that
a confinement by the basal planes could be envisaged. This confinement
would be, however, only exist in one dimension and from prior studies it is
generally accepted that hydrogen moves on the outer surfaces and does not
move in the inter-layer spaces. In D-96-7, the dynamic confining volume is
substantially smaller and, hence, much smaller than the size of the small-
est mesopores that were observed in the sorption measurements. Therefore,
the confinement effect observed in the dynamics of both samples has to be
caused by the neighbouring molecules, rather than the solid matrix. Differ-
ences in the size of the confining volume are likely be caused by difference in
the effective surface coverage (the DFT analysis of D-96-7 suggests that the
BET surface area, which we used for the coverage calibration, is probably an
overestimation compared to the real surface area).

In both materials, A0(Q) does not extrapolate to 1 at Q = 0 Å−1 at most
temperatures, which indicates that translational diffusion is only partially
confined, whereby the extrapolation number provides an estimate for the
proportion of confined H2. While in exfoliated graphite the proportion drops
from 100 % at 40 K to about 65 % at 80 K (Fig. 5), the degree of confined
H2 remains at about 80 % in D-96-7 (Fig. 4). This observation is in line with
a highly porous structure of D-96-7.

In both materials we find that the QENS broadening due to translational
diffusion, ΓT (Q) follows the typical Q-dependence of a liquid-like diffusion
as described in the Singwi–Sjölander model [57, 58]:

ΓT (Q) = ΓSS(Q) = ~
DSSQ

2

1 +DSSQ2τSS
(9)

or the Hall–Ross model [59]:

ΓT (Q) = ΓHR(Q) =
~
τHR

[1− exp(−DHRQ
2τHR)]. (10)

Both models approximate ~DQ2 at low Q, which is typical of Brownian
diffusion (with the diffusion constant D) and asymptotically approach ~τ−1
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with increasing Q with the residence time τ between discrete jumps [56] (D-
96-7: Fig. 6; exfoliated graphite: Fig. 7). The Singwi-Sjölander model
[57, 58] assumes a continuous, exponential distribution of jump distances
ρ(r) of the form:

ρ(r) = r/r20 · e−r/r0 , (11)

where r0 is the characteristic jump distance, whereas the Hall-Ross model
assumes a Gaussian distribution of jump distances. Satisfactory fits were
achieved with both models, but the Singwi-Sjölander model gave slightly
better results, i.e. 20 % lower χ2 values, and was used for further analysis
(fit results are presented in Tab. 3 for D-96-7 and in Tab. 4 for exfoliated
graphite).

T [K] DSS [m2/s] DHR [m2/s] τSS [ps] τHR [ps]
×10−8 ×10−8

12 1.7 ± 0.7 1.3 ± 0.4 0.95 ± 0.13 1.15 ± 0.09
17 3.2 ± 0.7 2.4 ± 0.4 0.44 ± 0.04 0.55 ± 0.03
22 3.2 ± 0.4 2.7 ± 0.3 0.28 ± 0.02 0.37 ± 0.02
30 5.6 ± 0.7 4.7 ± 0.4 0.17 ± 0.02 0.22 ± 0.01
40 5.6 ± 0.4 5.0 ± 0.2 0.12 ± 0.01 0.17 ± 0.01
50 7.2 ± 0.4 6.2 ± 0.2 0.11 ± 0.01 0.15 ± 0.01
60 8.0 ± 0.4 6.9 ± 0.2 0.09 ± 0.01 0.13 ± 0.01

Table 3: D-96-7 substrate: diffusion parameters extracted from fitting equations (9) and
(10) for the Singwi-Sjölander model (SS) und the Hall-Ross model (HR), respectively, to
the experimental data. T : sample temperature; D diffusion constant; τ : residence time.
At 5 K the diffusional broadening was indistinguishable from background.

The translational diffusion exhibits an activated behaviour for both ma-
terials, as can be deduced from the temperature dependences of the diffusion
constants D, which follow straight lines in the Arrhenius plot Fig. 8. In this
figure we also compare our results with those from prior studies on hydrogen
diffusion in various carbon systems (similar figures can be found in many
of the cited publications). From the temperature dependence of D we can
deduce an activation energy of Ea = 11±1 meV and a pre-exponential factor
D0 = 4.4 ± 0.6 × 10−7 m2/s for diffusion in exfoliated graphite, which is in
line with the neutron spectroscopy study on exfoliated graphite by Bienfait
et al. [21]. The comparison of our measurements to the data by Bienfait
et al. in Fig. 8 shows that our measurements provide a high temperature
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T [K] DSS [m2/s] DHR [m2/s] τSS [ps] τHR [ps]
×10−8 ×10−8

5–22 – – – –
40 1.9 ± 0.5 1.9 ± 0.4 0.12 ± 0.06 0.19 ± 0.08
60 5.0 ± 0.6 4.6 ± 0.4 0.07 ± 0.02 0.11 ± 0.02
80 9.4 ± 0.9 8.3 ± 0.6 0.07 ± 0.01 0.09 ± 0.01

Table 4: Exfoliated graphite: diffusion parameters extracted from fitting equations (9) and
(10) for the Singwi-Sjölander model (SS) und the Hall-Ross model (HR), respectively, to
the experimental data. T : surface temperature; D diffusion constant; τ : residence time;
r0: characteristic jump distance. In the range from 5 – 22 K, the diffusional broadening
was indistinguishable from background.

extension to the existing exfoliated graphite data. This is emphasised in the
graph by the pink guide to the eye that links our present exfoliated graphite
data (red triangles) to the data by Bienfait et al.

For hydrogen diffusion on the D-96-7 substrate we obtain a similar diffu-
sion constant to exfoliated graphite at about 80 K, but a much softer tem-
perature dependence (Ea = 2.6± 0.5 meV and D0 = 1.3± 0.2× 10−7 m2/s).
Hence, the diffusivity remains remarkably high upon cooling. At low temper-
ature, D-96-7 shows the highest hydrogen diffusivity ever reported in carbon
substrates (to our knowledge).

We note also that the activation barrier Ea for hydrogen diffusion on
D-96-7 is similar to the activation barrier that we have recently observed
in carbon aerogel [14] and to the activation barrier that has been observed
in several other porous carbons [30, 31]. We suspect that in this class of
carbons, liquid-like H2 diffusion plays a major role. This is in contrast to
the 2D-diffusion between graphite layers or on graphitic layers that is found
in exfoliated graphite and carbon nanotubes [22] or in porous carbons that
are in their majority made up of graphitic layered material, such as XC-72
[24, 26].

4. Conclusions

We have characterised the diffusional dynamics of molecular hydrogen
adsorbed in a novel mesoporous carbon (D-96-7) by means of quasi-elastic
neutron scattering and we have compared the results to data from concomi-
tant measurements on exfoliated graphite substrates.
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We characterized the pore structure of D-96-7 through isothermal sorp-
tion studies as well as neutron and X-ray diffraction. The sorption studies
revealed a broad pore size distribution with the majority of the pores being
in the mesopore regime (> 2 nm diameter). The specific surface area was
larger than 1000 m2g−1.

The present neutron spectroscopy study reveals in both systems a mixture
of free and liquid-like diffusion mechanisms. The temperature dependence of
the diffusion constants reveals an activated diffusion process for all samples.
The Arrhenius plot Fig. 8 shows the newly obtained data in comparison to a
wide range of diffusion data on carbons that have been measured by neutron
spectroscopy. In its synopsis, the plot allows us to start drawing up some
general conclusions about hydrogen diffusion in porous carbons.

Our findings for the exfoliated graphite substrate are close to prior results
on the same substrate that were measured at lower temperatures [21] and
extend these data towards the high temperature regime. Our activation
energy for exfoliated graphite (slope of the Arrhenius plot) is similar to the
activation energy on carbon black XC-72 [24, 26] and equal to the activation
energy of single walled nanotubes [22]. This suggests that diffusion in these
cases is dominated by 2D-diffusion on, flat and well ordered, external graphite
surfaces. Similar diffusion activation energies have been found for ultra-
microporous carbon (UMC) [25] and polyfurfuryl alcohol-derived activated
carbon (PFAC) [25], albeit much lower pre-exponential factors were observed,
hinting at a strong impact by the pore volume on the pre-exponential factor.

Translational diffusion in D-96-7, on the other hand, exhibits an excep-
tionally low activation energy, Ea = 2.6± 0.5 meV, that is lower or equal to
the activation energy in liquid hydrogen (3.9± 0.1 meV) [60]. Only slightly
higher activation barriers have been observed for carbon molecular sives, Pt
containing porous carbon, carbon nano horns and carbon gels [14, 23, 30, 31],
so that we tentatively attribute a liquid-like diffusion to these materials.
These materials have in common that the carbon is doped or templated and
shows less graphitic hexagonal structure. In the case of D-96-7 there is no
long-range hexagonal structure left, as demonstrated by the neutron and
X-ray diffraction data. This is likely caused by the embedding of nitrogen
interstitials that lead to pentagon defects in the hexagonal structure. The
non-existence of an ordered structural pattern at the carbon surface appears
to favour a 3D liquid-like diffusion in a qualitatively similar fashion to other
doped or template based carbons, but to an even more efficient degree. Un-
der the present experimental evidence, we favour this structural explanation
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of the low activation barrier over a chemical explanation, because the chem-
ical doping of about 5 % appears to us insufficient, to explain such a strong
dynamical effect on chemical arguments only.
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Figure 1: a) Nitrogen adsorption/desorption isotherms of D-96-7 measured at 77 K. In-
creasing pressure is indicated by blue triangles, decreasing pressure by green squares. The
data have been fitted by two models: a NLDFT slit pore model (grey broken line) and
a 2D-NLDFT model accounting for energetic heterogeneity and geometrical corrugation
(black line) [49, 50]. The inset shows the same data on a logarithmic p/p0 scale for better
visibility of the low pressure range. b) Pore size distribution of D-96-7 obtained from
77 K N2 adsorption measurements using BJH analysis (red dotted line), and the two
aforementioned N2-carbon DFT kernel fittings (same line colours as before).
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Figure 2: Energy-integrated intensities S(Q) obtained using the neutron spectrometer
IN6 after hydrogen adsorption at 1.5 K (crosses), 22 K (triangles) and 60 K (circles),
respectively. The statistical errors of the intensities are not visible in the plot and amount
to about 1%. The data are compared to SANS measurements (dashed lines) and to
neutron and X-ray diffraction measurements (dotted lines). a) Exfoliated graphite. The
(002) Bragg reflection at about 1.9 Å−1 is clearly visible. Inset: zoom on a small region
to enhance visibility. b) D-96-7. The straight blue line is a fit of a Guinier-Porod model
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polyfurfuryl alcohol-derived activated carbon (PFAC) [25], carbon black XC-72 (XC72)
[24, 26], Pt-containing microporous carbon (PTMC) [30], carbon molecular sieve (CMS)
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