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Abstract

The chemical configuration and interaction mechanism of hydrogen absorbed in inorganic nanoparticles
of WS; are investigated. Our recent approaches of using hydrogen activated by either microwave or
radiofrequency plasma dramatically increased the efficiency of its adsorption on the nanoparticles surface.
In the current work we make an emphasis on elucidation of the chemical configuration of the adsorbed
hydrogen. This configuration is of primary importance as it affects its adsorption stability and possibility of
release. To get insight on the chemical configuration, we combined the experimental analysis methods with
theoretical modeling based on the density functional theory (DFT). Micro-Raman spectroscopy was used as
a primary tool to elucidate chemical bonding of hydrogen and to distinguish between chemi- and
physisorption. Hydrogen adsorbed in molecular form (H.) was clearly identified in all the plasma-
hydrogenated WS; nanoparticles samples. It was shown that the adsorbed hydrogen is generally stable under
high vacuum conditions at room temperature, which implies its stability at the ambient atmosphere. A DFT
model was developed to simulate the adsorption of hydrogen in the WS, nanoparticles. This model considers
various adsorption sites and identifies the preferential locations of the adsorbed hydrogen in several WS;
structures, demonstrating good concordance between theory and experiment and providing tools for
optimizing of hydrogen exposure conditions and the type of substrate materials.

Introduction
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The use of hydrogen in the renewable energy systems requires an effective, safe, and stable storage
solution. Nanostructured materials such as inorganic nanotubes (INT) and inorganic fullerene-like (IF)
nanoparticles (NP) are appealing because of their extremely high surface area and layered structure, where
potentially many sites can either chemi- or physisorb hydrogen. A newly developed technology enables the
synthesis and production of pure IF and INT phases of WS, in commercial quantities.}? Therefore, WS, INT
and IF have been tested as possible candidates for hydrogen storage material with a significant industrial
potential. These materials may allow hydrogen to be either chemi- or physisorbed inside their crystalline
structure, inside hollow cores of IF/INT, on their surface or in the open interstitial pore spaces of IF/INT
powder meshes. Recently, exposure to high pressure molecular hydrogen at 35-350 °C was found to have
measurable but limited adsorption rate - up to 0.2 wt.% of hydrogen.® This approach to use plasma activated
hydrogen successfully resulted in significant increase of the hydrogen adsorption concentration. Indeed,
treatment of the WS,-INT and WS,-IF by hydrogen activated in microwave (MW) plasma resulted in much
higher values of the adsorbed hydrogen content, ~1 wt.%.% This enhancement in the hydrogen adsorption
concentration was attributed to more effective interaction of plasma-activated vs. high pressure molecular
hydrogen with NP substrate surfaces. The increase of hydrogen adsorption was due to the stronger
chemisorption of the atomic/ionized hydrogen formed in the MW plasma compared to weaker physisorption
of molecular hydrogen, and to higher energy and momentum of the hydrogen molecules in the plasma
environment. In addition, plasma-originated hydrogen ions and electrons may interact with the WS, NP
modifying existing defects and pores, or producing new ones, and so contribute to hydrogen binding,
diffusion, and higher stability of its adsorption. An important consideration for choosing low energy
hydrogen plasma as the activation method was in the high permeation of hydrogen/deuterium combined with
the retention of the plasma properties along sample width. It was shown that hydrogen and deuterium
molecules keep their highly vibrational excited states while passing from the outermost nanoparticles in the
web to the innermost ones.*® This process should guarantee that most of the NP in the powder batch face
similarly excited hydrogen molecules and undergo the same plasma treatment. This phenomenon is of
particular importance ensuring homogeneous distribution of the adsorbed hydrogen through the exposed

powder samples.
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High hydrogen concentrations in the materials, proposed as media for hydrogen storage, is an important
task, together with appropriate storage and release properties. However, these goals could be successfully
accomplished only if the adsorption mechanism, chemical configuration and energy states of the adsorbed
hydrogen are well understood. INT and IF of WS, provide excellent tools for such a study owing to their
simple structure, chemical and thermal stability, ease of modeling of their interaction with hydrogen
molecules and ions, and possibility of precise calculation of the energy states of variously adsorbed species.
The main novelty of this work is getting insight on the chemical configuration, by combination of
experimental analysis methods and theoretical modeling. Our primary goal was to study the chemical
configuration of the adsorbed hydrogen and to elaborate on its thermal stability inside the WS, NP (either IF
or INT) under ambient conditions. Whereas actual optimization of the technical parameters aiming to further
increase the hydrogen adsorption rate in these specific materials is left out of the scope of the present work.
A number of experimental techniques were applied for this purpose. Micro-Raman spectroscopy was
extensively used to evaluate the chemical configuration of hydrogenated compounds due to its capability to
detect chemical bonds involving hydrogen atoms.”° This method was highly sensitive and allowed to
discover molecular hydrogen inside amorphous and crystalline solids.® In addition, we used plasma of
deuterium instead of hydrogen in several experiments to unambiguously prove that the measured features
are due to the hydrogenation (deuteration) by plasma and not due to residual water or hydrogen retained
from the synthesis of WS, NP. Precise and well explained data for micro-Raman spectra of different types of
WS, NP has been recently reported.'*'? Transmission electron microscopy (TEM) analysis of NP after
plasma treatment was used to accurately examine the pristine changes on the NPs’ surface and in their
interlayer distances. To study the interaction of the INT-WS; and IF-WS, with activated H, we also
monitored them by electron diffraction (ED), and X-ray diffraction (XRD).

High thermal stability of the substrate materials (NP of WS allowed us to carry out
thermogravimetric analysis (TGA) aiming to determine the weight percent and thermal stability of the
adsorbed hydrogen.

A DFT model specifically developed for these WS, NP materials was applied for the first time to
calculate the energy of different adsorption sites and thus to determine the actual configuration of adsorbed

hydrogen/deuterium.



Experimental

The IF-WS; and INT-WS; were synthesized from tungsten oxides by solid-gas reaction via the
combined reduction-sulfidization process, at elevated temperatures of 750-900 °C, as it was described in
detail elsewhere.214 This process, first, leads to the formation of the external cylindrical/spherical sulfide
layer on the surface of the oxide whiskers/spherical NP, and then, to outwards-inwards gradual sulfurization
of the oxide core resulting in hollow multiwall WS2-INT NP. The studied nanotubes were of 50-150 nm
wide and ~20 um long, and semi-spherical WS,-IF NP- of 50-250 nm in diameter.

Exposure of the WS, NP to hydrogen/deuterium activated by radiofrequency (RF) plasma was
performed in the plasma reactor dedicated to this purpose. The pure IF-, pure INT-WS;,, and a ~1:1 mixture
of INT with bulk WS; platelets, in the form of either powder or a pressurized tablet ~70 mg each, were used
as substrate materials for the RF hydrogen plasma treatment. Before the exposure to plasma, the substrate
materials were in situ annealed at 300 °C for ~15 min (or until the pressure decreased to the initial value -
prior to the annealing) in high vacuum (base pressure <2x10° Torr) to remove residual water and other
contaminations. After cooling down to room temperature, the powders or the tablet were cleaned for 10 min
by 200 W Ar plasma. This value of plasma power does not affect the structure of the WS, NP, as it was
previously reported for even higher Ar plasma power values (up to 400 W).¢ After this cleaning procedure,
the WS, substrates were immersed into a RF plasma of either hydrogen or deuterium. The 400 W power RF
plasma of hydrogen or deuterium was maintained during 30 min under gas pressure of 1 Torr, which
resulted in minor temperature increase up to 35 °C. Later on the powders were evacuated from the plasma
reactor chamber for different analyses. However, to evaluate the success of the hydrogenation process and to
find the optimal conditions for the RF plasma, several sets of the hydrogenated/deuterated samples were in
situ annealed and the relative pressure changes were measured as a function of the annealing temperature.
This is unlike MW plasma hydrogenation previously reported,® where the in situ pretreatment and post-
treatment annealing were not possible.

To determine the chemical nature of hydrogen adsorbed in the NP as a result of the plasma treatment,
micro-Raman measurements were performed in either Horiba LabRam 800 (CSSNT) or Renishaw InVia

(SUNUM) microspectrometers. The Horiba instrument was particularly suitable as it is capable to measure
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spectral features in a range of up to 5000 cm™. The green laser light of 532 nm was used for excitation being
focused to a spot of 1-3 um in diameter. Special precautions, like performing the measurements under
continuous flow of nitrogen gas and limiting the laser power to <300 uW, were undertaken to prevent
material heating under the laser beam,!’ but it was not possible to fully avoid it. This could result in partial
desoprtion of H, under laser irradiation. Moreover, some oxidation of the substrate material was observed
when irradiated for a longer time at higher laser intensities. For all substances the non-hydrogenated
samples, used as references, were measured as well.

To elucidate the thermal stability of the adsorbed hydrogen and to determine its concentration, TGA
measurements in a He atmosphere were performed in the temperature range of 25-500 °C using the SDT
Q600 Simultaneous TGA/ DSC instrument.

To compare the morphological and structural quality of the materials before and after their treatment
with hydrogen/deuterium plasma, TEM, and XRD measurements were carried out. ED pattern in the TEM
was used to determine the evolution of the inter-planar spacing in the WS, NP as a result of
hydrogen/deuterium adsorption. For the TEM investigations, a JEOL ARM 200F TEM/STEM system was
used.

With the exception of the in situ pressure measurements, all other analysis techniques were performed

ex situ.

Results and Discussion

Plasma induced hydrogen adsorption and thermal stability

As explained above, to evaluate the success of the RF plasma hydrogenation/deuteration process one set
of the samples was heated at a rate of ~20 °C/min to release the adsorbed gases at the end of the
hydrogenation process and after gas evacuation. The pressure vs temperature dependence was recorded. In
Figure 1 the results obtained for WS,-1F and WS,-INT, 30 min and 5 h after hydrogenation and deuteration,
as well as the reference measurement of the empty plasma chamber are shown. The curves were normalized

to the average sample mass of 60 g. Indeed, as seen from this figure the pressure increased even after
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deducting the pressure increase measured for the same experimental setup and after hydrogen plasma
treatment, but without any substrate material (line 1). In such a way, the obtained pressure increase was
entirely attributed to hydrogen release from the plasma-exposed WS, NP and originates from this plasma-
hydrogenation process only. For lines 2 and 6 two distinct peaks were observed for the samples measured
within 30 min after plasma treatment, at 38 °C and around 80 °C. The pattern of the lines 4 and 5 is more
complex as a result of lower intensity of the second (higher temperature) peak. The first feature (at the lower
temperature) could be attributed to weekly bonded hydrogen, probably located on the surface, and the
second one (at the higher temperature) is due to release of more strongly bound or deeper lying hydrogen.
The relative amounts of released hydrogen were qualitatively compared by integration of the curves areas
for the entire temperature range, estimated as 1:0.8:0.95:0.65:0.75for lines 2-6, respectively. It can be
observed that the most substantial integral pressure increase was obtained for the deuterated and
hydrogenated IF (lines 2 an 4). The curves for all the samples measured within 30 min revealed maximum
hydrogen release at ~38-40 °C, while the peak obtained for IF is higher compared with the peak for INT.
However, the release of deuterium from the INT was slower and the integrated area under the curve is not
much slower than for IF. For all materials, the pressure started to grow (i.e., hydrogen started to desorb) at ~
34 °C, while different temperatures as high as 300 °C were required to entirely release of all plasma-
adsorbed hydrogen for various samples. It should be noted, however, that the measured temperature
response to the heating was somewhat different between various samples due to some variations in their
masses, grains sizes and the structures.

To elaborate on the stability of the plasma-adsorbed hydrogen or deuterium, the pressure increase upon
heating was measured at the delay of 5 h after deuteration (Figure 1, line 3). The fact that most of D;
remained adsorbed and then released even after 5 h of vacuum storage, following the exposure process, is
indicative on its high adsorption stability. The relative deuterium concentrations (total area under the curves)
remained quite similar for the 30 min (line 2) as for 5 h delay (line 3): 1:0.8, respectively, although the onset
of desorption shifted from 34 °C to 46 °C and the desorption rate was slower. In agreement with our
previous assumption, this small but measurable hydrogen loss during the 5 h-delay vacuum storage, which is
reflected in the shift in the onset temperature, can be attributed to desorption of non-bonded hydrogen

molecules, probably on the very surface of the NP under continuous pumping in the chamber.
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It is stressed that numerous adsorption-desorption cycles were performed and only negligible differences

were recorded between the cycles.
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Figure 1. Heating-induced pressure increase of the RF plasma hydrogenated and deuterated WS, NP.

One would like to integrate the pressure curves in Figure 1, by converting the pressure data to the mass
flow, to determine absolute hydrogen concentrations in our WS; materials. However, the large volume of the
chamber (> 100 lit), constant flow of hydrogen and pumping during the measurements, the position of the
pressure gauge far from the sample, along with unknown hydrogen desorption kinetics, and somewhat non-
homogeneous temperature response make these calculations inaccurate. As an alternative method for
guantitative measurements of adsorbed hydrogen, the TGA was subsequently performed. The results of the
TGA measurements for untreated (as synthesized) and hydrogenated INT-WS; are presented in Figure 2
(lines 1,2). It can be observed that the reference sample lost more weight during the heating than the
hydrogenated one. However, the desorption peak of the former appears just above 120 °C as seen from the
derivative curve 2’ which, therefore, is attributed to evaporation of the residual water mostly and is
consistent with previously reported TGA data.’® The maximum rate of the weight loss for the hydrogenated

sample was obtained at 80 °C, as evident from the derivative curve 1’, which is at a similar position to the
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second peak (~80 °C) in the pressure measurements presented in Figure 1. It can be attributed to the
adsorbed hydrogen. The absence of the peak associated with water desorption (120 °C) for the hydrogenated
sample is not absolutely clear yet, since TGA measurements were performed ex situ, when both samples
were exposed to air. We can only suggest at this point that WS, NP gained hydrophobic properties by the

fact that adsorbed hydrogen prevents water molecules from sticking the NP surface.
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Figure 2. TGA plots (lines 1,2) for reference (green line) and hydrogenated (blue line) WS, NP. The

appropriate derivative curves (lines 1,2") are plotted below.

The hydrogen concentrations estimated from TGA curves measured for all hydrogenated samples (not
shown), were in the range of 0.4-0.55 wt. %. This value is more than twice the values measured for the WS,
materials exposed to unactivated high pressure hydrogen, as reported in our previous work, though lower
than for the WS, NP hydrogenated by MW plasma.® We would like to stress again that the analysis methods
of the MW plasma hydrogenated samples were completely different from those used in this study, which
makes the comparison of the results not simple. In addition, in the MW plasma reactor the in situ
measurements of hydrogen release were not technically possible.

For the deuterated samples, the TGA measurements showed nearly identical behavior as for
hydrogenated WS, and the estimated mass concentration of the plasma-adsorbed deuterium was about twice
that of hydrogen, as the ratio of their molecular masses. This result confirms that released H; is due to the

initial hydrogenation and not because of the H, residuals from the synthesis reaction, assuming that the
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amount of the adsorbed D, and H, molecules was the same under similar plasma conditions for the same
type of WS, NP.

It should be emphasized that the TGA measurements were performed ex situ, several days or weeks after
the plasma-hydrogenation process, while the samples were stored at ambient atmosphere in closed vials.
Therefore, we suppose that the real hydrogen concentration adsorbed by the samples immediately after
plasma treatment is somewhat higher than the values listed above.

As evident from the results presented in Figure 1 and those of TGA, various types of WS, NP adsorb
somewhat different quantity of hydrogen or deuterium. We leave the explanation of this aspect for our future

work and concentrate here on the chemical configuration of the adsorbed hydrogen/deuterium.

Determination of chemical configuration of plasma-adsorbed hydrogen/deuterium

To determine the chemical configuration of the adsorbed hydrogen, micro-Raman measurements were
performed. The laser induced heating accounted for a significant problem, as it could result in immediate
desorption of hydrogen from the irradiated area and oxidation of WS,. In the previous study of one of us,*’
the temperatures in excess of 1000 °C were measured on the microcrystalline particles under the micro-
Raman laser spot of the power similar to the values used in the current work. These results were obtained
when heat dissipation mechanism was ineffective. Indeed using the laser power above 0.3 mW focused to
the spot of ~1 um resulted in oxidation of the studied materials as evidenced by strong W-O Raman peaks at
~900 cm (data not shown),'® and visual color change (from brown-black to greenish-yellow) of the laser-
irradiated area. It was shown previously that the oxidation process of WS, NP occurs in air at the
temperatures >300 °C.™® The oxidation of NP confirms that the temperature of the NP probed by the micro-
Raman laser beam increased to >300 °C. At these conditions the hydrogen desorption is inevitable, as clear
from Figure 1. In order to prevent or diminish these disturbances, a low laser power was used. However, this
unfavorably affected the quality of the recorded spectra, bearing in mind a very low cross section of the
Raman features related to molecular hydrogen.®2°

The micro-Raman scattering for all samples was measured in the spectral range of 0-4400 cm™. The
typical result obtained for both virgin and hydrogenated INT-WS; in the window of 0-1200 cm™ is depicted

in Figure 3. Two characteristic modes of WS; can be clearly observed: the Exg mode at 356 cm™ and the Aig
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mode at 419 cm™. This spectrum resembles those previously measured for our substrate materials and

described in great detail elsewhere. '
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Figure 3. The typical micro-Raman spectrum measured for WS; NP. No change following the
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hydrogenation was observed in this spectral region.

A narrower spectral region of 3400-4300 cm for the hydrogenated NP of each type was measured and
similar results were obtained for all types of the WS, NP. As before, the micro-Raman spectra of reference,
non hydrogenated materials were also recorded. In Figure 4 the spectra for the INT mixed with bulk WS; are
presented. A small peak centered at ~4150 cm™ was observed for the hydrogenated samples only (line 2).
This peak was the most prominent for the 1:1 mixture of the INT with bulk NP, the intermediate intensity
was recorded for the IF-WS;, and the lowest though still measurable feature was observed for the pure INT-
WS,. This feature was previously attributed to the H-H stretching mode in H, molecules,®**% and,
therefore, its appearance in our spectra reveals that indeed hydrogen adsorption took place and is present in
the molecular (Hz) form. One should take into account a very small Raman cross section of this H-H mode
as compared to the Raman peaks of WS, and a strong fluorescence background above 3000 cm™. We may
suppose that H, molecules were adsorbed on the surface of the NT, in the hollow core or being intercalated

between the layers in the WS, NP of all types.
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To finally prove that the Raman feature measured at 4150 cm? is indeed due to physisorbed H:
molecules, the sample was heated in vacuum to 450 °C for several discrete periods lasting between 15 min to

2 h. The intensity of the H, mode peak gradually decreased until nearly disappeared following the longest

annealing time, as shown in the Figure 4 (line 3).
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Figure 4. Micro-Raman spectra of WS, NP zoomed to the 3400-4300 cm region: (1) reference (non-

hydrogenated), (2) RF-plasma hydrogenated, (3) RF-plasma hydrogenated, then vacuum annealed at 450 °C.

To determine the presence of chemisorbed hydrogen (H-S bonding) Raman scattering measurements
were performed in the 1500-3000 cm™ region (not shown). However, the features which could be attributed
to H-S bonds? never appeared, so indicating that no chemisorbed hydrogen was present in the WS, NP, at
least at the moment of performing the Raman measurements. Nevertheless, we suspect that atomic hydrogen
or free hydrogen ions, which could adsorb or intercalate in between the layers of WS; structure and create
chemical bonds on the open edges or defects, desorbed as a result of environmental interaction, similar to
that observed previously.?? Additional study is required to clarify this aspect.

Nevertheless, to unambiguously prove that micro-Raman spectroscopy is indeed capable to reveal
molecular hydrogen in WS;, the deuterium gas in the RF plasma was used instead of hydrogen. To
determine the chemical configuration of the adsorbed deuterium, micro-Raman measurements were
performed in the spectral range of 2500-4000 cm?, and the results are shown in Figure 5. Indeed, a small
peak, now centered at ~2970 cm™ was observed (Figure 5, line 1). This feature was previously attributed to
the D-D stretching mode in deuterium (D2),'*?® and, therefore, its appearance in our spectra proves that

deuterium is present in the molecular form as was in the case of hydrogen. No features related to D-S bonds
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were observed here t00.24?° Furthermore, RF plasma deuterated WS, samples (IF and INT) were heated in
vacuum to 450 °C for up to 120 min, as for the hydrogenated samples. As seen from Figure 5 (line 2), the
intensity of the ~2970 cm™ peak decreased to nearly zero, supporting our assumptions that the observed

mode corresponds to adsorbed D; gas.
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Figure 5. Micro-Raman spectra of (1) deuterated and (2) subsequently vacuum-annealed WS, NP.

The XRD spectra (data not shown), did not show measurable changes in the crystalline structure after
RF hydrogen plasma treatments. This evidence is indicative of stability of the tubular and fullerene-like
structures under plasma treatment. On the other hand, it is illustrative of the absence of systematic hydrogen
intercalation in between the layers of WS; samples. Nevertheless, the high resolution TEM image of the
plasma-hydrogenated IF-NP depicted in Figure 6 shows that in some particles the interlayer distance was
increased to more than 0.65 nm (up to 0.85 nm in a few isolated locations, shown by arrows) as compared to
the 0.62 nm interlayer distance in the non-affected regions. This expansion was not observed in pristine NP
but did occur in WS, NP intercalated by foreign species.?? The ED pattern on the individual NP is also
shown in Figure 7, confirming the expansion of the layers from 0.62 nm (3.22 1/nm) for the unexposed NP
to 0.65 nm (3.09 1/nm) for the hydrogenated NP. The difference between XRD and TEM/ED data could be
due to the sampling features used in both techniques, namely large amount of powder used in XRD gives
average spectra from many NP, while TEM and ED analyze an individual NP. As a consequence, we
suppose that not all NP or/and not all the layers were expanded. The intercalation of hydrogen between the
WS layers can be the natural explanation for this expansion. The dynamics of layers expansion in

intercalated WS, NP stored in ambient conditions was previously discussed.? H—was—shown—that



Figure 6. TEM image of the hydrogenated IF-WS, NP. The arrows show the expansion of the interlayer

spacing up to 0.85 nm.
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Figure 7. Electron diffraction pattern of the reference (left) and hydrogenated (right) IF-WS; NP.
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DFET modeling of the hydrogen configuration and adsorption sites

Density functional theory (DFT) calculations have been performed to model the adsorption of hydrogen
on planar and curved layered WS, nanostructures.?® These calculations help in the interpretation of the
experimental results presented above. The Perdew-Burke-Ernzerhof (PBE) functional has been used for
electronic exchange and correlation effects,?” and van der Waals interactions have been included through the
perturbative DFT+D formalism of Grimme.?® Periodic boundary conditions were applied to model the
infinite WS; planar layer, the trilayer, the surface and the bulk crystal. The Brillouin zone for all the layered
systems was sampled by means of a [4x4x1] Monkhorst-Pack grid,?® guaranteeing full convergence in
energy and electronic density. In the (4x4) unit cell of all the layered systems considered, the unit cell in
each WS; layer, with a calculated size of 12.6x12.6 A? contains 48 atoms, showing perfect WS,
stoichiometry. The calculated inter-layer distances are 6.13 A for the case of the trilayer, and 6.15 A for the
bulk. In the surface case, the optimized distance between layers near the surface is 6.14 A. It should be
noticed that the predicted interlayer distance in the bulk is in good agreement with the experimental value of
6.23 A% the deviation being only 1.2 %.

We have also investigated a variety of WS, NT: arm-chair and zig-zag single-walled NT, and
(10,10)@(16,16) and (20,0)@(32,0) double-walled (DW) NT. The calculated distance between the inner and
the outer walls in the DW-NT is 6.21 A, slightly larger than the interlayer distances for planar multilayers
(6.15 A). This result is consistent with the experimental one,3' because the spacing between layers in
multiwall NT was found to be 6.31 A as compared to 6.23 A in the bulk, and was attributed to the elastic
strain. Comparison of the calculated interlayer distances in NT, 6.21 A, with the experimental value of 6.31
A shows a deviation of 1.6 %. Although the theoretical and experimental spacing values show small
differences, the relative changes are in good agreement. To test the robustness of the structures obtained,
and their thermal stability, DFT molecular-dynamics simulations were carried out by heating some NT up to

850 °C, and the structures were found to be stable.
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Table 1. Adsorption energies Eags per H2, molecule, and adsorption distances dags, for adsorption

configurations I and Il. The results are the same for the WS; layer, the trilayer, and the surface.

Configuration | Configuration Il

H, coverage | Eags (€V) | dags (A) | Eags (€V) | dags (A)

0.0625 ML 0.06 2.83 0.07 2.95

0.25 ML 0.06 2.84 0.07 2.96
0.5 ML 0.06 2.84 0.06 2.96
1ML 0.05 2.86 0.06 2.98

The calculations of the adsorption of molecular hydrogen on the surface of different layered WS,
structures reveal two preferential adsorption configurations with similar adsorption energies: H, molecules
on top of a W atom, with the molecular axis lying parallel to the surface (configuration I) and perpendicular
to the surface (configuration II). In these adsorption configurations, a triangular hollow formed by three S
atoms permits the accommodation of physisorbed H, molecules. The H; adsorption energies and distances
have been monitored as a function of H, coverage, ranging between 0.0625 monolayers (ML) coverage (one
H2 molecule per unit cell; the WS, unit cell has 48 atoms or 16 molecules) up to full 1 ML coverage (16 H.
molecules per unit cell or one H, molecule per WS; molecule). The results for planar layered substrates are
given in Table 1, where dags is the adsorption distance between the center of mass of the H, molecule and the

plane of S atoms. The results are the same for the WS; layer, the trilayer, and the surface.
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Table 2. Adsorption energies Eags per molecule and adsorption distances dags for the most stable H,
adsorption configurations (I and |1, as in Table 1) on the external surface of WS, DW-NT. The coverage is

low, one molecule adsorbed per NT unit cell.

NT Configuration | Configuration Il

Eads dads (A) Eads (eV) dads (A)

(eV)

(10,10)@(16,16) | 0.06 | 2.83 | 007 | 2.95

(20,0)@(32,0) 006 | 284 | 006 | 296

The adsorption energies are positive; that is, molecular adsorption is favorable. As the H, coverage
increases, adsorption energies tend to decrease and adsorption distances tend to increase, although these
changes are small. A relevant result is that the H, adsorption on the topmost layer of the WS, multilayers
(trilayer and surface) induces a small increase of the distance between the topmost and the second WS;
layers, and this decoupling is enhanced by increasing the H, coverage: the interlayer distances of 6.13 and
6.14 A for the clean WS; trilayer and the surface, respectively, increase up to values of 6.21 and 6.23 A,
respectively, for 1 ML coverage. Another interesting observation is that the strength of the adsorption
energies is similar to that on graphene.®233

Similar conclusions are obtained for DW-NT. The results reported in Table 2 correspond to low
coverage of the outermost wall of the NT, one adsorbed molecule per NT unit cell. For H, adsorption on the
innermost wall of the DW-NT, that is, on the hollow internal surface, the adsorption energies are practically
the same as for adsorption on the external walls. However, a slight increase in the adsorption distances is
observed. By increasing the H, content (up to 0.5 ML) for external and internal adsorption, no significant
changes are found compared to the case of the planar layers.

The calculations indicate that molecular hydrogen can be adsorbed on the surface of the NP and on the
outermost and innermost walls of the NT. However, intercalation between the WS, layers is unfavorable.
This conclusion has been obtained by simulating the intercalation of the trilayer with increasing amounts of
molecular hydrogen; more specifically, H, molecules were placed in between the first and second layers of

the trilayer (see Figure 8).
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0.0625ML 0.25ML

Figure 8. Optimal structures for intercalation of molecular hydrogen between the first and the second layers

of the WS; trilayer: 0.0625 ML H; content (left panel); 0.25 ML H. content (right panel).

Table 3 summarizes the intercalation energy per molecule and the distance between the first and the
second WS, layers, as a function of intercalate concentration. The calculations revealed that the distance
between the first and the second layers increases substantially as the hydrogen content increases, from 6.21
A in the case of no intercalation to values close to 8.6 A for intercalation of a full hydrogen monolayer. The
energy of intercalation is negative in all cases; that is, intercalation is unfavorable due to the elastic energy
needed to expand the interlayer distances. Interestingly, an interlayer expansion up to 9 A in some regions
was revealed in the TEM micrographs (Figure 6). Such an expansion was never observed in virgin WS; NP.
Consequently, the observed interlayer expansion can be interpreted as indicating that some molecular
hydrogen intercalates in the NP under the plasma conditions, albeit inducing substantial local distortions on
the IF structure. In fact, we find no other mechanism able to explain a local increase in the interlayer
distances so large (more than 30%), and at the same time so close to the DFT prediction. Such a substantial
expansion can only be due to stuffing some material between the WS; layers. The plasma conditions provide
the energy required for the H, molecules to intercalate in the following way: In the plasma formed sheath on
the surface of the sample, the plasma ions are accelerated by the potential drop of ~3T., where Te is the
electron temperature: ~2 eV in the conditions similar to those used by us.** These accelerated ions collide

with neutrals and form an energetic mixture of ions-neutrals flowing toward the simple surface.
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Table 3. Distance between the first and the second layers, dii..2, and intercalation energy per molecule, Eint
/Ha, for intercalation of molecular hydrogen between the first and the second layers of the WS trilayer.

Results are given for several H, concentrations.

H, content duz | Eint/Hz (eV)
(R)

0.0625 ML 6.21 -2.34

0.25 ML 7.51 -1.01

0.5 ML 8.17 -0.48

1ML 8.61 -0.19

The concentration of stored hydrogen achieved in the RF experiments, estimated from the TGA
measurements, is 0.4-0.55 wt.%. How those concentrations can be understood with the help of the DFT
model calculations, considering that only the outer layers and the hollow cores could adsorb molecular
hydrogen? By taking the simplest model of a single WS; layer with one side of the layer fully covered by H;
(1 ML), the concentration of hydrogen is 0.81 wt.%. But, for 1 ML of H, on the upper surface of the WS;
bilayer the concentration decreases to 0.40 wt.%, to 0.27 wt.% for a trilayer, and so on. In other words, the
hydrogen concentration decreases quickly for n-layer systems, and the same occurs for multiwall NT.
Consequently, additional adsorption mechanisms are required to explain the measured adsorption.

One plausible mechanism is that the plasma conditions force the intercalation of some molecular
hydrogen, locally distorting the structure of the nanoparticles, as discussed above. The effects of that forced
intercalation become reflected in the regions showing increased interlayer distances detected by TEM (see
Figure 6).

Another plausible method to obtain higher hydrogen concentration could be H; adsorption on planar-like
nanostructures and “small” INT (single- to five-layered nanotubes) formed by high power plasma treatment
of “big” multiwall INT. Previous work by one of us showed that this occurs when thick WS; NP and NT are
subject to high-power irradiation.® “Daughter” NT and platelets, one to three layers thick, were observed to
form in those experiments. In the current study, however, TEM analysis of the powders after plasma

treatment did not show evidences for the formation of new morphological structures. The reason can be the
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different plasma conditions used in the previous work: higher power of the plasma (600 W) and heavier (Ar)

plasma indeed could result in single wall NT formation.

TOP VIEW

Figure 9. Optimized structure for 2 ML of H, molecules adsorbed on top of a WS; layer.

A third plausible mechanism is the condensation of more than one hydrogen monolayer on the surface of
planar platelets, or on the external surfaces and hollow internal surfaces of NT. As a test, we performed
simulations for the covering of a single WS; layer with more than 1 ML of H,. The starting configuration
was formed by H, molecules on top of all W and S atoms (this corresponds to 2 ML coverage in the notation
used above). The molecules were initially on the same plane. But this turns out to be an unfavorable
configuration because the Hz molecules are too close to their neighbor molecules, and structural relaxation
of the system allowed the adsorbed molecules to optimize their positions forming 2 ML, as shown in Figure
9. The H; layer closest to the WS; layer is at a distance of 2.84 A from the plane of S atoms, and the top H;
layer is separated from the first one by a distance of 2.52 A. The molecules of the first layer sit on top of the
W atoms, while the positions of the molecules of the top H, layer correspond to sites above S atoms. In all
cases, the molecular axes are nearly perpendicular to the plane. The calculated adsorption energy, 0.06 eV

per molecule, is nearly the same as the adsorption energy per molecule for a single H, ML (see Table 1).
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Table 4. Distance between the first and second layers, dii-12, and intercalation energy per atom, Eix/H,
for the intercalation of atomic hydrogen between the first and the second layers in the WS; trilayer. Results

are given as a function of increasing H content.

H content du-z | Eid/ H (V)
(A)

0 ML 6.14 -

0.25 ML 6.15 1.15

0.5 ML 6.17 1.32

0.75 ML 6.21 1.36

1ML 6.25 1.38

The mechanisms discussed above are not mutually exclusive, and could add up to explain the amount of
stored hydrogen observed in the experiments. In fact, an additional possible mechanism could also be
offered. Neutral H atoms and H* ions are generated in the RF hydrogen plasma, in addition to molecular
hydrogen. Intercalation of atomic hydrogen leads to positive intercalation energies (see Table 4); that is, the
intercalated systems are stable. The intercalated H atoms attach to S atoms and induce only a very small
increase in the distance between adjacent WS, layers, in contrast with the intercalation of molecular
hydrogen (compare Tables 3 and 4). However, the Raman experiments performed did not detect H-S (or D-
S) bonds, which would reveal the presence of adsorbed atomic hydrogen. So we have to admit that the
amount of atomic hydrogen intercalated in between the layers of platelets, IF, and NT is non-significant
during the Raman measurements, perhaps because the hydrogen atoms have recombined to form hydrogen
molecules, which in turn do not intercalate. In addition, absence of the H-S and D-S bonds related features
in the Raman measurements could be a result of desorption under Raman beam heating or even samples

aging (time required to transformation of the sample after plasma treatment).
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Conclusions

In summary, the configuration and energy states of the hydrogen species adsorbed in the NP of WS;
were elucidated by using experimental analytical methods and a DFT theoretical model. The micro-Raman
spectroscopy detected the H-H and D-D stretching modes at 4150 cm? and 2970 cm?, respectively,
indicating that the hydrogenation by the RF plasma results in physisorption of molecular
hydrogen/deuterium. No evidences of H-S and D-S bonds were found by micro-Raman analysis. The
adsorbed hydrogen is found to be quite stable at room temperature conditions, both in air and vacuum. The
DFT calculations, for the first time applied to the studied system, show that, the physisorbed hydrogen
molecules are adsorbed, probably as one or more layers, on the very surface of the NP (e.g., on the top-most
layer and the innermost layer of the hollow NT). DFT calculations performed to analyze the possible
intercalation of molecular hydrogen between WS, layers delivered insertion energies indicating that such
intercalation is unfavorable. However, we suppose that partial intercalation of molecular hydrogen could
take place under the RF plasma conditions. The forced intercalation causes local damage and a substantial
expansion of the interlayer distances, which we have observed by TEM.

On the other hand, DFT calculations for atomic and ionic hydrogen reveal that intercalation would be
energetically favorable. No direct evidence was found for intercalation of atomic hydrogen since it may have
followed either or both processes: de-intercalation and shrinking caused by environmental affects before
being measured by micro-Raman. Additional studies are required for identification of possible intercalation
of atomic hydrogen.

The results obtained by the DFT calculations can be used now for further optimization of hydrogen
exposure conditions, e.g., using plasma with higher concentration of atomic and ionic hydrogen, and
lowering the temperature of the RF-plasma enhanced process to intensify the adsorption process. In addition,
as the adsorption of molecular hydrogen is found to be favorable on the very surface, single wall NT can be

used instead to increase the hydrogen weight percent.
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