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Abstract 

Hydrogen has the potential to become a crucial energy storage vector, allowing to maximise the advantages of 

renewable and sustainable energy sources. Hydrogen is usually stored as compressed hydrogen gas, or liquid 

hydrogen. However, the former requires high pressure, the latter cryogenic temperatures, being a huge limit 

to the widespread adoption of these storage methods. Thus, new materials for solid-state hydrogen storage 

shall be developed. Here we show that a α−MoO3 thin film, grown via atomic layer deposition, is a promising 

material for reversibly storing hydrogen. We found that hydrogen plasma is a convenient way to hydrogenise − 

at room temperature and relatively low pressures (500 or 1000 mTorr) − layered monocrystalline α−MoO3 thin 

films. Hydrogen has been shown to locate itself in the van der Waals gap along the [010] oriented α−MoO3 film. 

The process has been found to be totally reversible in air. Our essay could be a starting point to a transition 

from conventional (gas and liquid) to more advantageous solid-state hydrogen storage materials. 
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1. Introduction 

Most of the energy exploited by human-kind has been essentially achieved by using fossil-fuels [1]. While this 

boosted the Industrial Revolution leading to a global economic growth, the release of greenhouse gases 

contributed to the environmental concerns we are experiencing nowadays [2]. A new collective conscience is 

globally spreading to replace the old carbon-based society with a carbon-neutral one. As a consequence, United 

Nations’ Net Zero Coalition aims to reduce greenhouse gas emissions by 45% by 2030, to reach net zero by 2050 

[3]. To this aim, the challenge is providing a sustainable supply of clean and green energy, as the new normal 

shall follow the regime of renewable energy sources [4]. Hydrogen, being a zero-emission fuel, is the ideal 

candidate to replace fossils-fuels. Being green and clean, storable, and transportable, it is foreseen to play an 

important role in solving energy and environmental issues [5]. Hydrogen-based energy storage systems are 

gaining momentum as a cost-effective solution for a large-scale renewable energy storage, transport and export 

[6]. However, being a fuel itself, it naturally comes together with some degree of safety concerns, as it is 

conventionally stored at high-pressure as a gas, or as a liquid at cryogenic temperatures [7]. The primary risk is 

therefore associated with leakage or boil-off losses, as hydrogen is highly prone to spontaneously combust [8].  

Considering the energy crisis we are facing, storage is one serious bottle-neck to overtake. Indeed, safer and 

alternative materials for solid-state hydrogen storage are strongly desired. Materials-based hydrogen solid-

state storage devices are a captivating alternative. However, most of those based on chemisorption (i.e. 

hydrides, nitrides, imides) are generally costly, and have irreversible hydrogen absorption/desorption 

processes. Additionally, some of these materials involve very high temperatures for hydrogen release [9]. Thus, 

advances in energy storage require materials fabricated at the nanoscale [10]. Materials having a layered 

structure are drawing attention as candidates to energy storage devices, with molybdenum oxide (MoO3) being 

one of the most appealing [11], as also recently proven by Goncalves et al. by means of computational 

investigation [12].  

MoO3 crystallises in several polymorphs, the orthorhombic molybdite (α−MoO3) being the thermodynamically 

stable and natural occurring of them [13]. Crystal structure of α−MoO3 is described in the space group Pbnm 

(with 4 formula units per unit cell, Z = 4), and comprises a bilayer network of distorted edge-sharing MoO6 

octahedra [14], bonded to adjacent layers by van der Waals forces, and stacked along the [010] crystallographic 

direction [15]. Small ions are prone to accommodate themselves in the van der Waals gap creating oxygen-

deficient α−MoO3 [16]. Being hydrogen the smallest of elements, it is totally fit to be inserted into the van der 

Waals gap [17]. While MoO3 has been broadly adopted as an answer to the electrochemical energy storage 

dilemma [18–21], these hydrogen-ion storage solutions proved themselves to fulfil a limited function in the 

renewable energy quest [22]. Solid-state hydrogen storage seems to be a more viable tool, in spite this field 

being quite new when contrasted with batteries or catalysis studies [23]. Literature reports about α−MoO3 

hydrogenation are indeed quite limited. α−MoO3 has been hydrogenated as loosen powders [24], single crystal 
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[25], or thermally evaporated polycrystalline films [26]. Hydrogenation is usually assessed by flowing (pure or 

diluted in N2, forming gas) H2 gas in heated furnaces [25,26], or achieved by plasma reactions in a plasma 

enhanced chemical vapour deposition system at 180 °C [24]. While hydrogen plasma has been employed, this 

has been done to make α−MoO3−x nano-powders to be applied as cathode material to lithium ion batteries [27]. 

In this work, to fill a literature gap, hydrogen plasma was used at room temperature to hydrogenise 

monocrystalline α−MoO3 thin films oriented along the [010] direction. Films were deposited via atomic layer 

deposition (ALD) [28,29], an extremely versatile technique [30], compared to (yet adaptable to functionalise) 

powdered materials [31]. Results showed that the pressure in the chamber played a significant role in the 

amount of hydrogen incorporated into the layered α−MoO3 crystal structure, making this a material with great 

promise for energy storage purposes. 

 

2. Experimental 

2.1 Film growth and hydrogen plasma treatment 

α−MoO3 thin films were deposited over p−Si (100) substrates by means of ALD, following a growing procedure 

that we developed earlier [28]. The substrate temperature was set at 400 °C, so as to have [010] oriented 

α−MoO3 films with around 40 nm in thickness. Hydrogen plasma treatment was performed in a parallel-plate 

reactive ion etching reactor (IONVAC, IT). It uses a 13.56 MHz radio frequency signal to generate hydrogen 

plasma. Specimens were subjected to hydrogen plasma cycles of 18 min varying the pressure in the chamber 

(500, and 1000 mTorr), and keeping the applied power constant at 80 W. As the parallel plates have the same 

diameter, 20 cm, the applied power density is relatively low, around 0.25 W.cm−2. 

 

2.2 Characterisation 

Immediately after being subjected to plasma treatment, α−MoO3 films were analysed by means of X-ray 

diffraction (XRD) techniques. Grazing incidence XRD (GIXRD) was used to detect the mineralogy of plasma 

treated films. This was done at room temperature on a Malvern PANalytical X'Pert Pro MRD diffractometer 

equipped with a fast PiXcel detector using CuKα radiation generated at 40 kV and 40 mA. GIXRD patterns were 

recorded at an incident angle of 0.5°, with a step size of 0.01 °2θ, a counting time of 0.5 s, over the 5–55 °2θ 

interval. All of the GIXRD measurements were assessed orienting the films along the (100) reflection of the Si 

substrate, used as reference peak, to have reliable values of the α−MoO3 unit cell parameter b. The same 

instrument was used to collect specular X-ray reflectivity (XRR) patterns. This was done to retrieve information 

about the thickness, root mean square (RMS) surface roughness, and density of the films. XRR measurements 

were recorded in parallel beam geometry, with incidence angle from 0 to 4 °2θ, a step size of 0.001 °2θ, and a 
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counting time of 0.5 s. XRR patterns were fitted using the X'Pert Reflectivity software package; the sample 

model involved a α−MoO3/native SiO2/Si stack with surface and interface roughness. Scanning electron 

microscopy (SEM) micrographs were acquired on a Zeiss Merlin, operating at 5 kV. Raman spectra were 

collected on a MicroRaman Spectra-C spectrometer (SOLAR TII), equipped with a 632 nm laser as the excitation 

source, in the 100-1100 cm−1 wavenumber range, with 100 s acquisition time. 

 

3. Results and discussion 

XRR patterns of the films, before and after the 18 min hydrogen plasma treatment, are shown in Figure 1a; 

Table 1 lists their thicknesses and RMS surface roughness. Plasma treatment slightly etches the surface of the 

films, the thickness decreasing of around 3 nm, at both the pressures experienced in the chamber. Likewise, 

the RMS surface roughness decreases from 2.0 nm to around 1.5 nm at 500, and 1000 mTorr. 

Top-view SEM micrographs of untreated α−MoO3 film (Figure 1c), and that after 18 min hydrogen plasma 

treatment at 500 mTorr (Figure 1b), show the change in the surface, with the formation of flat areas − as also 

reported in the inset of Figure 1b. This is in good agreement with the RMS surface roughness decrease 

estimated by XRR. 
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Figure 1 – a) XRR patterns of the specimens before and after hydrogen plasma 

treatments, log-normal scale. The orange continuous line represents the fittings. SEM 
micrographs of α−MoO3 films: b) after 18 min hydrogen plasma treatment, with the 

pressure in the chamber set at 500 mTorr (the inset reports the film at larger 
magnification); c) before the plasma treatment. 
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Table 1 – XRR thickness and RMS surface roughness of the MoO3 layer as extracted from XRR fittings; unit cell parameter 

b in the analysed samples before and after 18 min hydrogen plasma treatment, as derived from GIXRD. 

Sample Thickness (nm) RMS (nm) Unit cell parameter b (Å) 

Before hydrogen plasma 44.0±0.3 2.0±0.3 13.84 

500 mTorr 40.8±0.5 1.5±0.3 14.59 

1000 mTorr 41.0±0.5 1.5±0.2 14.35 

 

 

Figure 2 displays the GIXRD patterns of the α−MoO3 films before and after the hydrogen plasma treatment at 

500 and 1000 mTorr. As we previously detailed in reference [28], the as-deposited MoO3 film is mostly 

composed of the orthorhombic α−MoO3 polymorph. The unit cell parameter b of it being 13.84 Å (Table 1), 

consistent with that of molybdite [32]. From Figure 2, it is clear that, following the hydrogen plasma treatment, 

disappearance of the β−polymorph and, most importantly, a shift towards lower angles of the (0k0) reflections 

happened (Table 1), this reflecting an expansion in the b-axis of molybdite structure. 
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Figure 2 – GIXRD of the specimens before and after hydrogen plasma treatments. 
The vertical bars represent: the (0k0) reflections of α−MoO3 (dark blue), β−MoO3 

(light blue), and (0k0) reflections of hydrogen plasma treated α−MoO3 at 500 mTorr 
(orange). The inset reports intensity normalised (020) reflections to highlight the 

angular shift following the hydrogen plasma treatment.  

 

α−MoO3 has a layered crystal structure, as shown in Figure 3a,b. Each MoO6 octahedron has one apical oxygen, 

in position O1, pointing perpendicular to the van der Waals gap (inset of Figure 3a) [25]. This enables two van 

der Waals gaps per α−MoO3 unit cell (yellow planes in Figure 3a,b). The distance between two equivalent O1−O1 

– vertically aligned along the [010] − in α−MoO3 before the plasma treatment is 7.12 Å; that after 18 min 

hydrogen plasma at 500 mTorr is 7.49 Å. This is therefore pointing out to an expansion in the van der Waals gap 

of around 0.37 Å. That is greater than the 0.1 Å communicated for oxygen deficient α−MoO3 nano-belts [33]. 
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[As a comparison, 6 min of hydrogen plasma treatment at 500 mTorr, led to a smaller expansion in the van der 

Waals gap, around 0.27 Å, compared with that obtained with 18 min, as shown in Figure S1a. As reported below, 

this is related to a lower hydrogen incorporation in the α−MoO3 structure.] Thus, besides oxygen reduction, an 

adsorption of hydrogen as H+ at O1 sites (Figure 3b) is strongly predictable. Indeed, this has been reported 

theoretically − by means of density functional theory (DFT) calculations− and experimentally, in previous 

literature [33–35]. However, the hydrogen surface coverage of α-MoO3 still remains a topic of debate. While 

some DFT studies indicate that hydrogen tends to adsorb onto the O1 sites, and then diffuse into the adjacent 

O1, O2, and O3 sites [36], other state that at low coverage (i.e. a single H atom) hydrogen atoms have a tendency 

to occupy O2 sites over others, while at high coverage (i.e. two hydrogen atoms) they tend to preferentially 

reside on O1 sites [37]. Besides, the reversibility of the process (vide infra) provides an indirect indication that 

no structural change occurred, and that hydrogen is adsorbed in the van der Waals gap, thus at O1 sites [33,38]. 

 

 

 

 

 
Figure 3 – 3D visualisations of α−MoO3 drawn with VESTA software suite [39]. Unit cell parameters b are from Table 1; unit cell 

parameters a and c were taken from reference [32], and kept as constraints in the 3D visualisations. Red spheres are oxygen atoms, 
violet spheres Mo atoms, small white spheres H atoms. Yellow horizontal planes represent the two van der Waals gaps per α−MoO3 

unit-cell along the [010] direction. The unit cell is defined by the continuous black line. a) Before the plasma treatment; b) after 18 min 
500 mTorr plasma treatment. The inset in a) shows the oxygen sites in the MoO6 octahedra. 
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By analogy with Li-ion intercalation experiments [27,40], being the expansion in the unit cell parameter b higher 

in the specimen treated with hydrogen plasma with the chamber at 500 mTorr than in that at 1000 mTorr (Table 

1), it follows that the former set-up is more effective in storing hydrogen in α−MoO3. Indeed, by using a chamber 

pressure of 500 mTorr, the measured DCbias during the plasma treatment, at the radio frequency power of 80 

W, was about 205 V. Conversely, with the pressure in the chamber at 1000 mTorr, this was lower, being ~135 

V. As already demonstrated for conventional implantation processes [41,42], a higher bias allows for a more 

efficient ion injection into the films. Hence, the process at 500 mTorr leads hydrogen to be more effectively 

injected in α−MoO3. 

Considering the b-expansion in the α−MoO3 unit cell of the specimen treated with the chamber at 500 mTorr, 

assuming that two H atoms accommodated themselves at each O1 as proposed in reference [37] (i.e. 8 H atoms 

per unit cell), and a 1 cm2 α−MoO3 film with 40 nm in thickness, we can roughly estimate a hydrogen storage of 

2.5×10−7 moles. From XRR we know that the density of the α−MoO3 is 4.0 g.cm−3, therefore, the ratio between 

the molar mass of adsorbed hydrogen and that of α-MoO3 is about 1.55 wt%. This is in line with what reported 

in recent literature on a metal hydride system [43]. 

Raman spectra are displayed in Figure 4. Most of the Raman bands visible in Figure 4 are assigned to the Si 

substrate. The only detectable Raman bands belonging to α−MoO3 are those at around 665 and 820 cm−1, 

assigned to B2g, B3g (O–M–O stretch), and to the Ag Raman modes [44], respectively. The latter band is associated 

with M=O stretching vibrations along the b-axis. A broadening of that band reveals a loss of oxygen [44], as is 

the case of the specimens that underwent hydrogen plasma treatment. Creating oxygen vacancies allows for 

the incorporation of hydrogen in the α−MoO3 structure [25]. 
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Figure 4 – Raman spectra of specimens before and after hydrogen plasma 
treatments. α−MoO3 Raman bands at around 665 and 820 cm−1 are shown by their 

modes (B2g, B3g, and Ag, respectively). 
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3.1 Reversibility of hydrogenation 

To examine the reversibility of the process, the specimen that was treated with hydrogen plasma at 500 mTorr 

has been stored in air at room temperature (up to 96 h). After that, it was again subjected to hydrogen plasma. 

GIXRD were recorded again to calculate the % in the expansion, and the following recovering, of the unit cell 

parameter b. As shown in Figure 5, the unit cell parameter b expands, and totally recovers itself to the starting 

value after repeated 18 min hydrogen plasma / 96 h storage in air cycles. This confirms that the layered 

orthorhombic structure of the parent α−MoO3 is retained after the hydrogen plasma treatment, and that the 

process is reversible, unlike what has been described to happen during the initial lithiation of a pristine α−MoO3 

electrode [40]. Through exposure to air, hydrogen adsorbed (at O1 sites) might react with ambient oxygen, 

leading to the formation of desorbed water [26], thus restoring the original length of α−MoO3 unit cell 

parameter b. It is worth noting that after the third plasma / recovery in air cycle at 500 mTorr (i.e. the last point 

in Figure 5), the XRR thickness of the film was 40.2±0.2 nm, this showing the coming to a saturation in the 

surface etching. 

To prove the reaction of hydrogen adsorbed at O1 sites with ambient air, specimen after 18 min hydrogen 

plasma at 500 mTorr was exposed to 24 h N2 flux directly after the plasma treatment (Figure S1b). As shown in 

Table S1, virtually no shift in the (0k0) reflections happened: we can fairly hypothesise that after N2 flux 

hydrogen stayed stored in the α−MoO3 layered structure. The potential for storing hydrogen on α-MoO3, and 

exploring methods for desorbing it at temperatures other than room temperature is currently under 

investigation. 
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Figure 5 – Percentage in the expansion of the unit cell parameter b, depicting the H2 
storage / recovery switches with repeated 18 min plasma at 500 mTorr cycles (dark 

blue circles) / 96 h exposure in air (light blue circles) cycles. The orange circle 
represents the untreated specimen. 
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Conclusions 

Hydrogen has the potential to play a significant role in the transition to a more sustainable and decarbonised 

energy system. However, its actual storage systems are of high cost, low energy density, and undergo safety 

concerns. While materials-based storage methods display interesting alternatives, a strong candidate for 

storing hydrogen still lacks. In this work, we have proposed [010] oriented α−MoO3 thin films as a promising 

alternative material for solid-state hydrogen storage. It has been shown that hydrogen plasma is a suitable way 

to hydrogenise, at room temperature and at relatively low pressure, α−MoO3 thin films. By means of XRD 

analyses, we have found that hydrogen located itself in the van der Waals gaps along the [010] crystallographic 

direction. The process has been found to be totally reversible in air, and recoverable after repeated cycles. 

Ongoing studies are being conducted to address the handling over the desorption process as a future research 

direction. 
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