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In search for non precious metal
oxide electrodes with the case of
BaMoO, thin films for hydrogen
evolution reaction
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Non-precious metal oxides are inexpensive catalysts for hydrogen evolution reaction (HER) in water
electrolysis to realize the global-scale green hydrogen production. Here, we report on perovskite
BaMoO, thin films fabricated by pulsed laser deposition. The metallic films, grown on single crystalline
NdGaO, substrates, have the expected stoichiometry, are crystalline, and epitaxially grown in (001)
direction. Relatively low electrochemical activity is found and the thin films rapidly degrade under HER
conditions, contrary to expectations from the literature. Our research highlights that the processing
conditions and the processing related properties of a material can have considerable effect not only on
the activity, but also on the stability. In particular, stability assessment is key in identifying promising,
alternative HER catalysts. In search for alternative materials, degradation needs to be investigated
from the very first and specifically include catalyst characterization after electrochemical aging
experiments. Attention must be paid to investigate the intrinsic properties of a material, to be aware of
processing related properties of a catalyst, and to complement the performance analysis with detailed
materials characterization.
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Water electrolysis has been considered as one of the most promising technologies for large-scale clean
hydrogen production using renewable electricity':2. However, materials scarcity and costs have hampered large
scale implementation®. In particular, the highest catalytic activity for the hydrogen evolution reaction (HER)
is achieved with precious metal Pt-based catalysts, which are electrochemically highly active and long-term
stable, but scarce and expensive. Therefore, less active Ni-based cathodes are usually employed in commercial
alkaline electrolyzers and alternative materials have to be investigated for further optimization. Non-precious
metal oxides might offer an alternative that is flexible in terms of composition, structure, and synthesis method.
However, their catalytic activity for HER is still inferior compared to precious metal catalysts though advanced
designs of complex shapes?, with well-structured porosity®, and heterostructures® have recently been boosting
HER activity and competitiveness. Many potentially highly-active non-precious metal oxide HER catalysts have
been reported recently’~14.

It is known that metal oxides are in general very stable in alkaline environment. However, fundamental
electrocatalyst research frequently does not address stability under reaction conditions specifically. Therefore,
long-term stability of alternative catalysts often remains largely elusive which hampers commercial interests. In
addition, most non-precious metal oxide HER catalysts have been studied mainly using wet chemical synthesis
where the catalyst is provided as micro- and nano-sized powder and used in combination with binders and
supporting materials, such as Nafion and carbon black. Such approach, appearing in first instance economically
beneficial regarding the scalable synthesis methods, impedes identification of intrinsic catalyst activity and
stability. Studies in other catalytic systems, like oxygen reduction and evolution reactions, have shown that the
intrinsic catalytic properties can be enhanced from the interactions between catalysts and supporting materials,
leading to the improvement of catalytic activity and stability'®. Such effects have not been addressed sufficiently
in HER catalyst systems. A point of attention is degradation due to mass loss of powder-based electrodes,
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which might remain undetected in short term lab experiments. However, such electrodes would likewise fail in
commercial application.

To investigate intrinsic materials properties as well as stability, thin films fabricated by vacuum thin film
deposition methods offer a possible route to identify stable catalysts with appropriate, intrinsic properties. Thin
film systems have drawn attention to the investigation of intrinsic catalytic properties of catalysts in oxygen
evolution reaction (OER) which is the other half reaction of water electrolysis next to HER'®. Catalyst materials
can, for instance, been grown as epitaxial single crystalline thin films on single crystalline substrates with specific
orientation. This allows to evaluate the intrinsic OER activity and stability solely as a function of orientation
which is not possible with multi-facet powders bound together with diverse chemical additions. In addition, the
actual surface area of smooth thin films is well known and can be approximated with the geometric area'®!?,
while the actual surface area of powder-based electrodes is challenging to assess'®. Thin film systems have also
facilitated the improvement of structure-property-activity descriptors of OER electrocatalysts, deriving new
design principles for the development of highly efficient OER powder-based catalysts'®!”. In this sense, thin film
systems are an ideal method to assess and to select non-precious metal oxide HER catalysts.

In this study, we examine the 4d transition metal oxide perovskite BaMoO, because it has been reported as
a highly-active and stable HER catalyst!?. While the material used by other researchers was processed by co-
precipitation, reduction process, and casting of powder in the presence of binders on glassy carbon!?, we employ
pulsed laser deposition (PLD) to grow BaMoO, thin films on single crystalline NdGaO,(001) . substrates (pc
stands for pseudo-cubic). The aim of our study is to confirm the high activity and stability of BaAMoO,, but in the
form of thin films as starting point for more detailed research on alternative materials for HER. However, the
results show that BaMoO, (001) is extremely unstable which questions also the long-term stability of multi-facet
BaMoO,.

Although a universal procedure of stability testing has not been established for thin film systems so far, our
work suggests that the general phase and facet instability of non-precious metal oxide HER catalysts can be
quickly assessed after CV cycles with thin films.

Experiments

Pulsed laser deposition of BaMoO,

Pulsed laser deposition (PLD) was performed in a system from TSST (Enschede, the Netherlands) with a base
pressure of 2 x 1078 mbar equipped with a (Krypton Fluoride) KrF excimer laser of 248 nm, pulse width of 25
ns, modulation frequency of 50 Hz (COMPexPro from Coherent Inc., USA) and in-situ reflection high-energy
electron diffraction (RHEED) (STAIB Instruments, Germany). The energy distribution of the laser is gaussian-
like. A stoichiometric BaMoO, target (1 inch/~25 mm in diameter, 99.99% purity, SurfaceNet, Germany) was
used in combination with a growth temperature of 700 °C, substrate-target distance of 50 mm, rectangular
(3:10) spot size of 1.8 mm?, fluence of 1.3 J/cm?, and laser-frequency of 2 Hz. The depositions were carried
out in vacuum with a base pressure of 2x 107 mbar at 700 °C without background gas. Single crystalline
NdGaO (001) (Shinkosha, Japan) substrates of 10x 10x 0.5 mm? were used as received. The same growth
COIldlthIlS were used for the deposition of BaMoO, films on native SiO ,/Si substrates, which were covered on
the surface by Ca,Nb,O,  nanosheets (more detalls in Supporting Informatlon)

Thin film characterization

Thin film X-ray diffraction (XRD) data were measured in Bragg-Brentano 0-20 geometry using PANalytical
X'Pert Pro MRD (Malvern Panalytical, Netherlands) with the selection of Cu Ka, radiation from a commercial
incoming beam Ge220 monochromator. BaMoO, thin films were investigated by Atomic Force Microscope
(AFM) (Bruker Dimension ICON, USA) operating in tapping mode with TESPA-V2 tip (Bruker) and high-
resolution scanning electron microscopy (SEM) with In-lens secondary electron detector on a Merlin field
emission microscope (Zeiss 1550, Germany) at electron high tension of 1.4 kV. The transport measurements
were performed in the 4-probe van der Pauw configuration using the Quantum Design Physical Properties
Measurement System “Dynacool” (Quantum Design, Germany).

Electrochemical measurements

Electrochemical measurements were carried out in a rotating disk electrode set-up (RDE, Pine Research, USA).
A custom-made adapter to hold the sample back side to the Pt plug of the rotating disk electrode was used'.
Platinum (Pt) of 50 nm thickness was sputtered for ohmic contacts on the back side and the front side edges of
the samples, employing a shadow mask. A circular film area of 0.289 cm? (or 6.07 mm in diameter) was exposed
to the electrolyte and sealed using an O-ring. The schematic of sample configuration for HER is described in
Figure S1 in the Supporting Information (SI). The RDE shaft was rotating at 1600 rpm. Electrochemical testing
was performed in an alkaline-resistant Teflon cell (Pine Research, USA) with a graphite counter electrode (Pine
Research, USA) using a BioLogic VSP-300 potentiostat (BioLogic, France). The electrolyte solution of 0.1 M
KOH was prepared by dissolving KOH pellets (Sigma-Aldrich, 99.99%) in deionized water (Milli-Q, > 18.2
MQ cm). The electrolyte was bubbled with Argon for at least 30 min before testing and also during testing. All
electrochemical measurements were performed at room temperature. Potentials were referenced to a Hg/HgO
reference electrode (Pine Research, USA) and converted to RHE scale using the measured Hg/HgO potential
of 0.889 V vs. RHE. All electrochemical testing was performed with a fresh electrode that had not undergone
previous testing. Cyclic voltammetry (CV) was performed in the range of 0.4 V (the open circuit potential)
to — 0.5 V vs. RHE at a scan rate of 10 mVs™'. Current densities are referred to geometric areas of the BaMoO,
thin film. Inductively coupled plasma mass spectrometry (Agilent Technologies 7900 ICP-MS, USA) in the He
collision cell mode was used to determine the amount of Ba and Mo in the electrolytes before and after HER.
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Results and discussion

Growth of BaMoO, thin films

BaMoO, thin films were grown by PLD on single crystalline NdGaO,(001) _substrates. The films were about 700
nm thick according to the thickness analysis in Figure S2a of the SI. They were single phase and oriented in (001)
direction with both out-of-plane and in-plane lattice constants of 4.04 A, relaxing to the bulk value of BaMo0O,*
(Fig. 1a and Figure S2b). The data confirm that no lattice strain is present in the 700 nm BaMoO, film. The
relatively large full-width-at half-maximum of the rocking curve of the (002) diffraction of 2.2° (inset Fig. la)
is likely due to the large lattice mismatch of 4.7% between BaMoO, (g, = 4.04 A)* and NdGaO 5(001),, (a,,
3.86 A)?!. This growth phenomenon is similar to the one reported of (LaBa, )SnO, thin films on smgle crystal
SrTiO, substrates with large lattice mismatch, where the film grows in a relaxed manner and the crystallinity is
not hampered?2. In addition, @ scans of (011) diffraction peaks of the film and the substrate (Fig. 1b) show that
four peaks, each 90° apart, can be observed at the same @ positions for both film and substrate, confirming the
four-fold symmetry of BaMoO, on the NdGa0,(001) e substrate.
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Fig. 1. Characterization of BaMoO, film grown on NdGa0O,(001) _substrate. XRD data in (a) symmetric
20-w scan and (b) fscans of film and substrate (110) peaks show single phase and single orientation perovskite
BaMo0,(001) film epitaxially grown on NdGaO,(001), _substrate. The Pt peak in (a) originates from the
sputtered Pt contacts for electrochemical measurements. The RHEED pattern, which was taken along the
NdGa0,[010] _direction, in the inset in (b) shows a streaky pattern, resulting from the highly crystalline

film w1th mod%rate surface roughness. The inset in (a) shows the rocking curve of BaMo0,(002). (c) AFM
image shows the surface morphology of the film with a root mean square roughness of 3 nm. (d) Resistivity
measurement indicates that the grown BaMoO,(001) film is metallic as the resistivity decreases with
temperature, and the film has a low resistivity of 56 uQ-cm at 300 K. The dashed red curve is a fit of the data
with T2 dependency in the range of 2-300 K.
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The inset of Fig. 1b shows a streaky RHEED pattern, which was taken along NdGaO [010] . direction, of the
BaMo0,(001) film, indicating that the film is crystalline, with moderate surface roughness "Ihis is consistent
with the AFM i image of the film surface with a root mean square roughness of 3 nm (Fig. 1c).

The electrical measurements show the temperature-dependent resistivity of a typical correlated metal with the
critical temperature T* = 150 K (Fig. 1d). Below T*, the electron-electron scattering is dominating the resistivity,
as shown by a T2 dependence of the resistivity. The BaMoO, film has a resistivity of 56 pQ2-cm at 300 K, which i is
a very low resistivity compared to other oxide thin films, such as LaNiO, with a resistivity of about 300 pQ-cm"
and comparable to BaMoO, powder (~ 50-100 p-cm)*’. Hence, according to XRD, AFM, and resistivity data, it
is evident that we have successfully grown single phase, smooth, and metallic BAM0O,(001) thin films on single
crystalline NdGaO,(001) = substrates.

Degradation of BaMoO, thin films under HER conditions

The electrocatalytic activity of single phase BaMoO, thin films for HER was assessed using RDE measurements
in a three-electrode configuration in 0.1 M KOH electrolyte. CV data of the first measurement cycle shows that
the HER current density is as low as -0.05 mA/cm? at -0.4 V vs. RHE (Fig. 2a). This is substantially lower than the
current density measured from wet chemically processed BaMoO, which was found to be -15 mA/cm? at -0.4
V vs. RHE!. Differences in surface area and exposed crystal facets, as well as the effects of binders and supports
may contribute to the differences in HER activity of BaMoO,". Such differences in activity between thin film
and powder-based films have also often been observed for OER catalysts'®.

During the CV anodic scan (i.e., the reverse sweep), a clear colour change of the electrolyte-exposed dark-red
film is observed when the sample was taken out of the RDE set-up after only 1 CV cycle under HER conditions
in KOH electrolyte (Fig. 2b). These results might point to an irreversible reaction of the BaMoO, catalyst. The
open-circuit voltage before CV was around 0.4 V vs. RHE, indicating that the film was not changed by going to
anodic potential.

The CV-cycled sample was cut cross-sectionally and investigated at different locations (Fig. 2b) using high
resolution SEM (Fig. 2c—e). In the Pt-contact area (location c) where no contact with the electrolyte was present,
the BaMoO, film appears intact and depicts thickness of 700 nm, shown in Fig. 2c. Near the edge of the O-ring
(location d), the BaMoO, film thickness drastically decreased, forming a wave-type-morphology film (Fig.
2d). At the center of the electrolyte-exposed area (location e), the film almost completely disappeared (Fig. 2e).
These changes of the BaMoO, film are due to an irreversible reaction and dissolution. The irreversible reaction
may be related to the 0x1dat10n of Mo®* to Mo™?3*, leading to the instability of BaMoO, perovskite structure
and eventually to the dissolution of BaMoO, into the electrolyte. This phenomenon is somewhat analogous
to the irreversible oxidation and dissolution of SrRuOQ, catalysts where Ru** is oxidized to Ru™** at high OER
potential?®. Figure S2c-d, where the BaMoO, film was pulled out at 0 V vs. RHE during the anodic scan, indicates
that the irreversible reaction and dissolution of BaMoO, film occur already under HER conditions (below 0 V
vs. RHE) and are not directly connected to the peak at 0.17 V vs. RHE in the anodic scan. We suspect that the
peak is probably due to the further oxidation of the remaining BaO_-MoO phases (see Figure S3-4) during the
anodic scan.

ICP-MS analyses of the electrolyte further support the irreversible reaction and dissolution of BaMoO,.
The pristine 0.1 M KOH electrolyte has only trace amount of Mo (0.2 pg/L) and Ba (4 pg/L) which originate
from impurities in the KOH pellets used for making the electrolyte. The electrolyte after 1 CV cycle of 700 nm
BaMoO, film under HER conditions, in contrast, has significant amounts of Mo (447 pg/L) and Ba (117 ug/L).
XRD patterns (Fig. 2f) taken before and after HER experiments, show a large decrease in the intensity of
BaMo0,(001) peaks after HER. The BaMoO,(001) peaks are not fully vanished despite apparent loss of BaMoO,
in the electrolyte-exposed area due to the large footprint of the X-ray incident beam which measures also the
unreacted BaMoO, film outside the electrolyte-exposed area. We suspect that the BaMoO, perovskite phase
ceases to exist in the exposed area after 1 CV cycle.

In summary, the fabricated submicron thick BaMoO, films in this study rapidly degraded within only 1 CV
cycle under HER conditions due to the irreversible reaction and dissolution of BaMoO, into the electrolyte. It is
worth noting that BaMoO, films from micro-sized powder was reported to be stable because the HER activity
in KOH electrolyte did not change within 1000 CV cycles (cathodic potential — 0.4 V vs. RHE)!?. However,
this prior work does not report whether the composition of the catalyst or the morphology of the electrode
changed. The instability of BaMoO, films in our work is not due to detachment of the BaMoO, thin film from
the NdGaO, substrate (Fig. 2), which is often observed in powder-based electrodes. Although there may be
differences in defect concentration due to the characteristics of epitaxial thin films and powder-based electrodes,
these differences may or may not make a large difference in stability of BaMoO, catalysts. For example, LaNiO,
OER catalysts are stable in OER conditions regardless of application in powder or thin film geometry?*. We
also deposited single out-of-plane oriented BaMoO,(001) films on native SiO,/Si substrates (see Sect. 3 in SI),
employing oxide nanosheets as a growth template? 2536 These films have more extended defects than the single-
crystalline films described above due to the grain-boundaries at the nanosheet intersections, offering a point
of comparison of BaMoO, films with differing defect properties. The same degradation was found under HER
conditions (Figure $3 and Figure 54 in the SI). Such difference in the (in)stability of BaMoO, in our work and the
reported study in the literature'” may be related to particular instability of the selected (001) facet in our study,
the amount of BaMoO, powder catalyst, or the effects of binders and supporting materials. Further studies are
needed to shed light on the origins of the contrasting observations. Regarding the intrinsic instability and low
activity of the BaMoO,(001) facet, it raises the general question whether BaMoO, also as multi-facet powder
catalyst can at all serve as a potential and stable catalyst for HER in KOH electrolyte. Future study on the other
facets of BaMoO, catalyst will give more insights about the HER performance of BaMoO, catalyst.
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Fig. 2. Degradation of single phase BaMoO, thin film on a single crystal NdGaO,(001) substrate under HER
conditions. Panel (a) shows the CV curve of a 700 nm thick single phase BaMoO,(001) thin film measured in
0.1 M KOH. The peak at 0.17 V vs. RHE is probably due to the further oxidation of the remaining BaO_-MoO
phases during the anodic scan. The current density is normalized to the exposed geometric area. Panel (b)
shows an optical image of the 700 nm thick BaMoO, (001) thin film sample before and after 1 CV cycle under
HER conditions with locations of high-resolution SEM cross-section images marked. (¢) SEM in the Pt-contact
area (no electrolyte contact). (d) SEM in the degraded area near the O-ring edge. (e) SEM in the degraded
center of the electrolyte-exposed area of the sample. Panel (f) shows XRD patterns of the film before and after

1 CV cycle.

Conclusions

Single phase, smooth, and metallic BaMoO, (001) thin films were successfully grown on single crystalline
NdGa0,(001),,_substrates by pulsed laser deposmon Significant changes in phase and film thickness revealed
rapid degradaﬁon of the BaMoO, thin films under HER conditions in KOH electrolyte. This was not expected
from earlier studies on BaMoO electrodes fabricated by wet chemical processing from powders!’. Crystal
orientation and / or additives used in the processing, such as binders, might be responsible for the different
findings. Further studies are needed to clarify this.

This study demonstrates that thin film systems are a useful tool to uncover intrinsic properties of catalysts
for HER. This work also raises caution for drawing conclusions about the properties of catalysts from the
electrochemical performance alone. Characterization of catalysts and derivation of intrinsic activity and stability
metrics should not be based on electrochemical measurements alone, but need to be complemented with further
materials characterization techniques, such as SEM, XRD, and ICP-MS¥, including characterization after aging
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and degradation protocols. In addition, this study confirms that thin films and powder based films of the same
composition often differ in orientation, crystallinity, additives, such as binders, temperature treatment. This
might have tremendous effect not only on the activity, but also on the stability and might explain different
performance for same material compositions. Stability is often reported as decay in performance, but the reasons
and the mechanisms of degradation need to be studied in more detail to reveal e.g. preferential dissolution of
individual facets. Such insides might help designing more stable electrodes. For this, thin films and wet chemical
processed films need to be investigated in conjunction in order to make high performing electrodes.

Data availability
The data that support the findings of this study will be available upon reasonable request from corresponding
authors, PT.P.L and C.B.

Received: 30 April 2025; Accepted: 23 September 2025
Published online: 29 October 2025

References

1. Jiao, Y., Zheng, Y., Jaroniec, M. & Qiao, S. Z. Design of electrocatalysts for oxygen- and hydrogen-involving energy conversion
reactions. Chem. Soc. Rev. 44, 2060-2086 (2015).

2. Lebrouhi, B. E., Djoupo, J. ., Lamrani, B., Benabdelaziz, K. & Kousksou, T. Global hydrogen development - A technological and
geopolitical overview. Int. J. Hydrog. Energy. 47, 7016-7048 (2022).

3. Zadick, A, Dubau, L., Sergent, N., Berthomé, G. & Chatenet, M. Huge instability of Pt/C catalysts in alkaline medium. ACS Catal.
5,4819-4824 (2015).

4. Ling, T. et al. Activating cobalt(II) oxide nanorods for efficient electrocatalysis by strain engineering. Nat. Commun. 8, 1509 (2017).

5. Luo, Z. et al. Mesoporous MoO3-x material as an efficient electrocatalyst for hydrogen evolution reactions. Adv. Energy Mater. 6,
1600528 (2016).

6. Gong, M. et al. Nanoscale nickel oxide/nickel heterostructures for active hydrogen evolution electrocatalysis. Nat. Commun. 5,
4695 (2014).

7. Lai, S. et al. Molybdenum-tailored perovskite oxides for efficient electrocatalytic hydrogen evolution via B-site engineering in
alkaline media. J. Power Sources. 630, 236089 (2025).

8. Mahapatra, G. et al. NdCoO3 nanoparticles grown on reduced graphene oxide sheets as an efficient electrocatalyst for hydrogen
evolution reaction. Int. J. Hydrog. Energy. 96, 612-621 (2024).

9. Alom, M. S., Kananke-Gamage, C. C. W. & Ramezanipour, E. Perovskite oxides as electrocatalysts for hydrogen evolution reaction.
ACS Omega. 7, 7444-7451 (2022).

10. Xu, X. et al. From scheelite BaMoO4 to perovskite BaMoO3: enhanced electrocatalysis toward the hydrogen evolution in alkaline
media. Compos. Part. B: Eng. 198, 108214 (2020).

11. Wang, J. et al. Water splitting with an enhanced bifunctional double perovskite. ACS Catal. 8, 364-371 (2018).

12. Dai, J. et al. Enabling high and stable electrocatalytic activity of Iron-Based perovskite oxides for water splitting by combined bulk
doping and morphology designing. Adv. Mater. Interfaces. 6, 1801317 (2019).

13. Xu, X. et al. A perovskite electrocatalyst for efficient hydrogen evolution reaction. Adv. Mater. 28, 6442-6448 (2016).

14. Wang, Y. et al. Enhanced overall water electrolysis on a bifunctional perovskite oxide through interfacial engineering. Electrochim.
Acta. 318, 120-129 (2019).

15. Alexander, C. T., Abakumov, A. M., Forslund, R. P,, Johnston, K. P. & Stevenson, K. J. Role of the carbon support on the oxygen
reduction and evolution activities in LaNiO3 composite electrodes in alkaline solution. ACS Appl. Energy Mater. 1, 1549-1558
(2018).

16. Choi, M. J. et al. Epitaxial design of complex nickelates as electrocatalysts for the oxygen evolution reaction. Adv. Energy Mater. 13,
2300239 (2023).

17. Kiens, M. Deeper mechanistic insights into epitaxial nickelate electrocatalysts for the oxygen evolution reaction. Chem. Commun.
59, 45624577 (2023).

18. Cossar, E., Houache, M. S. E., Zhang, Z. & Baranova, E. A. Comparison of electrochemical active surface area methods for various
nickel nanostructures. J. Electroanal. Chem. 870, 114246 (2020).

19. Baeumer, C. et al. Tuning electrochemically driven surface transformation in atomically flat LaNiO3 thin films for enhanced water
electrolysis. Nat. Mater. 20, 674-682 (2021).

20. Brixner, L. H. X-ray study and electrical properties of system BaxSr(1 -x)MoO3. J. Inorg. Nucl. Chem. 14, 225-230 (1960).

21. Marti, W, Fischer, P, Altorfer, E, Scheel, H. J. & Tadin, M. Crystal structures and phase transitions of orthorhombic and
rhombohedral RGaO3 (R =La,Pr,Nd) investigated by neutron powder diffraction. J. Phys. : Condens. Matter. 6, 127 (1994).

22. Kim, H. J. et al. High mobility in a stable transparent perovskite oxide. Appl. Phys. Express. 5, 061102 (2012).

23. Chang, S. H. et al. Functional links between stability and reactivity of strontium ruthenate single crystals during oxygen evolution.
Nat. Commun. 5, 4191 (2014).

24. Twight, L. et al. Trace Fe activates perovskite nickelate OER catalysts in alkaline media via redox-active surface Ni species formed
during electrocatalysis. J. Catal. 432, 115443 (2024).

25. Le, P. T. P, ten Elshof, J. E. & Koster, G. Shape control of Ca2Nb3010 nanosheets: paving the way for monolithic integration of
functional oxides with CMOS. ACS Appl. Nano Mater. 3, 9487-9493 (2020).

26. Le, P. T. P, Huang, S., Nguyen, M. D., ten Elshof, J. E. & Koster, G. Tuning the metal insulator transition of vanadium dioxide on
oxide nanosheets. Appl. Phys. Lett. 119, 081601 (2021).

27. Pedersen, A. et al. Operando Fe dissolution in Fe-N-C electrocatalysts during acidic oxygen reduction: impact of local pH change.
Energy Environ. Sci. 17, 6323-6337 (2024).

Acknowledgements

We thank Mark Smithers (MESA+) and Lisa Heymann and Astrid Kiippers (Forschungszentrum Jiilich) for
performing SEM and ICP-MS measurements, respectively. DIFFER and MESA+ are acknowledged for financial
support for this research.

Author contributions

PT.PL, G.K, A.B.H, C.B conceived the concept. PT.P.L conducted the experiments. V.R deposited BaMoO, films
and conducted AFM and XRD measurements. G.K, A.B.H, C.B supervised the experiments. PT.P.L wrote the
manuscript. G.K, A.B.H, C.B revised and edited the manuscript. All authors have given approval to the final

Scientific Reports |

(2025) 15:37801 | https://doi.org/10.1038/s41598-025-21707-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

version of the manuscript.
Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-21707-x.

Correspondence and requests for materials should be addressed to PT.PL. or C.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:37801 | https://doi.org/10.1038/s41598-025-21707-x nature portfolio


https://doi.org/10.1038/s41598-025-21707-x
https://doi.org/10.1038/s41598-025-21707-x
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿In search for non precious metal oxide electrodes with the case of BaMoO﻿3﻿ thin films for hydrogen evolution reaction
	﻿Experiments
	﻿Pulsed laser deposition of BaMoO﻿3﻿
	﻿Thin film characterization
	﻿Electrochemical measurements

	﻿Results and discussion
	﻿Growth of BaMoO﻿3﻿ thin films
	﻿Degradation of BaMoO﻿3﻿ thin films under HER conditions

	﻿Conclusions
	﻿References


