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ARTICLE INFO ABSTRACT

Keywords: We investigated structural characteristics of and hydrogen isotope interactions with thermally and electro-
Tungsten oxide chemically synthesized tungsten oxide (W-oxide) thin films (<50 nm). Specifically, we assessed whether elec-
Thin films

trochemically synthesized W-oxide could serve as a suitable proxy for thermally grown films in hydrogen
interaction studies. The W-oxide thin films were exposed to low-energetic atomic deuterium (D) to explore the
hydrogen uptake, retention, and intercalation effects of the W-oxide structure. The W-oxides were characterized
using grazing incidence X-ray diffraction (GI-XRD), scanning and transmission electron microscopy (SEM, TEM),
Raman spectroscopy, and Fourier-transform infrared spectroscopy (FTIR) before and after deuterium exposure.
The thermally grown W-oxides are crystalline, composed of orthorhombic WO3, while the electrochemically
grown W-oxides are amorphous with nanocrystalline domains. Deuterium retention studies revealed that the
electrochemically grown W-oxides show higher initial D retention compared with their thermally grown coun-
terparts and lower D release over time during storage, suggesting stronger D binding within the amorphous
matrix. Using ion beam analysis, we quantified the deuterium retention and examined the depth-resolved

Hydrogen isotopes
Deuterium uptake
Crystal structure

reduction of the oxide within the films following deuterium exposure.

1. Introduction

Tungsten (W) forms multiple oxide phases, which are a promising
class of transition metal oxide semiconducting functional materials used
in catalysis [1], as photoelectrodes [2], electrochromic devices [3],
chemical sensors [4], and energy storage [5]. Upon uptake of hydrogen
(H), the W-oxide changes its optical and electrical properties, especially
when applied in nano-meter scale thin films or nanostructured materials
[4]. For these applications, the nature of the hydrogen interaction with
W-oxide thin film is crucial, as it dictates the type of bonding, the speed
of its uptake and release, and the physical effect originating from
interaction. Furthermore, W-oxide thin films can also act as a hydrogen
permeation barrier, an effect studied mostly in the scope of hydrogen-
isotope permeation in plasma-facing W components of a future fusion
reactor [6-8]. The hydrogen permeation properties in the fusion context
were considered initially from the viewpoint of possible vacuum failure,
as any ingress of oxygen into the vacuum vessel and its reaction with
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heated W will lead to formation of W-oxide thin films. Such in-situ
formed W-oxide layers will act as a barrier preventing the outgassing
of the hydrogen isotopes from the bulk W, and also as a trap which can
chemically bond the hydrogen and its isotopes. [6,7,9,10].

In a recent study of hydrogen transport from bulk tungsten through a
thin tungsten oxide (W-oxide) surface layer, electrochemically synthe-
sized W-oxide was used as a proxy for thermally produced oxide thin
films, primarily due to its ease of production, and the precise control
over the film thickness [7]. Hence, one of the main objectives of our
research was to explore the interactions of hydrogen isotopes with
differently prepared W-oxide films, and to assess whether their in-
teractions are comparable. The behaviour and performance of W-oxides
are closely related to the degree of its crystallization [3,11]. Most W-
oxide applications consider using amorphous W-oxide, which can be
reliably produced as thin films with a uniform thickness or in nano-
structured form by electro-chemical oxidation, sputter deposition, sol-
—gel deposition, chemical vapour deposition or various other methods
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[4]. In sensorics, the amorphous W-oxide is preferred due to the higher
surface area and faster detection/colouration speed compared with
crystalline W-oxide. However, in some applications, e.g. oxides for solar
cell materials, (nano-)crystalline W-oxide phases have superior perfor-
mance [12,13]. Such crystalline W-oxide phases are produced by ther-
mal oxidation of tungsten in an oxygen-containing atmosphere, or even
by annealing and recrystallization of amorphous oxides [14]. The
crystalline W-oxide films obtained by thermal oxidation are known to
result in variable thickness depending on the crystal orientation of the
underlying W grains [15]. Such W-oxide thickness variation presents a
significant obstacle to improving the functional properties of the thin
film, as well as uniform response to H exposure [16]. This drawback can
be addressed by thermal annealing of electrochemically-produced
amorphous W oxide of uniform thickness, which recrystallize into a
nanocrystalline film with improved thickness uniformity [12,17].

The structural difference in amorphous and crystalline tungsten ox-
ides can also have significant impact on functional properties of the W-
oxide film, and on their response to hydrogen exposure. Up to now, most
studies are concerned with specific W-oxide applications and focus on
changes in the functional properties of the oxide films (e.g., light ab-
sorption, resistivity, and chemical yield) and their cyclic stability
[18,19]. For fundamental insight, we investigated thermally and elec-
trochemically grown W-oxide films with a comparable thickness of 50
nm, grown on polycrystalline W. We analysed the phase composition
and crystallinity of both oxides before and after exposure to low-energy
atomic deuterium (D) using Raman spectroscopy, optical microscopy
(OM), scanning electron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), grazing incidence X-ray diffraction (GI-XRD), and
transmission electron microscopy (TEM). With ion beam analysis, we
determined the D retention and the depth-resolved oxide concentrations
within the films before and after D exposure. Specifically, we considered
changes in the W-oxide structure during the intercalation of hydrogen
and quantified the hydrogen isotope concentration within the oxide, as
we assume significant differences in the hydrogen uptake and retention,
as well as in the chemical stability (reduction) of different structural
types of W-oxides.

2. Materials and methods
2.1. Bulk W sample preparation

As a bulk substrate, we used 15 x 12 mm plates of well-
characterised hot-rolled polycrystalline W metal (purity 99.97 wt%,
Plansee SE, Austria) [20]. The test coupons were grinded and electro-
polished to a mirror finish, according to the metallographic sample
preparation process [21]. After polishing, the W test coupons were
annealed at 2000 K for 5 min in ultra-high vacuum.

2.2. Oxidation of W test coupons

Two sets of samples were prepared, and the W test coupons were
oxidized thermally and electro-chemically to a projected oxide film
thickness of 50 nm.

Thermal oxidation of W test coupons was done in a vacuum
furnace. To minimize contaminations, the chamber was evacuated to a
base pressure of 10° Pa and purged with dry argon (purity 99.99 %).
The oxidation was performed at atmospheric pressure in a mix of 20 %
dry oxygen and 80 % dry argon at 600 K for of 36 h [6,22,23]. After
oxidation, the samples have a dark blue colour. In the following, the
thermally grown oxide films are referred to as “T-oxides”.

Electrochemical oxidation of W test coupons was performed as
described in [7,24] in an aqueous solution of 0.4 mol/dm? potassium
nitrate (KNO) and 0.04 mol/dm? nitric acid (HNO3) at room tempera-
ture (300 K). The W sample served as an anode, and two W sheets served
as a cathode. The final W-oxide film thickness was adjusted by the
applied voltage of 27.3 V. In the process, the thickness of the oxide film
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is self-regulating and the oxidation stops when the isolating oxide film is
thick enough to prevent electric current flow. In the following, the
electro-chemically grown oxide films are referred to as “EC-oxides”.

After oxidation and before the D exposure experiments, samples
were split into 4 parts to ensure accurate material characterisation and
cross-correlation of the results.

2.3. Material characterisation methods

The morphology and characteristic colours of the samples were
assessed by optical microscope (OM, Imager.Z1m, Carl Zeiss Microscopy
GmbH) in reflective mode using RL Hal polarized light fixed at 3200 K.
The micrographs were recorded by a CCD camera (AxioCam HRc, Carl
Zeiss GmbH) directly coupled with the optical microscope.

The crystal structure and phase composition of the thin oxide films
were analysed by grazing incidence X-ray diffraction (GI-XRD, EMPY-
REAN, Malvern Panalytical plc), utilising K-a radiation (1.5406 ng) from
a Cu anode excited at 45 kV and 40 maA. Diffractions were collected in
reflection mode, continuous 20 scan, with 4 mm fixed mask mono-
chromator and collimator (0.27°), with 0.01 step size and 0.05 s readout
period at 2.2° take-off angle.

The analysis of surface morphology and site-specific cross-sections
were made by dual-beam Scanning Electron Microscope — Focus Ion
Beam with a Ga-ion source (SEM-FIB, Helios NanoLab 650i, FEI Inc.).
The surface of the sample was in-chamber protected by Pt deposit, and
then cut by Ga-ions at 20 kV 100 pA. The features were visualised by
secondary electrons recorded by Everhart-Thornley detector at 15 kV
and 0.80 nA. The phase composition and crystal structure of the nano-
scale thin films were analysed by transmission electron microscope
(TEM, JEM-2100, JEOL Inc.), operating at 200 kV. The cross-section
samples were prepared by a combination of mechanical thinning and
Ar ion etching [25].

An inelastic photon scattering study was conducted by confocal
p-Raman spectrometer collecting a signal in back-scatter geometry
(NTegra Spectra II, NT-MDT LLC) using He-Ne laser operating at A =
633 nm. A 20 x objective lens with a numerical aperture of 0.40 was
used for laser-beam control.

The superficial functional groups were analysed by Fourier transform
infrared spectroscopy — Attenuated Total Reflectance (ATR-FTIR, Spec-
trum Two, PerkinElmer) at room temperature, probing the range of
wavelengths from 1800 cm ™! to 1100 cm ™! with a resolution of 4 cm ™},
accumulating 32 scans.

2.4. Deuterium exposure

W-oxide films samples were exposed to atomic deuterium in the well-
characterized and temperature-controlled “PlaQ” plasma source
[26,27]. In our experiment, the hydrogen isotope deuterium (D) was
used instead of the naturally abundant protium (H) to allow accurate
quantification of the areal density (amount) of D in the oxide film with
3He nuclear reaction analysis. To ensure that only atomic D with thermal
energies reaches the surface of the sample, a metal shutter between the
opening of the plasma cage and the sample prevents direct plasma
exposure [26]. The reason for this very gentle atomic D loading is to
minimize the D-induced reduction of the W-oxide, observed in previous
studies [6,22]. Further, the straightforward W-oxide loading with D, gas
at low temperatures is not feasible as a catalyst (e.g. Pd) would be
necessary to split Dy on the sample’s surface into atomic D (or H), which
can uptake into the oxide [13]. All D exposure experiments were con-
ducted at a temperature of 370 K to facilitate sufficient D uptake into the
oxide, without causing thermally induced reduction of the W-oxide.

2.4.1. Deuterium areal density and depth profiles

The D areal density (amount) and the depth-dependent D concen-
tration in the sample were assessed by nuclear reaction analysis (NRA),
applying D(®*He, p)*He and D(®He, *He)p nuclear reactions [28,29] and
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exploiting different incident He-ion energies to probe different depths
in the sample. As the information depth is determined by the stopping
power of the material and the energy of the incident 3He-ions, we used
energies of 500-4500 keV to probe the first 7 um of the sample, i.e., the
oxide film and the underlying bulk W metal. The uncertainty in the
quantification of the total D areal density is <5 % and is dominated by
the uncertainty of the cross-section [30,31]. The relative uncertainty for
comparison of the D areal density between different samples is, how-
ever, determined by the statistical uncertainties (counting statistics) and
the machine uncertainty (energy calibration and ion dose measurement)
and is <3 %. The resulting proton and alpha spectra were deconvoluted
by NRADC [29].

The depth resolution depends on the stopping power of the target
materials and the incident ion energy, and is sufficient to clearly sepa-
rate D in the oxide film from D located in the metallic W, but cannot
resolve the D depth profile within the oxide film itself [6]. As reported in
previous studies of the NRA depth-dependent D concentration mea-
surements, D is expected solely within the oxide film and has not tran-
sitioned into the metallic W substrate [6].

2.4.2. Oxygen areal density and depth profiles

The O areal density was determined via the 160(3He, po)lsF nuclear
reaction at an incident >He energy of 4 MeV using cross-section data
from [32]. The total uncertainty for oxygen quantification with this
method is <5.6 %, and is composed of the uncertainty in the cross
section (4.5 %) and statistical uncertainty (3 %), following Gaussian
error propagation. In total, the uncertainty for the relative comparison
of oxygen areal densities in the samples is within 3 %.

The depth-resolved concentration (depth profile) of oxygen within
the W-oxide films was quantified via Rutherford backscattering spec-
troscopy (RBS) performed before and after exposure to atomic D, using
“He ion beam at an energy of 800 keV and an incident angle of 70.5° to
the surface normal. The latter enhances the geometric path through the
film by a factor of three and by this improves the depth resolution. A
detailed description of this method is given in [6]. The resulting un-
certainty in the determination of the oxygen and W concentrations
within the oxide film is <1 %. Regarding the thermally oxidized sam-
ples, it should be noted that the beam spot (1 mm?) averages over

EC-oxide
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multiple W grains (diameter of 10-50 pym), and the grain-dependent
thickness distribution of the oxide film becomes relevant when inter-
preting the results. However, since the distribution of the grain orien-
tation is known from electron backscatter diffraction measurements it
can be fully accounted for and, thus, does not further influence the re-
sults [15].

3. Results and discussion

Microstructure and physical properties of the electrochemical
and thermally grown W-oxide.

The exposed surface of the W samples shows well-defined grains with
an average grain diameter of 10-50 um. After the oxidation processes,
the thermally (T) and electrochemically grown (EC) oxide have visually
similar dark blue-violet colours (SI, Fig. S1). Under polarised light, both
T-oxide and EC-oxide show vivid colouration that differs from the re-
ported colour of W-oxides as a bulk material: yellow for WO3, brown for
WO,, and blue for sub-stoichiometric WO3.x, where 0 < x < 1) [8,28].
Due to the nano-scale film thickness, the thin film on polished W sub-
strates shows strong interference colours that depend on the refractive
index and thickness of the W-oxide. For thermally (T) synthesised W-
oxide, we distinguished 3 main different colour groups: blue, violet and
yellow, covering individual W grains (Fig. 1 a,c). The electrochemically
(EC) synthesised oxide has a uniform blue colour regardless of the un-
derlying W grain orientation (Fig. 1 b,d).

To correlate the interference colours observed by Optical Microscopy
(OM) with the actual thickness of the W-oxide film, we performed a
combined OM and Focused Ion Beam - Scanning Electron Microscope
(FIB-SEM) analysis at identical locations. Regions with different inter-
ference colours in OM were located with the SEM, followed by FIB cross-
section cuts for thickness measurements. Additional data points were
obtained by positioning the cross-sections directly over the grain
boundaries. For the EC-oxide, the thickness of the W-oxide film is uni-
form across the entire sample, consistent with the intended value of 50
nm, with no variation over the grain boundaries (Fig. 1f, and corre-
sponding cross-section 6). In contrast, for the T-oxide, the oxide thick-
ness ranged from 25 nm (yellow regions) to 55 nm (blue regions)
(Fig. le, and corresponding cross-sections 1-5). The W-oxide film

=10} =110} ~[11]

Fig. 1. Overview OM micrographs of (a) thermally oxidized (T-oxide) and (b) electrochemically oxidized (EC-oxide) samples. (c, d) Highlighted selected regions for
identical location analysis. (e, f) SEM micrographs of highlighted regions, with FIB cross-section locations for thickness measurements marked, and (1-5) T-oxide OM
interference colours and corresponding cross-sections, with magnified regions from left (L) and right (R) grain; the variation of the oxide film thickness is indicated by
orange markers, while thickness of the EC-oxide (6) is uniform. (g) Correlation between interference colours and W-oxide thickness.
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thickness was found to depend on the orientation of the underlying W
grains. The W-oxide growth rate is parabolic, growing twice as fast on
low-index W{100} surfaces compared with W{111} surfaces, with the
oxide growth rate on W{110} being intermediate. The W grain orien-
tation is random, with other higher-index orientations having low
oxidation rates comparable with W{111} surfaces (Fig. 1g). These
findings align well with calculated predictions [15,23]. Thus, the
interference color of T-oxide layers with a thickness below 50 nm can be
also used to infer the orientation of the underlying W grasins.

The crystal structure of EC-oxide and T-oxide was analysed by GI-
XRD. In case of T-oxide, the recorded reflections correspond to a well-
crystallised combination of triclinic WO3 with a minor contribution of
WO,. In the case of the EC-oxide, we recorded only a broad and diffuse
peak between 20 and 25 °26 range, which is a typical response for
amorphous W-oxides [33]. No further phase identification was possible
(Fig. 2, and SI, Fig. S2).

OM and GI-XRD after the D exposure

Both oxide types were characterised by OM and GI-XRD before and
after exposure to atomic D at 370 K. Due to the changes in optical
properties of the oxide after the intercalation of D, information on the D
uptake/intercalation can be extracted from the colour changes of the
oxides after D exposure. After D exposure, the crystal structure of the T-
oxide appears unchanged, but an increase of the peak at 28 °20 can be
noted, which coincides with WO3 (PDF #20-1324) and hydrated W-
oxide (Hp 23WOs, PDF #42-1261). Immediately after exposure, the hue
of both oxides changed to yellow and slowly degraded upon exposure to
humidity (Supplementary Information File, Fig. S1). The initial colour
shift to yellow we attribute to the formation of hydrated tungsten oxides
due to the intercalation of deuterium. Over time, as deuterium is
released and the hydration effect diminishes, the oxide reverts to its
original state. This behaviour is indicative of reversible hydrogen in-
teractions with crystalline structures, a characteristic not observed in
the amorphous EC-oxide. To assess the D retention in the oxide, samples
were re-analysed after 70 days. No structural differences in the W-oxides
can be detected by GI-XRD. The OM images in Fig. 2 show the inter-
ference colours of the oxide films before exposure, 70 days after the D
exposure, and 700 days after the exposure. After prolonged D degassing,
the T-oxide does not show any significant changes. Conversely, the EC
oxide still shows a vivid purple colour even after 700 days, indicating a
change of optical properties due to the intercalation of D, but at the same
time maintaining its homogeneity.

GI-XRD
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Deuterium depth profiling by NRA

After the D exposure, the D accumulation in the W-oxides was first
analysed by NRA 7 days after the D exposure; the D depth profiles of T-
and EC-oxides are summarised in Fig. 3 a,b. During exposure to atomic
D, a significant amount of D enters both types of oxide film: amorphous
EC-oxide has a slightly higher D concentration of 4.5 at.% compared
with the 3.6 at.% in the well-crystalline T-oxide.

The samples were stored in vacuum, and the D depth profiles of both
samples were re-measured 70 days after the D exposure to determine the
D release from the oxide over time (Fig. 3 ¢,d). The D concentration in T-
oxide has decreased by 92 %, from 13.5 + 0.4 to 1.0 + 0.1 x 10'° D/m?,
indicating that the D retention in the crystalline T-oxide is almost
completely reversible, and that the binding energy of D in the T oxide is
low enough to allow an almost complete release during storage at room
temperature. On the other hand, after 70 days the EC-oxide retains the
majority of D, and the D content decreased by only 18 %, from 17.5 +
0.5 to 14.4 + 0.5 x 10'° D/m?, indicating that D is more strongly bound
compared with T-oxide.

Oxygen areal density and depth profiles by He-NRA.

Immediately after oxidation, the average oxygen areal density
measured by 3He-NRA of the T-oxide is 276 + 9 x 10'° atoms/m?, and
for the EC-oxide is 295 + 9 x 10'° atoms/m?. This shows that the total
oxygen areal density of the T and EC oxides films agree within 7 %. After
exposure to atomic D, the oxygen areal density of both samples does not
change within the measurement uncertainties; 282 + 9 x 10'° atoms/
m? for the T-oxide and 291 + 9 x 10'° atoms/m? for the EC-oxide,
indicating no significant amount of oxygen is removed from the W-ox-
ides during the intercalation of D. However, *He-NRA for oxygen has no
depth information and does, therefore, not allow to investigate changes
after D exposure, e.g., partial surface reduction or O transport within the
oxide film. For clarification, we analysed the homogeneity of O con-
centration by RBS-based oxygen depth profiling. The depth-dependent
oxygen concentrations within the T- and EC-oxides directly after
oxidation are shown in Fig. 4 a,b. The O content of the T-oxide is close to
stoichiometric WO3 (75 at% O and 25 at% W) throughout most of the
film thickness and only the topmost 10 nm show a slight O concentra-
tion increase. Similarly, the EC-oxide shows a uniform oxygen depth
profile with an average oxygen concentration of 76 at%; considering the
method uncertainty of 1 at%, the measured oxygen concentration would
correspond to stoichiometric WO3, too.

The oxygen depth profiles after exposure to atomic D (Fig. 4 ¢,d)

D-exposed (after 70 days) D-exposed (after 700 days)

Fig. 2. Left: GI-XRD analysis of thermally oxidised (top) and electrochemically oxidised (bottom) W-oxide. The main peaks for W (grey), WO3 (green) and WO,
(orange) are marked as a reference. Blue is the initial scan, and purple is 180 days after the D exposure. Red vertical line marks the hydrated W oxide peak. Right: OM
images showing interference colours of the oxide films before exposure, 70 days after the D exposure, and 700 days after the exposure.
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Fig. 3. Deuterium concentration as function of depth of thermally grown (left) and electrochemically grown (right) oxide. In both cases, D is only found within the
surface oxide layer itself and not in the underlying metallic W. Initially, the EC-oxide has higher D retention of 4.5 at.% compared with the T oxide of 3.6 at.%. After
70 days, the D concentration decreased by 92 % in T-oxide, and by 18 % in EC-oxide.

remain identical, within the uncertainty of the method. Specifically, no
W enrichment in the near-surface region of the oxide was observed, as
was the case of exposure to D plasma with D ion energies of 5 eV/D [22].
As mentioned before, in the present experiment, the D has even lower
energies as a shutter blocks the direct path from the plasma source to
target. D can only reach the sample surface after gas phase or wall
collision and has hence an energy corresponding to the gas temperature,
less than ~0.1 eV. Such low D energy does obviously not cause a
measurable reduction of the W-oxide. In combination with the signifi-
cant D uptake of ~4 at.% observed in both W-oxides, we can conclude
that the intercalation of low energetic D atoms into amorphous or nano-
crystalline oxide films does not cause a measurable reduction at expo-
sure temperatures below 370 K. The surface reduction of the W-oxide
film only takes place when it is exposed to energetic D particles (>5 eV)
or exposed at higher temperatures.[34].

Crystal structure and phase composition by transmission elec-
tron microscopy

To analyse the influence of D loading on the W-oxide crystal struc-
ture, both oxides after D exposure were analysed by TEM. The sample
preparation is challenging due the sensitivity of the oxide to tempera-
ture and moisture, but a combination of manual thinning and Ar-ion

etching yielded satisfactory results for the observation of nano-metre
oxide scales in cross-section [10]. In T-oxide, we identified a 45 nm
thick crystalline oxide layer in the form of pillar-like crystals extending
through the whole thickness of the oxide layer, identified as ortho-
rhombic WO3 (Fig. 5a). No orientation-dependence between W-oxide
crystallites and the W substrate underneath was observed. The oxide-
metal interface follows low-index crystal planes of the W substrate.
The oxide thickness on the W(010) surface coincides with the predicted
thickness derived from interference colours. No trace of metallic W was
observed on the surface of the W-oxide. In EC-oxide, we identified a
continuous 25 nm thick near-amorphous oxide layer (Fig. 5b), which is
thinner than expected. Possible reasons are selective etching and re-
deposition of W during Ar-ion milling. Inside the layer, only short-
range ordered crystallite domains smaller than 2 nm were observed
resembling hexagonal WO3 and monoclinic WO, which corresponds to
the low-intensity diffuse peaks observed in (GI-)XRD. Individual crystal
domains are randomly orientated inside an amorphous W-oxide without
any preference towards the W substrate. The interface is flat, suggesting
continuous propagation of the oxidation. As in the case of T-oxide, also
the top layer of the EC-oxide is free of any metallic W.
Raman and FTIR analyses
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Fig. 4. Oxygen concentration as a function of depth as measured by RBS before and after atomic D exposure. (a,c) thermally grown oxide, (b,d) electrochemically
grown oxide. Before D exposure, for both oxides the O concentration is close to stoichiometric WO3 (75 at% O), with a slight O increase for the T-oxide in the near-
surface region. After D exposure, the oxygen concentration in both films remains unchanged, and no surface reduction can be detected.

The p-Raman and FTIR analyses were performed to explore possible
interaction with and uptake of D into W-oxides during exposure, and to
determine how the crystal structure affects the D — W-oxide interactions
and how the D uptake affects the crystal structure of the W-oxide.
Additionally, to clarify if reduction happens during D intercalation and
to determine and compare the overall D uptake of both oxides. Both
analyses were performed 7 days after D exposure.

The y-Raman analyses were performed on as-received samples in air.
For the T-oxide (Fig. 6a), a narrow and intense phase-defining peak
(green) is located close to 807 cm™! (W—0 stretching vibration), indi-
cating the presence of an orthorhombic WO3 crystalline lattice. A set of
three fitted red peaks serve as an additional indicator of orthorhombic
WOy occurrence (after [35], and Table 2 within). After deuterium up-
take, there is an increased contribution of hydrated oxides (blue peaks in
Fig. 6a,b). This can be interpreted as retention of deuterium by W—0
and creation of W—OH/W—O0D bonds within the structure [36]. Due to
the D retention the contribution of the blue peak to the whole signal
increases by a factor of two for this T-oxide (Fig. 6a,b). However, there is
no observed influence on sample crystallinity, as concluded from the
peak width. For the EC-oxide, the green peak located at 777 cm™! is
hardly resolved (too wide), and two additional vibrational modes placed
at 696 and 660 cm™! can give a hint that the dominant structure is

monoclinic WO, [35]. Nevertheless, the width of the green peak in-
dicates that the structure is more likely amorphous and not crystalline
and involves the contribution of WOs. After interaction with deuterium
there is not only a significant change of the blue W—OH/W—OD-related
Raman modes (factor 3 increase in relative contribution), but also a
visible alteration of structure related to W—O vibrations is observed
(blue peaks in Fig. 6¢,d). Overall, the EC-oxide is more affected by
deuterium uptake than the T-oxide.

Raman spectroscopy is highly dependent on structural properties and
works for modes (vibrations) that induce changes in polarizability of
molecules. In contrast, FTIR probes changes in dipole moments, thus
being complementary to Raman. The structure-related O—W—O vi-
brations of the T-oxide sample undergo only slight widening after
deuterium uptake (Fig. 7a). Additionally, in this particular case, FTIR
was not able to confirm the presence of hydroxide bounds (Fig. 7al).
The opposite happens for the EC-oxide. In here, there is a drastic alter-
ation (new modes occur) of O—W—O0 bonding environments, confirm-
ing a high structural sensitivity of the sample to the deuterium treatment
(Fig. 7b). Moreover, complementing Raman results, FTIR reveals the
presence of bending vibrations (H—O—H at 1660 cm ™)) in both EC-
oxide samples (before and after deuterium uptake). It confirms that
this sample is more favourable to create hydroxides (most probably, a
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presence of small H—O—H small hump dark green curve in Fig. 7b1 is
related to environmental humidity). A crucial observation of Fig. 7b1 is
the much more intense 1660 cm ™! mode and, more importantly, a new
peak located at 1450 cm! (H—O—D bending motion [37]) confirming
more favourable interaction of deuterium with EC-oxide than that of T-
oxide.

Mechanisms of deuterium uptake and structural changes in W-
oxide

Amorphous materials generally have higher ability to absorb
hydrogen or deuterium than crystalline materials, which is due to a
higher density of defects, a short-order arrangement of atoms, free
volume, and undercoordinated sites. This mechanism has been
confirmed in various metals, such as W [38] and Be [39,40], as well as in
oxide system based on Zn [41], and Zr [42]. The lack of long-range
periodicity in amorphous structures results in a broad distribution of
energetically favourable interstitial sites, allowing easier H or D diffu-
sion and formation of stable bonds, such as —OH or —OD groups. In
contrast, crystalline phases have strictly defined lattice arrangements
and the binding sites are less accessible, and the hydrogenation occurs
only at limited specific defects (vacancies, grain boundaries) or requires
a higher chemical potential to occupy interstitial lattice positions.
Regardless of whether the oxide is amorphous or crystalline, the initial
interaction of hydrogen with the surface oxygen sites leads to the for-
mation of hydroxyl groups (—OH or —OD). However, amorphous sur-
faces often have more reactive oxygen sites, which allow faster and more
extensive formation of hydroxyl groups. In contrast, crystalline surfaces
have well-defined, lower energy terminations, resulting in fewer
undercoordinated sites and, consequently, fewer nucleation points for
hydroxyl layer formation, unless additional defects (vacancies, steps,
kinks) are introduced externally. Consequently, the kinetics of hydrogen
uptake are generally faster and more extensive in amorphous oxides.
The hydroxyl or deuteroxyl layers that form on the surface of amorphous
materials tend to develop more extensively compared to crystalline

materials.

For the tungsten oxides investigated in this study, these general
principles lead to observable differences in the Raman and FTIR spectra
when interacting with deuterium (D). In the more crystalline, ortho-
rhombic tungsten oxide (T-oxide), well-defined W—O environments
favour the formation of W—OD or W—OH bonds upon deuterium
exposure, but the overall lattice remains relatively intact. The long-
range periodicity restricts significant structural rearrangements, such
that the characteristic Raman peak at 807 cm ™! retains its sharp, narrow
profile and FTIR reveals only a slight broadening of the O—W—O0 vi-
brations. This indicates that the deuterium is incorporated but does not
significantly disturb the orthorhombic framework. In contrast, partially
amorphous or disordered tungsten oxide (EC oxide) contains a higher
density of defects and loosely coordinated sites that allow greater
incorporation of deuterium and bond formation. Raman spectroscopy
confirms an increased contribution of W—OH/W—OD-related modes,
often by a factor of two or three, and also indicates more pronounced
changes in W—O vibrations, suggesting significant structural reorgani-
zation. The FTIR results complement these findings, pointing to new
bending vibrations (H—O—D around 1450 cm’l) that demonstrate the
presence of deuterium-containing groups at the material surface. In
general, H—O—H bending appears at 1600-1650 ¢cm *, H—O—D at
1400-1450 cm™' and D—O—D at 1200 cm . This shift follows the
inverse square root relationship between vibrational frequency and
atomic mass. In our EC-oxide spectra, we clearly see the presence of
H—O—H and H—O—D, although the D—O—D peak is overlaid by a
broad shoulder of the metal oxide lattice, which is influenced by
deuterium uptake. While both orthorhombic and amorphous tungsten
oxides can accommodate deuterium, the amorphous phase undergoes a
much higher degree of structural alterations, highlighting how defects
and local disorder can determine the uptake of deuterium and subse-
quent changes in tungsten oxide materials.
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exposure to D atoms. No significant changes induced by D exposure in T-oxide, while in EC-oxide, the formation of deuterides is detected.

4. Conclusions

Thermally and electrochemically synthesized W-oxide films have
significantly different crystal structure characteristics, which influence
their interaction with low-energetic atomic hydrogen isotopes. The
thermally grown W-oxide is crystalline, composed of orthorhombic
WO3, with a thickness variation dependent on the orientation of the
underlying tungsten grains. In contrast, the electrochemically grown W-
oxide is amorphous with uniform thickness, containing sporadic nano-
scaled short-range ordered WO, and WOs crystallite domains. The
structural differences are the main factor effecting deuterium retention
and release. EC-oxide retains significantly more deuterium (D) than T-
oxide, even after prolonged storage. We attribute this to stronger bind-
ing of D within the amorphous matrix, which is in sharp contrast with
the almost complete D release observed in the crystalline T-oxide. The
low binding energy in thermally grown W-oxide allows for rapid D
degassing at room temperature.

Exposure to atomic deuterium at temperatures <100 °C did not cause
measurable W-oxide reduction or significant alteration of the W-oxide
structures, regardless of their initial crystallinity. This stability against
reduction contrasts with previously reported behaviours under higher
energy D plasma exposure [22,34,36]. Both W-oxides are appropriate
for applications where low-energy hydrogen and its isotope exposure is
prevalent.

On the one hand, the findings suggest that EC-oxide thin films may
serve as more effective hydrogen permeation barrier due to their higher
D retention and stability. On the other hand, T-oxide is more suitable for
sensors and detectors due to short degassing time. The T-oxide can
accumulate a large amount of atomic D at low temperatures (<100 °C),

but degasses quickly. Contrary to that, EC-oxide can accumulate com-
parable amounts of atomic D, but it is chemically bonded, forming
deuterides that remained stable for prolonged period.
The observed differences in hydrogen isotope retention between EC-

oxide and T-oxide also dictate their different suitability for practical
applications. The amorphous EC-oxide with uniform thickness has better
deuterium retention, maintaining stability even after prolonged storage,
making it a candidate for hydrogen permeation barriers or long-term
hydrogen storage systems, where sustained retention is critical. On the
other hand, T-oxide shows rapid deuterium release due to weaker
binding interactions, advantageous in dynamic systems requiring rapid
uptake and release, such as hydrogen sensors and detectors. The
observed differences show the importance of tailoring oxide structures
to specific operational requirements. Furthermore, for research pur-
poses, the electrochemically prepared amorphous oxide is not a suitable
proxy for crystalline W-oxide in terms of hydrogen interaction.
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