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ABSTRACT: Metal hydrides with a high hydrogen content are important for materials-based
hydrogen storage and high-temperature superconductivity. Nanoconfinement of metal hydrides in
porous hosts is a promising strategy to tune thermodynamic stability and control the hydrogen-to-
metal ratio. However, lanthanum hydride (LaHx) nanoconfinement in porous materials has been
limited due to the challenges associated with isolating and stabilizing nanoparticles of La or La-
hydrides. Here we successfully demonstrated the chemical reduction of La(III) salts to La(0), and
subsequent infiltration into pure CMK-3 and nitrogen-doped CMK-3 (NCMK-3) porous
carbons. Transmission electron microscopy measurements revealed a uniform distribution of LaHx
species within the carbon hosts, while X-ray absorption spectroscopy and X-ray photoelectron
spectroscopy provided detailed information about the local chemical environment. Sieverts
measurements indicate that LaHx@NCMK-3 could desorb up to 0.75 wt % hydrogen, which is
higher than non-nitrogen functionalized CMK-3 (0.43 wt% H). Density Functional Theory and ab
initio molecular dynamics calculations indicate that host-guest interaction energies are favorable

for porous carbon with nitrogen defects, which is supported by experimental evidence. Moreover,



high-pressure synchrotron X-ray diffraction measurements were conducted using a diamond anvil
cell up to 60 GPa and reveal that the nitrogen-functionalized nanoporous carbon host favors the
formation of higher H:La ratios in presence of ammonia borane compared to the pure CMK-3
host. This approach could serve as a suitable platform for developing nanoscale superconducting

materials at lower pressures and temperatures compared to bulk.

1. INTRODUCTION

Metal hydrides with high hydrogen-to-metal ratio are used in various applications, such as
hydrogen storage,! thermal energy storage,” Li-ion battery anodes,® and solid-state ion
electrolytes.* Rare earth metal hydrides have been intensively studied since 1950’s due to their
ability to undergo reversible hydrogen absorption and desorption and unusual properties function
of hydrogen-to-metal ratio.”> Lanthanum films can reversibly absorb and desorb hydrogen,® a
process that is accompanied by metal-insulator transitions and switchable optical behavior.
Hydrogenation of lanthanum typically does not proceed all the way to stoichiometric LaH3 (2.13
wt% H),” but rather leads to sub-stoichiometric LaH3.« fcc phases, with x depending on the
hydrogenation conditions and reaction time.® Neutron powder diffraction, neutron vibrational
spectroscopy, and quasielastic neutron scattering measurements reveal pressure-dependent H-H
interactions in the octahedral and tetrahedral sites of the fcc lattice.® Hydrogen isotherm
measurements in the La-H> system revealed a high thermodynamic stability, with measured values
of AH = 207 kJ mol! H, and AS = 151 J mol™! H,.? The high thermodynamic stability makes

lanthanum hydrides not ideal for near-ambient hydrogen storage but potentially suitable as
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hydrogen getters and for high-temperature thermal energy storage applications.

Recently, hypervalent lanthanide metal hydrides (also referred to as “superhydrides”) have
garnered significant attention for their potential as near-ambient temperature superconductors, a
possibility initially derived from theoretical predictions and subsequently corroborated by
experimental findings.'* This potential relies on the concept of chemical compression provided by
metal hydrides, which could form a hydrogen clathrate structure approaching the density of
metallic hydrogen.'> '® The large chemical compression (> 100 GPa) leads to the formation of a

dense hydrogen clathrate structure, with a strong electron-phonon coupling driven by phonon



softening caused by Fermi surface nesting, thus scattering electrons to form a Boze condensate
composed of Cooper electron pairs.!” The superconductivity was predicted computationally and
experimentally validated in a number of hypervalent lanthanide hydrides using diamond anvil cell
(DAC) techniques, including LaH1o,'* YHo,'® CeHo,' LaHs,'® and YHs.2°

Lanthanum superhydrides are particularly promising for high-temperature superconductivity
due to high H/La ratios that could be stabilized in a clathrate lattice. Calculations reveal that the
high phonon frequencies of hydrogen atoms (part of the anionic sublattice of lanthanum
superhydrides) significantly enhance electron-phonon coupling,>! a key requirement for
superconductivity. Several groups have successfully synthesized the superconducting fcc-LaHio
phase by laser heating La metal with pure hydrogen or ammonia borane (NH3BH3) at high pressure
in a diamond anvil cell. The formation of superconducting LaHx with 7t at 215 K and 150 GPa

1'14

was observed by Drozdov et al."* by heating a sample of La in pure hydrogen just below 1000 K

at 170 GPa. Somayazulu et al.'®

reported the superconducting lanthanum superhydride with Tt
~260 K at 180-200 GPa using NH3BH3 as the hydrogen source. Subsequently, Drozdov et al.
changed the synthesized conditions and reported that LaH ;o had a highest 7. of 250 K at 170 GPa.'*
In their work, they also confirmed the crystal structure of bulk LaH ;o adopts a Fm3m space group
via synchrotron X-ray diffraction and observed well-defined isotope effects. Besides those two
groups, Hong et al. reported a T. value of 246 K at 136 GPa,?? and Sun et al. found that 7. decreased
to 191 K as the pressure dropped from 138 to 120 GPa, which was associated with a Fm3m to
C2/m phase transition.?

Recent research has demonstrated that transitioning from bulk to nanoscale dimensions can
significantly impact the metal-hydrogen interactions by decreasing diffusion lengths, exploiting
stress effects, reducing nucleation barriers, and modifying interface energies.!** In addition, we
previously showed that metastable metal hydrides such as LiAlH4* and AIH3?® can be
thermodynamically stabilized when confined inside the pores of functionalized scaffolds or hosts,
reducing the pressure requirement for hydrogenation by orders of magnitude. Based on these
observations, we hypothesize that nanoconfinement inside nitrogen-functionalized pores of
NCMK-3 could lead to the formation of hypervalent lanthanide hydride phases (LnHx; x > 3) at
lower pressures than in bulk materials. Here, we present a chemical method for synthesizing
lanthanum hydride (LaHx) nanoparticles (NPs) using a lithium naphthalenide (Li-Nap) mediated
reduction of Lals,?” followed by hydrogenation of La NPs to form LaHx. We show that it is possible



to confine these particles inside the pores of CMK-3 and NCMK-3 using wet-chemistry
approaches. Our experiments and calculations indicate that nitrogen doping in NCMK-3 favors a
higher H:La ratios upon compression in a diamond anvil cell, suggesting that significant charge

transfer interactions occur between the nitrogen dopant of the carbon scaffold and LaHx NPs.

2. RESULTS AND DISCUSSION

Synthesis and characterization. The synthesis of lanthanum NPs is performed using a method
first described by Bartenbach et al. by reacting freshly prepared Li-naphthalenide (Li-Nap) with a
solution containing Lals in tetrahydrofuran (THF).?” The solution mixture was allowed to sit
overnight to ensure a complete reaction with Lalz and the formation of La NPs. The NPs are
isolated by centrifugation and washed twice under an inert atmosphere with dry THF to remove
unreacted species. The resting black solid was dried under vacuum at 80 °C and then hydrogenated
at 100 bar H> at 350 °C for 12 hours to obtain the LaHx NPs. The LaHx@CMK-3 and
LaHx@NCMK-3 were prepared by mixing a 1:1 mass ratio of Lals and the porous carbon in THF.
To ensure dispersion of the Lalz in the porous carbon, the solution was sonicated for 10 minutes
while maintaining an inert atmosphere. The subsequent steps of the process are the same for the
formation of LaHx NPs as described above. This procedure allows the synthesis of small size La
NPs (<5 nm), which can be confined inside carbon pores.

The successful incorporation of LaHx into the pores of CMK-3 and NCMK-3 was confirmed
by several bulk and surface-sensitive characterization techniques. The transmission electron
microscopy (TEM) measurements revealed that La-hydride particles were distributed uniformly
in both host materials, CMK-3 and NCMK-3 (Figure 1a,b). The powder X-ray diffraction (XRD)
patterns were measured to verify the crystallinity and phase purity for LaHx NPs, carbon-infiltrated
LaHy samples, and compared with the bulk LaHx material, as shown in Figure 1c. LaHx species
were found in the form of rod-shaped particles upon infiltration in CMK-3, whereas in the case of
NCMK-3 spherical particles were observed. Such spherical LaHx NPs have also been isolated
separately (see TEM images in Figures S1-2). The XRD pattern for LaHx NPs and infiltrated
samples aligned with the pattern for bulk La-hydride, but showed significant peak broadening
compared to bulk. This is expected due to the smaller crystallite sizes present in the NP samples

versus bulk. Thermo-gravimetric analysis (TGA) was performed for both LaHx@CMK-3 and



LaHx@NCMK-3 as shown in Figure S3-4. As-synthesized materials were found to be stable up
to ~350 °C based on the second plateau. From RT to 150 °C (LaHx@NCMK-3) and from RT to
200 °C (LaHx@CMK-3), a small weight gain was observed, presumably due to a reaction with

trace amounts of moisture during the measurement.

LaHx-bulk
LaHx@CMK3
—— LaHX@N-CMK3

Relative intensity (a.u)

o M
-
1 v I * I e T

20 40 20 60 80 100

Figure 1. a) TEM images for LaHx@CMK-3 showed that LaHx species infiltrated in the form of rod
shape (left), and electron diffraction for the selected region of the image (middle and right). b) While
in the case of NCMK-3, LaHx species are in the form of a sphere shape (left), electron diffraction
pattern for the selected region of the image (middle and right). ¢) Elemental EDS mapping of C, O,



and La in LaHx@CMK-3. d) C, O, N and La EDS maps in LaH,@NCMK-3, showing the metal evenly
distributed within the host material. e) PXRD diffraction measured for LaHx@CMK-3 and
LaHx@NCMK-3 compared with bulk LaHx.

To determine the Brunauer—Emmett—Teller (BET) surface area'® and total pore volume before
and after nanoconfinement, N isotherms were measured at 77 K (Figure 2). These results indicate
a significant reduction in the BET and pore volume upon incorporation of the LaHx NPs into the
carbon scaffold materials. Additionally, the isotherm profiles for both the host materials and the
LaHx-infiltrated samples reveal a substantial mesoporous character.'® Upon infiltration, the BET
surface area (301 m?/g) and pore volume (0.58 cm?®/g) for LaHx@CMK-3 is significantly reduced
when compared to pure CMK-3, which has a surface area of 859 m?/g and a pore volume of 1.15
cm?/g. Similarly, a large reduction in the BET and pore volume was observed for LaHx@NCMK-
3 (~44 m?/g and 0.09 cm?/g) versus NCMK-3 (741 m?/g and 0.64 cm?/g). The reduction in pore

volume and BET surface area are consistent with other hydrides inflitrated in CMK-3 and NCMK-
32528
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Figure 2. N> sorption isotherms measured at 77 K for a) CMK-3 (blue) and LaHx@CMK-3 (red) and
b) NCMK-3 (blue) and LaHx@NCMK-3 (red). The lighter data points represent desorption data, while

the darker data points indicate absorption data.



Surface-sensitive X-ray photoelectron spectroscopy (XPS) measurements provide clear
evidence that several distinct nitrogen functionalities are present in NCMK-3 (Figure S5).
Pyridinic N (50%), pyrole N (32%) and pyridone N (19%) are the main functional groups on the
surface of the NCMK-3, with minor contributions from oxidized species (Figures S5-7). This is
good agreement with the reported literature for different nitrogen species observed in NCMK-3.%
After LaHx confinement, the amount of nitrogen functionalities slightly varied, pyridinic N (45%),
pyrrolic N (46%), and oxidized N (9.4%). X-ray absorption spectroscopy (XAS) measurements
(Figures S8-9) reveal two major K-edge N peaks which correspond to pyridinic and pyrrolic
nitrogens.>® The main peak for pyridinic nitrogen is significantly shifted to higher energy for
LaHx@NCMK-3 compared to NCMK-3, which is consistent with the previouly reported work in
which Li-N chemical interaction leads to an energy shift in LiIAIH4@NCMK-3.2° This supports
the conclusion that there exist strong chemical interactions between nitrogen and LaHx clusters.
For lanthanum in LaHx@CMK-3 and LaHx@NCMK-3, the two prominent signals correspond to
the M5 and M4 edges of 3d to 4f transitions (Figure S9).%!

Elemental analysis was performed for CMK-3 and NCMK-3 materials before and after LaHx
nanoconfinement (Table S1). For these measurements, the samples were kept in vacuum at 80 °C

overnight to remove volatiles.

The elemental analysis for CMK-3 (C: 91.72%, H: 0.84%) and NCMK-3 (C: 68.30%, H:
1.68%, N: 20.73%) provides the composition of the starting host materials. The compositions for
LaHx@CMK-3 (C: 47.97%, H: 1.46%, La: 26.0%) and LaHx@NCMK-3 (C: 41.05%, H: 2.24%,
N: 3.08%, La: 24.8%) show an increase in hydrogen content in the infiltrated samples, attributed
to hydrogen bound to lanthanum hydride. A slight variation in LaHx loading between CMK-3 and
NCMK-3 is within the experimental error of the analysis. Additionally, the significant difference
in nitrogen content between NCMK-3 containing samples before and after LaHy infiltration is
likely due to partial nitrogen desorption during the activation process (performed at 200 °C in
vacuum for 5 hours). EDS measurements confirmed the presence of nitrogen in LaHx@NCMK-3,

as shown in Figure 1d.

Hydrogen adsorption and desorption. To test the hypothesis that nanoconfinement and the local
pore environment influence the hydrogen desorption properties of LaHx, we conducted Sieverts
measurements to determine the amount of hydrogen released, and residual gas analysis (RGA) to

verify the purity of desorbed hydrogen (Figure 3 and S10-11). For these measurements, the



LaHx@CMK-3 and LaHx@NCMK-3 were evacuated at 80 °C overnight to remove residual
volatiles. About 150 mg of powder was loaded into a stainless-steel sample holder under an inert
atmosphere. The amount of hydrogen desorbed was measured upon heating the sample from RT
to 370 °C. For LaHx@CMK-3, the desorption kinetics are found to be faster until the temperature
reaches 370 °C, after which it slows and remains steady while the temperature is maintained at
370 °C. After 10 hours of heating at 370 °C, the total amount of hydrogen desorbed from
LaHx@NCMK-3 was 0.43 wt% (Figure 3a), while LaHx@NCMK-3 desorbed 0.75 wt% hydrogen
under the same conditions (Figure 3b), clearly indicating a greater hydrogen release when
nitrogen-functionalized NCMK-3 is used as a scaffold. Interestingly, the hydrogen release from

LaHx@NCMK-3 features a fast step, followed by more sluggish hydrogen release (Figure 3b).
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Figure 3. Sieverts measurements for LaHx@CMK-3 (a) and LaH,@NCMK-3 (b) to confirm the

hydrogen wt% desorption with increase in temperature.

The presence of nitrogen functionality enhances the La loading and thereby enables a higher
weight % H in the case of LaHx@NCMK-3. This indicates that charge transfer and nano-
confinement enable the high capacity and faster kinetic hydrogen desorption which is consistent
with the XAS and other spectroscopy measurements of nitrogen changes. To probe the
reversibility, we performed a second desorption cycle after rehydrogenation at 100 bar H> and 300
°C for two hours. The subsequent hydrogen desorption was measured for both LaH,@CMK-3 and
LaHx@NCMK-3 and revealed a similar wt% hydrogen released as on the first cycle (Figure S10).

Sieverts measurements were also performed on both pure CMK-3 and NCMK-3, revealing minimal



hydrogen desorption (<0.1 wt%) when heated to 360 °C for 10 hours (Figure S11). This suggests that
the primary contribution to the observed reversible capacity is due to hydrogen desorption from
lanthanum hydride.

To probe the composition of the gaseous mixture released, RGA-MS measurements'’ were
conducted isothermally in the temperature range from 100 to 300 °C in 50 °C steps (Figure S12).
The gas released from LaHx@NCMK-3 at low temperatures is primarily H», indicating no
decomposition of the host materials up to 300 °C. Other peaks at 18 (m/z) and 32 (m/z) that
correspond to trace amounts of H>O and O are present in the RGA-MS lines (Figure S12b). The
peak at 28 (m/z) belongs to nitrogen, which is flow gas used in the RGA measurement. Both H,O
and O; originated from the line stream connected to the RGA setup. The same range of m/z peaks
was observed for LaHx@CMK-3 that correspond to Hz, H>O, O, and N> as shown in Figure S12a.
In both samples, we also found other small peaks of m/z at 14 may correspond to double-ionized
nitrogen. This analysis further verified that the hydrogen weight % desorbed during the Sieverts
measurements corresponds to pure hydrogen and is not associated with impurities or other

volatiles.

High pressure DAC measurements. In order to understand the pressure dependent behavior of
LaHx@CMK-3 and LaHx@NCMK-3 in the presence of an external hydrogen source we conducted
X-ray diffraction (XRD) measurements using diamond anvil cells (DAC) at the SPring-8
synchrotron facility.*> Small amounts (few ng) of sample were loaded into DACs in Re gaskets
between diamonds with 300 pm culets. Gold powder was loaded alongside the samples as a
pressure sensor. Ammonia borane (NH3BH3)** 3* was used as an external hydrogen source (10:1
NH3BH;s:sample molar ratio). The XRD measurements were collected while gradually increasing
pressure up to 45-60 GPa, depending on the sample. DIOPTAS software®> was used to process
raw .tif files generated during data collection into a format readable by GSAS-II, and GSAS-II*¢
was used for phase identification and Rietveld refinement of powder XRD patterns. This analysis
shows that LaHy@CMK-3, LaHx@CMK-3+NH3BH3, and LaHx@NCMK-3, exist in an [4/mmm
(tetragonal lattice) structure up to 46, 46, and 57 GPa, respectively (Figures 4 and 5) with no signs
of structural transition. The pattern for LaHx@NCMK-3+NH3BH3 differs from the other three
samples, possessing a P63/mmc structure (hexagonal lattice) (Figure S13). The pressure versus

volume per La atom plot indicates that the LaHx@CMK-3 sample has the lowest volume per La.
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atom, 31 A3, at low pressure and its volume decreases to 27 A3 as the pressure increases up to 46

GPa (Figure 4a and S14).

Figure 4. Diamond anvil cell XRD patterns arranged from low to high pressure for a) LaHx@NCMK-
3, b) LaH\@CMK-3, ¢) LaHx@NCMK-3+NH3BH3, d) LaHx@CMK-3+NH3BH3. Pressure increases

with increasing y-axis offset, and the intensities are offset for clarity.

The same trend was observed in the presence of NH3BH3, but with slightly higher volume per
La, 33 to 29 A3, at pressures up to 46 GPa. For LaHx@NCMK-3 without NH3;BH3, the volume per
La atom is higher compared to LaHx@CMK-3 and LaHx@CMK-3+NH3;BH3, as the pressure is
increased up to 57 GPa. This data is comparable to work reported by Laniel e al’” for LaH3, 31.5
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A3 at 50 GPa. In another study, LaH, has been studied using DAC up to ~22 GPa, leading to a
decrease in the volume per La atom from 45 to 36.3 A3.3® We found the pressure dependent
behavior of LaHx@NCMK-3+NH3BHj3 to be significantly different from the other samples. The
volume per La atom was 47 A3 at 7 GPa and decreased to 43 A% at 11 GPa (Figure 5a and S13).
Unfortunately, further increases in pressure beyond 11 GPa lead to amorphization and difficulty
in accurately refining the PXRD patterns. We also compared this pressure dependent behavior of
these samples to other reported work as shown Figure S13.3° This verified that the presence of
nitrogen functional groups in NCMK-3 hosts with or without NH3BH3 enhances the higher
hydrogen content compared to pure bulk lanthanum or bulk lanthanum hydrides. The conversion
of volume per La atom to number of hydrogen atoms is plotted in Figure Sb using a simplified
method of subtracting the per-atom volume of elemental La and then dividing by the per-atom
volume of elemental H> at a given pressure (see more details in Supporting Information). The
estimated hydrogen concentration in LaHx@CMK-3 was higher than LaHx@CMK-3+NH3;BH3 in
the pressure range from 17 to 46 and 9.5 to 46 GPa, respectively. The LaHx@NCMK-3 sample
showed a hydrogen content while increase in the pressure range from 14 to 49 GPa compared to
LaHx@CMK-3 and LaHx@CMK-3+NH3BH3. For LaHx@NCMK-3+NH3BH3, a much higher
hydrogen content observed at 7 GPa, which increases up to 11 GPa. The fact that all shown
datasets, including those without a hydrogen source, have a positive slope demonstrates that this
compound is less compressible than the elemental volumes alone would imply. The higher values
observed in nitrogen-doped samples suggest that nitrogen dopants promote the formation of a

higher hydrogen-to-metal ratio compared to carbon hosts without nitrogen.
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Figure 5. High-pressure synchrotron XRD measurements, with pressure plotted on the x-axis, and
volume per La atom (a) or estimated hydrogen atoms per La (b) on the Y-axis for LaHx@CMK-3,
LaHx@CMK-3+NH3BH3;, LaHx@CMK-3, and LaHx@NCMK-3+NH3;BHs.

Theoretical calculations and atomistic insights. To rationalize the observed higher hydrogen-
to-metal ratio in the presence of nitrogen defect, density functional theory (DFT) and ab initio
molecular dynamics (AIMD) calculations'® were performed with the VASP code* in conjunction
with projector augmented wave (PAW) pseudo-potentials (see also Supplemental Materials).*!
The calculations were conducted by anchoring (LaH3), clusters of different sizes (n=8,13) on a
graphene sheet with two types of pyridine nitrogen defects (Figure 6). We then compared them
with pure graphene without nitrogen defects to calculate the difference in energies. The structures
were equilibrated for ~10 ps with 1 fs time steps and then quenched to 0 K by relaxing the forces
to less than 0.05 eV/A. The same setup was used for isolated clusters and graphene with and
without defects. The host-guest interaction energies are more favorable for (LaH3)s cluster by -5.4
eV and -6.2 eV in 4X1IN and 4X2N sites compared to graphene without nitrogen, respectively.
Similarly, for the (LaH3)13 cluster, the energy gain was found to be -5.8 eV and -6.9 eV for
graphene with 4X1N and 4X2N sites (Figure 6), revealing that strong charge transfer interactions
occur between porous carbon host and LaHx clusters in the presence of nitrogen. These calculations
further support experimental studies, which showed that high-pressure DAC measurements and

Sieverts data suggest a higher wt % of hydrogen desorption for carbon hosts with nitrogen defects.
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Figure 6. Energy calculations for different LaH3 clusters on graphene and graphene with pyridinic
defects. a) The energy gain observed for pyridine functionality over no nitrogen defects. Interactions
of (LaH3)g or (LaH3)13 cluster with the nitrogen-functionalized carbon at 4X1N and 4X2N sites. b, c,
and d) (LaH3)s clusters encored on graphene, graphene with 4X1N, and graphene with 4X2N,

respectively.

To understand why (LaH3)x clusters bind near a pyridinic defect we have calculated the
planar-averaged charge density difference between the (LaH3)s cluster adsorbed on a substrate
(graphene or graphene with a single pyridinic defect ) and the isolated subsystems. The
redistribution of electron density and the cumulative charge are depicted in Figure S15 as a
function of the distance along the direction perpendicular to the substrate (z-axis). The substrate is
located around z=3 A while the cluster is located at z >5.5 A (Figure S15a). The plots indicate
that there is electron transfer taking place upon adsorption from the cluster towards the substrate.
We note that in the case where the substrate is graphene with a pyridinic defect (1x1N), there is
more charge transferred from the cluster to the substrate/cluster interface compared to graphene
alone. Specifically, Figure S15b reveals increased electron density accumulation (around 4.5 A)

between the pyridinic defect and the cluster, indicating a stronger interfacial interaction. This
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provides a possible explanation for the larger energy gain seen in Figure 6 for the (LaH3)x clusters

adsorbed on graphene with pyridinic defects.

3. CONCLUSIONS

We demonstrated the successful nanoconfinement of LaHx using a synthetic method which
involves reducing lanthanum salts with Li-naphthalenide and infiltrating the resulting La NPs
within the pores of CMK-3 and nitrogen-functionalized NCMK-3. The La NPs can be reversibly
hydrogenated and dehydrogenated, with the LaHx@NCMK-3 sample desorbing 0.75 wt% H
compared to 0.43% desorbed from LaHx@CMK-3. Electron microscopy measurements confirm
that LaHx NPs can diffuse deep into the pores, indicating that LaHx (x<3) NPs are distributed
uniformly throughout the pores of CMK-3 and NCMK-3 but in different crystalline space groups
depending on the host functionality. The BET-surface area measurements are consistent with TEM
measurements and show a large reduction in the pore volume and surface area upon infiltration
compared to empty hosts. Similar trends have been reported for porous materials that are confined
with other metal hydrides.?> 2642

XAS, XPS, and elemental analysis were used to characterize the compositions, probe the
nanoconfinement of LaHy, and elucidate the effects of carbon functionality. The XPS and XAS
data confirm the presence of nitrogen pyridine, pyrole and pyridone groups in NCMK-3 samples,
which interact with La-hydride species. High-pressure DAC measurements revealed that
LaHx@NCMK-3 more readily takes up hydrogen vs. LaHx@CMK-3, as well as vs. bulk
lanthanum hydrides. The highest H:La ratio was observed in LaHx@NCMK-3 upon compression
to 49 GPa, believed to occur through hydrogen transfer from the host NCMK-3 to LaHx. Our DFT
calculations revealed that the interaction energies of LaHy clusters are favorable towards graphene
with nitrogen defects compared to pure graphene, aligning with previous studies on other
hydrides.** Thus, energy gains of -5.8 eV (LaH3)13 and -5.4 eV (LaH3)s were observed at 4XIN
sites compared to binding to graphene without nitrogen functionality. The calculations and
experiments support the hypothesis that nitrogen doping is critical to achieving higher hydrogen-
to-metal ratio in La-hydrides compared to undoped CMK-3. The presence of nitrogen dopants in
carbon hosts results in significant charge transfer interactions with metal hydride NPs, enhancing

the local binding.?> 44
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These results indicate that nitrogen-functionalized carbon host materials are suitable
candidates for confining metal hydrides and enabling a high hydrogen-to-metal ratio. This strategy
provided new insights about behaviors of LaHx upon reducing the size of particles to the nano
regime within a porous material. Although no superconducting phases could be stabilized at
pressures up to 60 GPa, this approach proved useful in controlling the hydrogen-to-lanthanum

43.46 which is a key feature in achieving low temperature superconductivity,”>*’ but also

ratio,
semiconducting behaviour.*® This synthetic methodology could be potentially expanded to control
the size of other rare-earth hydrides.?’** Moreover, this study indicates that superhydride phases
could be created under milder conditions via nanoconfinement in nitrogen-functionalized host

materials, rather than relying on synthesis methods that use bulk metals or metal hydrides.
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