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Understanding the Role of Hydrogen and Oxygen in
Electronic Phase Changes of Nickelates

Laura Guasco,* Rebecca Pons,* David Cortie, Lars J. Bannenberg, Peter Wochner,
Eberhard Goering, Peter Nagel, Stefan Schuppler, Shohei Hayashida, Rotraut Merkle,
Bernhard Keimer, Thomas Keller, and Eva Benckiser*

Many electronic and electrochemical devices rely on the exchange of light
elements such as hydrogen and oxygen with the environment. Understanding
and tailoring the device functionality requires accurate information about the
concentration and chemical bonding of such species inside a solid, which is
particularly difficult if several species are exchanged. In LaNiO3 thin films in
situ transport experiments reveal a re-entrant metal–insulator transition upon
hydrogen exposure. The origin of this unusual behavior can be understood by
combining information about the stoichiometry and chemical bonding of
hydrogen and oxygen as determined by neutron reflectometry and x-ray
absorption spectroscopy, respectively. In addition to the metallic parent
phase, an insulating phase with composition LaNiO2.65 and a re-entrant
metallic phase with composition LaNiO2.15(OH)0.5 are identified. They can be
inter-converted by redox reactions in different external environments. The
methodology employed offers new insights into the mechanisms underlying
the influence of hydrogen in functional devices.

1. Introduction

Reversible hydrogen doping offers particularly interesting possi-
bilities for tuning the electronic properties of functional materi-
als. When incorporated into a host matrix, hydrogen can induce
reversible metal–insulator transitions[1–3] or selectively control
superconductivity[4–6] and magnetic transitions,[7–10] paving the
way for a new generation of hydrogen-based devices.[11,12] How-
ever, the development of new applications requires an in-depth
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understanding of the interaction between
hydrogen and its host, including the pre-
cise quantification of the hydrogen content
absorbed, and released. In particular, hy-
drogen can be incorporated in transition-
metal oxides in different forms: as an in-
terstitial proton H+, bound as an H− anion
or as an OH− ligand, or even as full wa-
ter molecule. These different forms lead to
significantly different valence states of the
transition metals and influence the physi-
cal properties of the material. Especially in
the case of thin films with large surfaces,
the hydrogen uptake can change the prop-
erties over the entire film thickness.

An interesting material system is the
rare-earth nickelates RNiO3 with R =
La-Lu, in which changes in resistivity
have been observed when hydrogen is
incorporated.[1,2,13,14] Even though hydro-
gen is commonly considered the only

responsible for electronic modifications, the possible formation
of oxygen vacancies is highly relevant as was found for LaNiO3
(LNO) in the context of electro-catalysis for the oxygen evolu-
tion reaction.[15] In addition to electronic doping by hydrogen
or oxygen vacancies, a change in the crystal structure due to the
reaction with hydrogen can also result in a change in the sam-
ple properties.[16] Since nickelates are very sensitive to hydrogen,
stable in harsh environments, compatible with conductive aque-
ous media,[17] and their resistance change being reversible and
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Figure 1. Electrical transport and simultaneous x-ray (neutron) scattering. a) Schematic of the experimental setup for in situ scattering and resistance
measurements. The samples are placed in an atmosphere-controlled chamber connected to a vacuum pump and gas mixtures; b) In situ electrical
transport under Ar/D2 atmosphere at room temperature for 10 nm LNO film.

controllable through an electric field[18–20] they have been pro-
posed as promising candidates for a range of applications: electric
field sensors in salt water,[17] biosensing,[21] electrolyte for solid
oxide fuel cells,[22] memory device,[20] microelectromechanical
system actuators[23] and neuromorphic computing.[19,24–26] Fur-
ther interest arises in connection with the recently discovered
superconducting infinite-layer nickelates with composition (R,
A)NiO2 (A = alkaline-earth ion). These are usually synthesized by
topotactic oxygen reduction through a reaction with CaH2, which
can also lead to hydrogenation, as has been shown for NdNiO3,[27]

and as well in superconducting films.[5] While the first experi-
mental and theoretical studies pointed to a possible role of hydro-
gen in realizing superconductivity,[5,28,29] successive studies have
ruled it out.[30–33] Interestingly, an unusual tendency for hydro-
gen intercalation was found for LNO, while it was assessed un-
favorable in several other nickelate systems considered.[30] This
lively debate demonstrates the urgency of addressing hydrogen
and simultaneously oxygen stoichiometry in thin films reduced
in different conditions.

In this work, we present an in-depth study of epitaxially grown
LNO thin films, which shows a multi-step electronic and struc-
tural transformation when exposed to hydrogen gas at room tem-
perature (RT). The hydrogenation of LNO, which is metallic in its
pristine form, first induces a high resistance behavior followed
by a second transition to another metallic phase. In situ, neutron
reflectometry shows that these transitions are accompanied by
considerable hydrogen incorporation with simultaneous oxygen
loss. The unusual H and O stoichiometry in the hydrogenated
LNO layer reduces the Ni valence significantly, as shown by x-ray
absorption spectroscopy, accounting for the observed electronic
transformation of the sample.

2. Results

To measure the changes in the film while exposed to the hydro-
gen atmosphere, we used a custom-built sample chamber, which
is shown schematically in Figure 1a (see Experimental Section
section for details). Electrical transport measured during the ex-
posure at RT showed a steep increase of the resistance followed

by a similarly steep decrease, until reaching an equilibrium state
over a time-scale of a few hours with final resistance in the same
order of magnitude of the initial values (Figure 1b). The system
showed stable properties as long as it stayed in a hydrogen-rich
atmosphere, however, we observed an immediate increase of the
resistance when the sample surface was exposed to helium, vac-
uum or air (Figure S1, Supporting Information). It was possible
to restore the pristine state of the samples through annealing in
air at ambient pressure and 500°C for 1 h, while annealing in
vacuum was not sufficient to reverse the reaction (Figure S2a,b,
Supporting Information).

To investigate the incorporation of hydrogen in the different
phases observed at room temperature, we performed x-ray reflec-
tometry (XR) and neutron reflectometry (NR) experiments.

Figure 2a shows the experimental NR curves together with the
model fits measured on the same sample successively annealed
in air and then exposed to hydrogen or deuterium gas for over
12 h. The fitting parameters are summarized in Table 1. We find
striking variations in both the thickness and scattering length
density (SLD) of the LNO layer. The thickness increases ≈18%
after exposure to hydrogen or deuterium, and is restored to its
original value after the annealing procedure. This large increase
in volume of the perovskite film can be ascribed to both oxygen
loss and hydration, as we will discuss below. The SLD on the other
hand is reduced to a different degree after H2 and D2 exposure,
indicating incorporation of hydrogen atoms in the film.

By using the isotope contrast of hydrogen and deuterium, the
amount of hydrogen absorbed by the film can be accurately de-
termined assuming for both isotopes that the same equilibrium
phase is reached at the end of the reaction: LaNiO3 − 𝛿Hx. Then,
by simple algebraic substitution, it follows that:

x = ΔSLD
𝛾(bD − bH)

(1)

where x is the hydrogen concentration, ΔSLD is the difference
between the SLD of the LNO layer exposed to deuterium and
hydrogen, 𝛾 is the atomic density of the LNO layer and bD
and bH are the scattering length of deuterium and hydrogen,
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Figure 2. Structural characterization of the LNO film after sequential an-
nealing and subsequent hydrogen and deuterium exposure by comple-
mentary neutron and x-ray experiments. Panel a): In situ neutron reflec-
tometry; panel b): X-ray diffraction measured on the same sample after
annealing (labeled ann0 and ann1) or gas exposure of the annealed sam-
ple (H2 and D2 labeled curves); panel c) XRD scan along 00L comparison
between the state after annealing (ann) and the hydrogenated state (H2).
The red arrows highlight the new features after gas exposure and the gray
stars indicate the peaks attributed to the PdAu capping layer.

respectively. Our results show absorption of 0.51 hydrogen atoms
per formula unit, i.e. one hydrogen atom per two Ni atoms. Fix-
ing this value for the H/D content and considering the layer ex-
pansion we still find a reduced SLD for the LNO layer, which can
be explained by a change of the oxygen stoichiometry from 3 to
3 - 𝛿. The calculation gives 𝛿 = 0.35, which corresponds to a film
stoichiometry of LaNiO2.65H0.51. Additional NR experiments per-
formed on thinner samples with 10 nm LNO confirmed a com-
parable and reproducible amount of absorbed hydrogen and re-
duced oxygen content.

To exclude a possible influence of the capping layer and
substrate in the observed electrical and structural transforma-
tion, we conducted additional transport and NR measurement
on 5 nm thick Pd0.6Au0.4 layers deposited on SrTiO3 (STO).

Table 1. Fitting parameters and their statistical uncertainty.

dLNO [Å] dPdAu [Å] SLDLNO [10−6Å−2] SLDPdAu [10−6Å−2]

ann0 (M) 196.6 ± 1.1 79.3 ± 0.7 5.94 ± 0.01 4.83 ± 0.06

H2 (M*) 235.5 ± 1.0 80.0 ± 0.6 4.712 ± 0.006 3.54 ± 0.03

ann1 (M) 202.4 ± 0.5 82.6 ± 0.4 6.053 ± 0.008 4.35 ± 0.03

D2 (M*) 235.2 ± 0.4 85.6 ± 0.4 5.509 ± 0.006 3.77 ± 0.02

The results, shown in Figure S3 (Supporting Information), ex-
hibited no change before and after hydrogen exposure, which
clearly ruled out the possibility that the observed resistivity and
NR changes at RT are due to transformations of the catalyst
layer.

Prior and immediately after each NR experiment, additional
ex situ x-ray reflectivity (Figure S4, Supporting Information) and
diffraction (Figure 2b) measurements were performed. The fit-
ting of XR curves confirmed the thickness swelling and density
decrease observed after gas exposure in NR (Table S1, Support-
ing Information) and in additional in situ XR results shown in
the Figure S5 (Supporting Information). While XR and NR pro-
vide depth profiles of the electron or nucleus density, respectively,
x-ray diffraction (XRD) provides information on the crystalline
properties of the sample, i.e. about the atomic distances and the
symmetry of the crystal. For the pristine and annealed sample
we clearly observe a series of (00L) peaks attributed to the per-
ovskite LNO phase, with a pseudo-cubic (pc) c-axis cpc = 3.824 Å.
This value is slightly larger than what is expected for LaNiO3
on STO,[34] which can be explained by oxygen vacancy forma-
tion (studied in detail e.g. for SmNiO3 − 𝛿

[35]). The annealed film’s
(001)pc reflections in Figure 2b are intense and superimposed by
Laue thickness oscillations, indicating good coherence and epi-
taxial growth of the LNO layer and its recovery through anneal-
ing. After exposure to the reducing atmosphere the perovskite
peaks disappear and new peaks appear at substantially lower Q,
indicated by red arrows. Assuming a simple out of plane lattice
expansion of the perovskite, this would correspond to a colos-
sal 13% increase in the c parameter, similar to that reported in
ref. [36]. The lattice expansion alone is not sufficient to explain
the total thickness increase observed by NR and XR, suggest-
ing the formation of macroscopic defects or cracks in the layer
upon hydrogenation. The formation of disorder is also seen in
the in situ, wide-range out-of-plane XRD scan (Figure 2c) and
reciprocal space maps (Figure S9a,b, Supporting Information),
which shows all the perovskite film peaks diminish and broaden
after hydrogenation. Only the (001) reflection exhibits a distinct
sharper feature, suggesting that a different crystal structure is
formed, the detailed properties of which remain to be determined
in a future study.

All results shown in Figure 2 and Table 1 discussed so
far present an equilibrium state either before introducing
hydrogen or after the sample was exposed to the atmo-
sphere for several hours and no changes were detectable
anymore.

To gain insight into the kinetics and stability of the hydrogena-
tion process, we followed the changes in the sample with contin-
uous measurement of short NR scans (Figure 3a). Using an au-
tomated routine, a simple model was fitted to each of the reflec-
tivity curves to extract the most relevant parameters, the thick-
ness and SLD of the LNO film, as a function of time after the
introduction of the gas atmosphere. Figure 3b shows the results
for the nickelate SLD. The empty circles are extracted from the
short scans with momentum transfer Q up to 0.045 Å−1 and thus
have larger errors, while the diamonds correspond to the exten-
sive scans from Figure 2a/Table 1. The previously made assump-
tion that the film would reach a state of equilibrium is confirmed
by the stability of the fitting parameters, which are reached af-
ter ≈500 min and agree well with the values extracted from the
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Figure 3. Changes in the LNO film over time during H2 and D2 loading. a) In situ continuous NR scans measured during the H2 and D2 loading. Solid
lines show the fit to the model curve. For clarity only selected scans are shown (more details on the fast changes at the beginning of the gas exposure
in Figure S7a, Supporting Information); b) SLD of the LNO film extracted by the automatic fitting routine from fast short reflectivity scans taken during
loading “(gray points indicate scans with unstable chamber pressure that were therefore excluded from the fit, for more details see Figure S6, Supporting
Information)”; c) hydrogen and oxygen content per unit cell (UC) versus time and out-of-plane (OOP) lattice expansion extracted from NR fits of the
thickness and SLD; d) (001) peak evolution during hydrogenation from in situ XRD.

long scan. The changes are faster in the beginning and their time
dependence, tracked by SLD in Figure 3b, resembles an exponen-
tial decay.

Our observations over several measurements on different
samples suggest that the hydrogenation speed is hydrogen partial
pressure and cycle dependent (Figure S9, Supporting Informa-
tion). For this reason, we have used the hydrogenation-dependent
layer thickness variation as a measure of the status of the reaction
process. Using the same equations as above, the hydrogen and
oxygen content can then be calculated over time (Figure 3c), with
the time scale of the hydrogen data set rescaled to match the one
of the deuterium run. The calculated initial oxygen content is not
three as for a perfectly stoichiometric perovskite, indicating that
the sample is not fully reoxidized after annealing in air, which
is consistent with the slightly larger cpc extracted from the XRD
data. This is likely due to the presence of the catalytic layer, which
enables partial oxygen vacancy formation already at ambient con-
ditions. However, after application of the hydrogen atmosphere,
the sample clearly loses oxygen at the same time as it takes up
hydrogen. This suggests a dual-ion transformation, as has been
observed in other perovskite systems.[7,41]

To follow the structural changes during the process, additional
synchrotron XRD measurements were carried out under in situ
exposure with He:H2 gas (Figure 3d). Similar to the process mon-
itored with neutrons, the changes occur fast in the beginning and
then slow down. The shorter time scale compared with the neu-
tron measurements can be attributed to the higher H2 partial
pressure. The observed new (001)pc peak developed during hy-
drogenation and gradually separated from the original perovskite
peak, with the intensity of the latter decreasing and its width in-
creasing. Hydrogenation expands and reshapes the lattice, cre-

ating disorder and presumably changing the overall structure.
The hydrogenated phase (M*) is metastable. Once hydrogen is
removed from the atmosphere, e.g. replaced by pure He, in situ
XRD shows the peak immediately shifting back toward lower cpc
(Figure S9, Supporting Information).

With the composition of LaNiO2.65H0.51 precisely determined
from neutron reflectometry, the question arises as to the form
in which the hydrogen is incorporated, i.e. as H+ or H− ion.
To gain insight into this, we have performed soft x-ray absorp-
tion spectroscopy (XAS) measurements on the hydrogen-loaded
film and confirmed the metastability on a sample left one day
in air (labeled S). The measurements at the Ni-L edge and their
linear polarization dependence provide insight into the Ni va-
lence state and the crystal field, respectively (Figure 4a), and the
spectra at the O-K edge reflect the site- and symmetry-projected
hybridization of cations forming covalent bonds with oxygen
(Figure 4b).

Soft XAS data for the Ni(OH)2-NiOOH redox system, analyzed
in the context of water electrolysis or cathode materials, provide
a good refs. [39, 42, 43]. The comparison suggests that an oxy-
hydroxide LaNiO2.15(OH)0.5 with Ni1.8 + ∼ Ni(II) is formed dur-
ing hydrogen loading. The Ni-L edge XAS compared to LaNiO3,
NiO and LaNiO2 as well as the O-K pre-peak at 532 eV are in-
dicative of Ni(II), which is also consistent with hydroxide forma-
tion. We conclude that hydrogen is incorporated as protons in
the nickelate film. The near absence of linear dichroism in the
Ni-L spectra indicates that the OH ligands randomly replace the
O2 − ions in apical and basal positions of the NiO6 octahedra.
However, a previous study of related 𝛽-NiOOH has shown that
hydrogenation does not occur at opposite oxygen atoms in the
octahedron.[44]
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Figure 4. Near-edge x-ray absorption fine structure at a the nickel-L3, 2 and
b oxygen-K edge. Both panels compare the spectra recorded on the LNO
film immediately after hydrogen exposure (M*) and after leaving the film
in air for one day (S). All spectra were normalized at energies well above
the edge. The Ni-L spectra were measured with linearly polarized x-rays,
with the electric field vector in the plane (x-pol.) and out of the plane of
the film (z-pol.). For easier comparison spectra extracted from refs. [37,38]
and [39] have been plotted as well with some offset for visibility. The data
of ref. [37] are also shifted in energy to match the La-M4 line’s position.
The La-M4 line in each data set, which is partially overlapping with the
Ni-L3 line, was fitted with a Lorentzian and subtracted. The inset in panel
b illustrates the incorporation of hydrogen as a hydroxide anion into the
structure of LaNiO2.5,[40] where the OH ligands form OH–O bridges along
the octahedral edges.

When the hydrogen atmosphere is removed, i.e. M* → S, the
oxyhydroxide decomposes with time:

4 LaNiO2.15(OH)0.5 +
1
2

O2 → 4 LaNiO2.65 + H2O (2)

The accompanying formal Ni valence change from Ni1.8 + to
Ni2.3 + could explain the changes in the fine structure of the L3
edge at 855 eV and the altered ratio of the double-peak structure
at the L2 edge.[43] A further indication of this decomposition is
the growth of the Ni(III)-O hybridized pre-peak at the O-K edge
at 528 eV. The intensity between 534 and 537 eV is higher in M*
(Figure 4 b), consistent with the peak present for Ni(OH)2 and

water molecules with one uncoordinated O-H group,[38,39] and
decreases in phase S.

The temperature dependence of the resistance of the film at
various stages of the reaction was investigated by cooling down
to 3.5 K (Figure 5a). While the untreated sample shows the typ-
ical metallic behavior (M) of LNO, the final state (M*) shows a
different metallic behavior, indicating a metal-to-metal transition
≈200 K followed by a slight increase below 15 K (Figure S10, Sup-
porting Information), reminiscent of the upturn observed in un-
doped NdNiO2 reduced with CaH2.[45] After a few days in air, the
layer (S) shows a semiconducting temperature dependence of re-
sistance (red dashed line in Figure 5a), a clear change compared
to the final state (M*), but no return to the pristine state (M). By
annealing at 500 °C over several cycles we reproduced the metal-
lic characteristic curve of the pristine state, with a slight increase
of the residual resistivity ratio, indicating more defects in the sys-
tem after each hydrogen exposure and air annealing (Figure S11,
Supporting Information).

3. Discussion

A modification of the electronic properties of nickelates upon
interacting with hydrogen has been observed in several experi-
ments: i) Reduction with CaH2, leading to the gradual removal
of apical oxygen atoms from the perovskite to the infinite-layer
phase, ii) hydrogen incorporation by catalyst-assisted H2 gas
exposure,[1,20] or iii) gating with ionic liquids (IL).[46] The meth-
ods utilized to characterize the obtained new phases were var-
ious, for example, secondary-ion mass spectroscopy[5,36] or nu-
clear reaction analysis[16] were used to detect hydrogen in thin
films. In addition to being ex situ, these techniques are either
destructive to some degree or indirect, contrarily to the isotope-
contrast NR measurement used by us. Photo-electron spec-
troscopy and XAS were measured to confirm an increased ratio of
Ni2 + with respect to Ni3 + in hydrogenated samples,[1,47] similar
to our observation. Correspondingly, XRD characterization found
unit cell volume expansion in both CaH2 reduced samples[48] (dry
atmosphere) and, to a bigger degree, in wet environments such
as IL-gated NdNiO3.[36] The comparison with these works sug-
gests that both oxygen reduction and hydration contribute to the
giant swelling observed by us. The concomitant loss of oxygen
was generally not considered or observed in catalyst-assisted hy-
drogenation or IL gating works, even though the phenomenon
of simultaneous hydrogen inclusion and oxygen loss is known
to occur for other transition-metal oxides.[7,41,49] Due to the high
mobility of hydrogen and oxygen ions in oxides, it is essential
to choose a set of characterization tools that allows for in situ,
quantitative and non-destructive measurements, such as our in
situ neutron reflectometry in combination with resistance mea-
surements and XAS. Combining the information from all these
diverse measurement methods, we can sketch a complete picture
of the reaction cycle in Figure 5b.

When the pristine, metallic LaNiO3 film with a catalytic layer
(I) is exposed to a hydrogen atmosphere at RT, some of the hydro-
gen ions combine with oxygen to form water molecules, which
are leaving the film, while another part remains in the LNO film
in the form of OH anions (Phase II). The final phase that can
be reached under these conditions is the metallic oxyhydroxide
LaNiO2.15(OH)0.5 with a formal valence state of Ni1.8 +. However,
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Figure 5. Electronic modifications of the LNO layer when exposed to reducing and oxidizing atmosphere. a) Electrical transport upon cooling at various
reaction stages; b) schematics of redox reaction cycle between M (I), M* (II) and S (III) LNO layers upon exposure to hydrogen gas, air at RT and air at
500°C.

this phase is only metastable, because when the hydrogen atmo-
sphere is replaced by air, the hydrogen start to migrate to the sur-
face until they reach the catalyst and form water bonding the oxy-
gen present in the air (III). At RT the oxygen stoichiometry does
not change, forming the semiconducting LaNiO2.65 with the Ni
oxidation state increasing to Ni2.3 +. Finally, when heating the oxy-
gen deficient LaNiO2.65 in air at 500 °C the initial metallic LaNiO3
phase can be recovered (I).

With the exception of ref. [50], previous studies[1,2,14,20] only ob-
served the metal-to-insulator transition part of the reaction which
is likely due to inhomogeneity, with patches of LNO at different
stages of the reaction. In our case the sample was thin and the
catalyst covered the entire surface ensuring homogeneous hydro-
genation, while so far samples were prepared with Pt patterns,
thus never generating a continuous path of hydrogen-rich LNO
like ref. [50] achieved with connected grain boundaries. The fi-
nal phase reached with patterned Pt is stable in air and poor in
hydrogen, fitting what we labeled S phase.

Another process involving hydrogen and modifying the oxy-
gen stoichiometry in nickelates is the reduction by CaH2, but the
chemical reaction is substantially different. Hydrogen released
from the hydride seizes oxygen from the nickelate layer, and is
then bonded to the Ca2 + ions, when in direct contact, to form
Ca(OH)2 hydroxide. Reduced by CaH2 the final state of LNO is
metallic too, but without further experiments it remains unclear
whether the similarly low Ni valence is achieved by oxygen loss
or hydrogen doping, or even a combination of the two.

4. Conclusion

In conclusion, we observed a cycle between three phase tran-
sitions at room temperature by exposing an epitaxial LaNiO3
thin film capped with a catalytic Pd-Au layer to hydrogen gas. In
situ, non-destructive neutron reflectometry revealed a concomi-
tant hydrogen incorporation and oxygen loss at the origin of the
structural and electronic modifications of the nickelate layer. XAS

spectra indicated an average reduced Ni valence, and presence of
hydroxyl groups inside the thin film. Our results for the nicke-
lates explain the observed switching behavior exploited in multi-
ple device designs and represents an alternative method to study
the mobility of oxygen in the lattice under reaction with hydro-
gen, which is critical for its electrocatalytic activity. This study
shows the importance of using the appropriate combination of
techniques to unveil the real stoichiometry and nature of bonds
between atoms in systems and processes that involve hydrogen
and oxygen. Going beyond nickelates, this approach can be ex-
tended to other transition metal oxide electrocatalyst candidates
or proton-based functional materials. The high mobility of light
atoms at ambient conditions makes it essential to perform in situ
studies to have a full picture of the reaction at work.

5. Experimental Section
Thin Film Growth: The investigated samples were grown by molecu-

lar beam epitaxy (MBE) on 10 × 10 mm2 (100)-oriented STO substrates.
The 10–20 nm thick LNO films were grown by sequentially opening the
La and Ni effusion cells with the substrate temperature at ≈600 °C in a
2.4 × 10−5 mbar ozone atmosphere and cooled down keeping the ozone
pressure. To add the catalytic capping layer the sample remained in the
chamber, the ozone was pumped out and with the sample at room tem-
perature the Pd and Au effusion cells were opened simultaneously until
≈3–5 nm were deposited. The composition Pd0.6Au0.4 was chosen in or-
der to have a good hydrogenation kinetics and limited expansion which
could cause strain. Following a study from L. Bannenberg et al.[51] Pd has
a fast response time and alloying it with 40% Au even enhances this while
also suppressing the transition to the PdHx𝛽-phase at higher hydration re-
ducing the volumetric expansion thus improving cyclability. Before growth
the fluxes were calibrated in vacuum with a quartz crystal microbalance
(QCM) matching the Pd flux to 1.5-times the Au flux. During the growth
of the nickelate the Ni shutter opening time was adjusted according to the
reflection high-energy electron diffraction (RHEED) feedback. For more
details on the MBE system see ref. [52].

Hydrogen Exposure: The LNO films were exposed to hydrogen atmo-
sphere at room temperature in a custom-made air-tight cell throughout
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this study. The chamber included inlets for connection to a vacuum pump
and gas bottle. Two types of mixtures were typically used: A1−x%/H2x% or
A1−x%/D2x%, with A being an inert gas such as Ar or He and x the con-
centration of hydrogen gas between 2% to 4%. The use of mixtures was
preferred to pure gases due to safety reasons. Argon mixture was initially
chosen as the more commonly available, but due to its high absorption of
x-rays it was replaced by He for all synchrotron XRD measurements. Typical
gas pressure used during the transport, XR and NR measurements were
of 100–200 mbar static atmosphere, while a pressure of 1 bar was used for
the in situ synchrotron XRD measurement. Annealing in the air to restore
the sample after hydrogen exposure was performed at ambient pressure
and 500°C for 1 h. Furthermore, one should note, that increased rough-
ness of the capping layer was observed after each loading and annealing
step so samples that were cycled more than about four times received a
new capping layer in the MBE which increased the reaction speed again.

Electrical Transport: A four-point contact probe compatible with scat-
tering experiments was realized with four spring-loaded pins pressed on
the surface in the sample’s corners. The current of 1 μA was applied along
two adjacent contact and the voltage arising was measured along the two
opposite ones. A Lakeshore M81 lock-in amplifier was used to reduce the
noise and improve the signal. Due to the μm size of the pins tips the scat-
tering path of x-ray and neutrons remained unaffected.

Neutron Reflectometry: Reflectometry is a technique that allows to
quantify the depth-dependent structural properties of thin films in terms
of the scattering length density (SLD), which is a quantity that accounts
for the scattering potential of different atoms weighted by their atomic
density.[53] X-ray and neutrons are complementary probes as their scatter-
ing potential on the same materials can be widely different. While x-rays
interact with the electrons, neutrons are scattered by the nuclei.[54] Light
elements, such as hydrogen, are practically invisible to x-rays due to the
low electron density. However, the negative scattering length of the hy-
drogen nucleus provides a strong contrast in the scattering of neutrons.
In addition, the contrast with deuterium was used, which has almost the
same chemical properties but a positive neutron scattering length. Details
of the calculation for the hydrogen and oxygen stoichiometry are found in
Note S1 (Supporting Information).

Time-of-flight neutron reflectometry (NR) was performed at the SPATZ
reflectometer at ANSTO.[55] The wavelength resolution Δ𝜆/𝜆 was set to
5% and the slits were chosen to have an angular resolution Δ𝜃/𝜃 of 5%
too. Reflected neutrons were collected in a 2D position sensitive 3He de-
tector. Samples were placed in a specialized DEC-1 chamber for controlled
temperature and gas exposure. For each sample long NR curves were ac-
quired before and after hydrogenation covering a qz range from 0.007 to
0.173 Å−1 with three incident angles of 0.6°, 2.2°, and 4.0°. Prior to hy-
drogen loading, the chamber was first evacuated and then 150 mbar of
either H2(3.5%)/Ar(96.5%) or D2(4%)/Ar(96%) mixture were inserted in
the chamber. During hydrogen exposure consecutive low-Q range scans
up to 0.044 Å−1 at incident angle 0.6° of 60 s each were recorded contin-
uously until no further changes in NR were observed. The data was then
subsequently grouped in batches of 10 min to improve statistics and re-
duce the error bars for the batch fitting. All data were reduced and normal-
ized utilizing in-house scripts.

The capping layer experiments and preliminary LNO trials were also
performed at the ROG neutron reflectometer of the TU Delft reactor,[56]

with in situ transport setup to measure in situ the resistance changes
upon hydrogen exposure. The incident angle was set at 0.43° and the
wavelength resolution was set to 6%. The gas exposure procedure was
performed in a custom cell with simultaneous transport measurements
as described above.

The fitting of all the reflectivity curves was performed with Refnx[57] and
GenX.[58] Statistical uncertainty analysis was made via the “Bumps” library
of GenX (open source software) to estimate the fitting parameters cross-
correlation and uncertainties for the results on the initial and final states.
In the automated fitting routine of the fast short NR scans, the error bars
for the parameters were determined through 5% increase in the optimal
figure of merit. These errors are used as weights for the subsequential ex-
ponential fit, in which the errors were determined by the python routine
curve_fit (library scipy.optimize; open source). The displayed error bands

in Figure 3c are calculated from error propagation with the variance for-
mula from these fit errors.

X-Ray Measurements: The samples were preliminary characterized via
XR at NREX,[59] and via XRD at the rotating anode facilities of the MPI-
FKF in Stuttgart. Additional XR and XRD were performed with the rotating
anode SmartLab at ANSTO.

In situ XR measurements were performed at NREX, at the FRM II, with
the in-house built cell for hydrogen loading.

Synchrotron high-resolution diffraction (in main text Figure 2c and
Figure 3d) was performed at the KIT Light Source at the Karlsruhe Re-
search Accelerator (KARA), at the MPI-FKF beamline. The wavelength of
1.24 Å was used. Reciprocal space maps were reconstructed from the 2D
Eiger detector images, through the software Binoculars.[60] During the
measurement the atmosphere around the sample was either pure He gas,
a H2(1%)/He(99%) mixture or air at always ≈1 bar pressure.

XAS measurements were performed in total electron yield mode (TEY)
at IQMT’s soft x-ray beamline WERA at KARA. To ensure consistent en-
ergy calibration between our measurements, the NiO absorption spectra
in the I0 signal at the KIT Light Source were compared and the data were
shifted by a small energy offset where necessary. When comparing with
the literature data of ref. [37], it was assumed that the La-M edge remains
unchanged and shifted all spectra of ref. [37] by 0.5 eV to higher energies.
Note that this shift also brings the NiO reference measurement in agree-
ment with the spectrum which was measured on a NiO powder (yellow
curve in Figure 4a).

After using it for alignment each La line was fitted with a Lorentzian
and subtracted. The O-K spectra from refs. [38] and [39] were plotted as
published since the NiO pre-peak in ref. [39] is consistent with ours and
there is no common reference line for the data from ref. [38].
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Supporting Information is available from the Wiley Online Library or from
the author.
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