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SUMMARY

Since superconductivity was first reported in nickelate thin films, many
studies have been published about this family of materials, and
different hypotheses have been proposed for explaining the mecha-
nisms and structural dependence. Here, we report the synthesis of
anchored infinite-layer LaNi0.9Al0.1O2.1 and its hole-doped derivatives
by topotactic reduction from La1�xSrxNi0.9Al0.1O3 rhombohedral pe-
rovskites. LaNiO2 derivatives constitute a new family of high-temper-
ature superconductors,with the same structure as high-Tc cuprates but
based on nickel, only showing superconductivity in thin films for now.
We describe a strategy to stabilize LaNiO2 derivatives in bulk: the
presence of Al at the octahedral sites helps to stabilize/anchor the in-
finite-layer structure. The reasons for the bulk being non-superconduc-
tors are hotly debated in the literature. An important question is
whether there is some hydrogen incorporated into the structure
during the reduction process from LaNiO3 to LaNiO2, predicted theo-
retically but not reported experimentally. Our neutron powder diffrac-
tion data show that, indeed, hydrogen occupies the centers of the Ni–
O squares, and spectroscopic evidence from EELS and XAS suggests
that Ni is reduced to the Ni+ oxidation state, consistent with the crys-
tallochemical data.
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INTRODUCTION

The discovery of unconventional superconductivity in the BaxLa5�xCu5O5(3�y) system

by Bednorz and Müller1 more than 35 years ago revolutionized the field of condensed

matter physics and, even today, remains one of the most important and challenging

problems in the field. A promising approach to solve these long-standing issues in-

volves comparing cuprate superconductors with similar compounds and determining

which features of the cuprates are crucial for the emergence of superconductivity.

Although high-Tc superconductivity is found in cuprates with different crystalline

structures,2 the best candidates for mimicking their superconducting properties

must show a quasi-two-dimensional structure, with a weak interplane coupling, and

a key structural unit equivalent to the [CuO2] plane present in the original compound.3

The infinite-layer nickelates fulfill all these requirements, and they were already pro-

posed by V. Anisimov et al. in 1999 as analogs of superconducting cuprates.4

Despite all the extensive research on nickelates carried out during the last decades,5–15

it was only in 2019 that D. Li et al. reported superconductivity in Nd0.8Sr0.2NiO2 thin
Cell Reports Physical Science 4, 101724, December 20, 2023 ª 2023 The Authors.
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films,16 with further reports of superconductivity in different nickel compositions being

published from that time onward.17–23 The infinite-layer nickelate RNiO2 (R = rare-earth

elements) possesses an identical crystal structure to the cuprate parent compound

CaCuO2. Besides, although there exist several differences between the two transition

metal ions,24 the electronic configuration of Ni+ in layered nickelates resembles those

of Cu2+ in cuprates,25,26 with a nominal d9 configuration, where their antibonding eg
shells are partially filled with three electrons, with a single hole in the 3dx2 � y2 orbital.

Since superconductivity was first reported in nickelate thin films in 2019, many

studies have been published about this family of materials,27–37 and different hy-

potheses have been proposed for explaining the mechanisms and their absence in

the bulk form. Presently, themost supported hypothesis relies on the potential effect

of interstitial hydrogen on the superconducting properties of these nickelates.38–42

According to X. Ding et al.,42 the reduction process of RNiO3 leading to RNiO2 using

CaH2 leads to the incorporation of hydrogen in the apical oxygen sites, which mod-

ifies the electronic structure of the H-doped nickelate to a one more two-dimen-

sional-like—more precisely, annihilating the itinerant interstitial s orbitals, thus

blocking the interlayer hopping.42 The amount of hydrogen intercalated seems to

increase with the reduction time40 at the same time that a very narrow superconduct-

ing window appears for a particular H-doping interval.42 For the case of infinite-layer

LaNiO2, theoretical work by L. Si et al.38 found H intercalation to be energetically

favorable for this compound, changing the electronic structure from being similar

to that of doped cuprates toward a two-orbital Mott insulator. P. Puphal et al.40 suc-

cessfully synthesized a bulk infinite-layer LaNiO2, showing no superconductivity.

Furthermore, using neutron powder diffraction (NPD), they concluded that the pres-

ence of intercalated hydrogen is unlikely in their powder samples and that it may be

located in grain boundaries or secondary-phase precipitates.

Apart from all the prior considerations, it is important to mention that the synthesis of

the reduced phase itself, RNiO2, is not a simple task due to the difficulty of stabilizing

the Ni+ oxidation state without decomposing the bulk sample.43–46 Besides, to synthe-

size the starting compound, RNiO3, high temperatures and high oxygen pressures are

required,13 relatively extreme conditions that are not available in all laboratories.

Although there have been several reports on the synthesis of bulk nickelates in the

past years,32,37,46,47 none of them have been reported to be superconducting to date.

In this work, with the idea of shedding some light on the behavior of rare-earth infin-

ite-layer nickelates, as well as exploring their possible superconducting properties in

bulk, we report the synthesis of La1�xSrxNi0.9Al0.1O2 anchored infinite-layer com-

pounds in powder form (bulk). Using a citrate-nitrate route and substituting some

of the nickel with aluminum to help hold the layers together,48 we have synthesized

anchored infinite-layer nickelates with a Ni+ oxidation state and Sr doping. We

emphasize the necessity of the partial Al substitution in the perovskite to facilitate

the following reduction process without decomposition and metallic nickel forma-

tion. Although the x = 0.15 compound shows the most promising properties at first,

superconductivity is not observed in any of the samples. By means of Fourier analysis

from NPD data, we have detected a negative nuclear density compatible with the

presence of hydrogenwithin the layers, confirming the trapped hydrogen hypothesis

in the bulk but without revealing superconductivity, perhaps due to an excess of the

hydrogen amount; furthermore, thermogravimetry coupled to mass spectroscopy

detected H2 gas evolution above 200�C, and infrared spectroscopy and 1H nuclear

magnetic resonance evidenced features consistent with metal hydrides. We have

also carried out a thorough structural analysis based on NPD and synchrotron X-ray
2 Cell Reports Physical Science 4, 101724, December 20, 2023



Figure 1. X-ray diffraction

patterns of perovskite and

anchored infinite-layer nickelates

La1�xSrxNi0.9Al0.1O3 (x = 0 in blue,

x = 0.15 in green) and

La1�xSrxNi0.9Al0.1O2 (x = 0 in red,

x = 0.15 in black). See also

Figures S1 and S3.
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diffraction (SXRD) data, as well as a complete magnetic characterization to unveil the

relevant features responsible for the absence of superconductivity in these bulk

samples. This is complemented with spectroscopic measurements, X-ray absorption

spectroscopy (XAS), and electron energy-loss spectroscopy (EELS) to provide evi-

dence of the presence of monovalent nickel in the infinite-layer frameworks.

RESULTS

Initial characterization

Well-crystallized samples of the oxidized La1�xSrxNi1�yAlyO3 (x = 0, 0.15; y = 0.1)

and the corresponding reduced phases were obtained as black polycrystalline pow-

ders. The laboratory XRD patterns are shown in Figure 1. The perovskite oxidized

phases were indexed with rhombohedral symmetry (analogous to LaNiO3; space

group R3c) as described in a previous report.48 The unit-cell parameters were a =

5.448(7) Å and c = 13.1511(18) Å for LaNi0.9Al0.1O3 and a = 5.4278(7) Å and c =

13.1979(26) Å for La0.85Sr0.15Ni0.9Al0.1O3, determined by Rietveld refinement from

laboratory XRD data. The Sr2+ incorporation at the La3+ sites induces a significant

variation of the unit-cell size, as a result of the hole-doping effect that increases the

Ni oxidation state, combined with the larger ionic size of Sr2+ vs. La3+. The reduced

phases, with nominal composition LaNi0.9Al0.1O2 and La0.85Sr0.15Ni0.9Al0.1O2, are

tetragonal, space group P4=mmm, with unit-cell parameters a = 3.9484(7) Å and

c = 3.4562(7) Å and a = 3.9414(11) Å and c = 3.450(12) Å, respectively. Detailed

structural analysis of the oxidized LaNi0.9Al0.1O3 is included in the supplemental

experimental procedures, Figures S1 and S2, and Tables S1 and S2 and for

La0.85Sr0.15Ni0.9Al0.1O3 in Figure S3 and Table S3.

SXRD analyses

The better crystallinity of the LaNi0.9Al0.1O2 as compared to the Sr-doped phase

enabled a comprehensive analysis of the SXRD patterns and determined the crystal

structure as an anchored infinite-layer (IL) material. The microstrain effects observed

and modeled in both NPD and SXRD indicate, overall, the lack of very high crystal-

linity. It is confirmed that it crystallizes in the tetragonal P4=mmm space group

(#123), consistent with the finding reported by Hayward et al.45 As mentioned in

the introduction, in the IL LaNiO2 derivatives from the perovskite structure, there

is a topotactic oxide de-intercalation affecting the axial oxygen atoms of the

[NiO6] octahedra of the oxidized perovskite phase, thus resulting in layers of

[NiO4] square planes connected by corners and separated by lanthanum cations.

In the current phase, the nickel and aluminum cations are randomly distributed at
Cell Reports Physical Science 4, 101724, December 20, 2023 3



Figure 2. Structure of anchored infinite-layer nickelate from SXRD

(A) Rietveld refinement of LaNi0.9Al0.1O2 SXRD pattern at room temperature.

(B) Schematic view of crystal structure representation.

(C) Shape of microstrain effects.

See also Figure S4.
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the 1a (0,0,0) Wyckoff site, while the lanthanum are located at the 1d (0.5,0.5,0.5)

site. The oxygen anions occupy the 2f (0.5,0,0) site. It is worth noting that the 1b

site, which would complete the nominal ABO3 perovskite-type structure, remains

partially unoccupied since the axial oxygen atoms directly linked to Al3+ ions are

not eliminated in the reduction process: the presence of [AlO6] bridges distributed

at random link together adjacent layers, thus stabilizing the IL structure.

The SXRD pattern was successfully indexed using this model; however, several peak

discrepancies were observed due to anisotropic broadening effects. Upon closer in-

spection, it was noted that the family of (0, 0, n) planes exhibited greater broadening

compared to the (n, 0, 0) planes. To investigate this effect, various combinations of

anisotropic size and/or strain models were tested in an effort to improve the profile

matching of the pattern. A good agreement was achieved by considering an

isotropic size and anisotropic strain broadening in the 4=mmm Laue class. The

obtained strain effects are greater along the c axis than in the ab plane, which can

be related to the layered nature of this phase. After achieving a satisfactory fitting

of the peak shape, specific crystallographic characteristics such as the anisotropic

displacement factors were refined. Subsequently, the presence of the mentioned

axial oxygens at the 1b (0,0,0.5) Wyckoff site was investigated, resulting in an occu-

pancy of 11.5%, in close agreement with the Al doping level of 10%. Figure 2A

illustrates the good agreement reached for the SXRD pattern, and Table 1 lists the

main crystallographic data. Figure 2B shows a schematic view of crystal structure

and the shape results of the anisotropic strain effect.
NPD analyses

A remarkable aspect of these IL compounds lies in the possible presence of hydrides

within their structures. Previous studies have provided theoretical support40,41,49,50

for the plausible presence of hydrides and their impact on the properties. However,

the specific location of the hydrides is still not fully understood. According to theo-

retical predictions, the H� ions can be located either on the vacant apical oxygen

sites with Wyckoff position (1b) or on interstitial positions between the rare-earth

ions with Wyckoff positions (2e) and (1c).51 Nonetheless, recent neutron diffraction
4 Cell Reports Physical Science 4, 101724, December 20, 2023



Table 1. Main crystallographic results of LaNi0.9Al0.1O2 from SXRD data

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)

x y z Uiso*/Ueq (Å2) Occ. (<1)

La 0.50000 0.50000 0.50000 0.01076(4)* –

Ni/Al 0.00000 0.00000 0.00000 0.0184(2) 0.90/0.1

O1 0.50000 0.00000 0.00000 0.0187(9) –

O2 0.00000 0.00000 0.50000 0.00633* 0.115(2)

U11 U22 U33 U12 U13 U23

Atomic displacement parameters (Å2)

Ni/Al 0.0059(2) 0.0059(2) 0.0433(4) 0.00000 0.00000 0.00000

O1 0.0101(8) 0.0144(8) 0.032(1) 0.00000 0.00000 0.00000

Space group: P4=mmm. Unit-cell parameters: a = 3.94793(1) Å, c = 3.45810(2) Å, and V = 53.90(1) Å3. Reli-

ability factor: Rp = 5.08%, Rwp = 6.50%, Rexp = 2.29%, RBragg = 1.90%, c2 = 8.95.
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studies did not find solid evidence of the presence of ordered H� ions in the crystal

structure.40

NPD data were collected for both oxidized (LaNi0.9Al0.1O3 and La0.85Sr0.15Ni0.9Al0.1O3)

and corresponding reduced samples (Figure S4). The crystal structures of the oxidized

nickelates were refined in the R3c conventional model (isostructural to LaNiO3), and

the crystallographic parameters and Rietveld plots are included in Table S1 and S2

and Figures S1 and S2, respectively, thus assessing the quality of the bulk precursors

utilized in the reduction to the IL compounds.

The good crystallinity of our reduced LaNi0.9Al0.1O2 specimen allowed us to unveil

additional information from neutron diffraction, based on the structural model pre-

viously described from SXRD data. Firstly, the crystallographic structure (Table 1)

was kept fixed, while both instrumental and microstructural parameters were

refined. The microstructure was accurately modeled using the same criteria em-

ployed in the analysis of synchrotron data. Afterward, difference Fourier maps

(DFMs) were calculated to identify negative densities and provide evidence of the

presence of hydrogen atoms. Figure 3 displays the resulting DFMs, where negative

nuclear densities are observed in the 1c sites (at the midpoint between La atoms

along the c axis). The two-dimensional plots (Figure 3B) further confirm this observa-

tion and provide evidence on the absence of H� in alternative locations.

Based on these nuclear density observations, a hydrogen atom was added in the 1c

Wyckoff site, and its occupancy parameter was refined. The results indicate that the

hydrogen occupancy at the 1c (0.5, 0.5, 0) site is approximately 6.9%. This led to a

good fit of the neutron pattern, as shown in Figure 4A. A schematic representation

of the obtained structure is illustrated in Figure 4B, and the crystallographic data are

listed in Table 2. Based on these findings, it is possible to propose the crystallographic

formula LaNi0.9Al0.1O2.11H0.07 for the obtained IL phase. Unfortunately, the much

poorer quality of the NPD pattern for the hole-doped La0.85Sr0.15Ni0.9Al0.1O2 pre-

vented the refinement of its crystal structure (Figure S5; Table S4). The thermal evolu-

tion of the structural parameters of LaNi0.9Al0.1O2 is analyzed in Figures S6 and S7 and

Table S5. Direct evidence of hydrogen content was provided by mass spectroscopy of

the evolved gases during thermogravimetry analysis of the sample, as shown in

Figures S8 and S9. Further evidence of hydrogen content was gathered using Fourier

transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopies that

detect features consistent with, but not identical to, metal hydrides, as described in

the supplemental information and Figures S10 and S11.
Cell Reports Physical Science 4, 101724, December 20, 2023 5



Figure 3. Locating hydrogen with neutron diffraction in LaNi0.9Al0.1O2

(A) Three-dimensional plots of difference Fourier maps of NPD together with the crystal structure.

The blue regions indicate the zones with negative density (in terms of scattering density).

(B) Two-dimensional plot of Fourier maps in the (001) plane.
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Magnetic properties

The dependence on temperature of the magnetic susceptibility for LaNi0.9Al0.1O2

(Figure 5A) indicates neither a superconducting behavior nor a simple Curie-Weiss

paramagnetic response. For the hole-doped compound (La0.85Sr0.15Ni0.9Al0.1O2),

the magnetic susceptibility is much lower (almost two orders of magnitude), prob-

ably indicating an increase in the metallicity, with respect to the previous compound

but does not reach a superconducting state. The temperature response in both

cases is rather featureless.

At low temperature, the magnetic field dependence of the magnetization in Fig-

ure 5B shows a ferromagnetic (or superparamagnetic) sigmoid behavior for

LaNi0.9Al0.1O2, probably related to small particles of Ni segregated in the reduction

process (not detected by diffraction methods). In the case of La0.85Sr0.15Ni0.9Al0.1O2,

a similar behavior is observed. This indicates that, probably, the reduction proced-

ure is analogous in both cases, with no significant influence on the level of Sr (carrier)

doping.

EELS

Figure 6 shows the scanning transmission electron microscopy images and spec-

trometry of LaNi0.9Al0.1O2. The high-angle annual dark field (HAADF) image in Fig-

ure 6A shows the atomic structure of LaNi0.9Al0.1O2 oriented along the [001] zone

axis. Larger/brighter atoms are the heavier lanthanum atoms, and smaller/dimmer

atoms are nickel/aluminum atoms. Oxygen atoms cannot be observed in this

HAADF image. Figure 6B shows the crystal model based on the neutron diffraction

data. Figure 6C is the comparison of EELSs of the reduced LaNi0.9Al0.1O2 (red) and

the oxidized LaNi0.9Al0.1O3 (blue). The dispersion of DE = 0.1 eV permits the focus

on the La M4,5 and Ni L2,3 edges. Figure 6D is the same comparison but with the

dispersion of DE = 0.25 eV, enabling also the detection of the oxygen K edge.

The reduced material has a much weaker oxygen edge—the E = 526 eV pre-peak

is completely absent, and the second peak at E = 540 eV is much smaller. These

are the signatures of strong oxygen deficiency and have already been observed in

IL nickelates.52 The analysis of the nickel L2,3 edge yields the same conclusion.

The lanthanumM4 edge overlaps with the nickel L3 edge at 855 eV and thus hinders

straightforward identification of the nickel oxidation state. However, the Ni L2 edge

in LaNi0.9Al0.1O3 (nominally Ni3+) is clearly higher than in LaNi0.9Al0.1O2 (nominally

Ni+). The smaller Ni L2 edge in the reduced material is visible in both Figures 6C

and 6D. This resembles the case of a related pair of compounds studied for the
6 Cell Reports Physical Science 4, 101724, December 20, 2023



Figure 4. Crystal structure representation of hydrogen containing anchored infinite-layer

nickelate from NPD

(A) Rietveld refinement of LaNi0.9Al0.1O2 NPD pattern at room temperature.

(B) Schematic view of crystal structure.

See also Figure S5.
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sake of comparison: PrNiO3 (Ni3+) and PrNi0.9Al0.1O2 (Ni+). Praseodymium has the

advantage that the Pr M4,5 edge lies at E = 931 eV and does not overlap with the

Ni L2,3 edge (shown in Figure S12). Reduced (Ni+) praseodymium nickelate has a

weaker Ni L2 edge compared to the Ni3+ compound, as observed in the case of

lanthanum nickelate. This is the consequence of different L23 ratios between the

nickel L3 and L2 edges, a well-known measure of the oxidation state in transition

metals.53,54 We estimated this ratio using the ratio of the second derivative of

each EELS edge55 and have found values of L23 = 2.5 G 0.2 for the Ni3+ ion and

L23 = 3.5 G 0.2 for the Ni+ ion. Based on this comparison, we argue that the slightly

weaker Ni L2 edge in Figures 6C and 6D is a signal of the Ni+ oxidation state.
X-ray absorption results

The Ni K-edge X-ray absorption spectra of LaNi0.9Al0.1O2 are compared to those of

reference compounds in Figure 7, such as Ni foil (Ni0), NiO (Ni2+), NiTiO3 (Ni2+), and

LaNiO3 (Ni3+). In Figure 7A, the X-ray absorption near-edge structure (XANES)

region is highlighted. We observe a clear progressive blueshift of the edge region

(delineated by two dashed lines in Figure 7A) from 8,333.0 (Ni) to 8,341.9

(LaNiO3) eV. This shift is a strong indicator for the Ni valence state variation from

0 to 3+, respectively. For LaNi0.9Al0.1O2, the edge position is around 8,336.6 eV

in between Ni and NiO, denoting that the Ni valence state in LaNi0.9Al0.1O2 is 1+.
Table 2. Main crystallographic results of LaNi0.9Al0.1O2 from NPD data

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)

x y z Uiso*/Ueq Occ. (<1)

La 0.50000 0.50000 0.50000 0.014(1)* –

Ni/Al 0.00000 0.00000 0.00000 0.017(2) 0.90/0.1

O1 0.50000 0.00000 0.00000 0.013(2) –

O2 0.00000 0.00000 0.50000 0.00633* 0.115

H 0.50000 0.50000 0.00000 0.01900* 0.069(8)

U11 U22 U33 U12 U13 U23

Atomic displacement parameters (Å2)

Ni/Al 0.0009(8) 0.0009(8) 0.049(3) 0.00000 0.00000 0.00000

O1 0.0070(13) 0.0109(13) 0.020(2) 0.00000 0.00000 0.00000

Space group: P4=mmm. Unit-cell parameters: a = 3.9483(1) Å, c = 3.4587(3) Å, and V = 53.92(1) Å3. Reli-

ability factor: Rp = 1.99%, Rwp = 2.58%, Rexp = 1.11%, RBragg = 3.41, c2 = 5.67. See also Table S5.
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Figure 5. Magnetism of non-superconducting anchored infinite-layer nickelate

(A) Temperature dependence of the magnetic susceptibility under 10 or 100 Oe after zero-field

cooling (ZFC) and field cooling (FC) conditions, for LaNi0.9Al0.1O2 and La0.85Sr0.15Ni0.9Al0.1O2. Note

the logarithmic scale for the magnetic susceptibility.

(B) Magnetic field dependence of the magnetization at 1.8 K for LaNi0.9Al0.1O2 and

La0.85Sr0.15Ni0.9Al0.1O2.
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The individual XANES spectra also exhibit different features after the edge region,

which reflects the strong sensitivity of XANES on the composition and local crystal-

lographic symmetry of Ni in individual compounds. For instance, in NiO, NiTiO3, and

LaNiO3, Ni is coordinated by 6 oxygen atoms in an octahedral environment. Spectra
Figure 6. Spectroscopic evidence for Ni+ oxidation state from electron microscopy

(A) Atomic-resolution HAADF image of LaNi0.9Al0.1O2 crystal in [001] zone axis.

(B) Crystal model based on the neutron diffraction data.

(C) EELS spectra of LaNi0.9Al0.1O3 (Ni3+, blue line) and LaNi0.9Al0.1O2 (Ni+, red line) with DE = 0.1 eV

dispersion.

(D) The same as in (C) but with DE = 0.25 eV dispersion.

8 Cell Reports Physical Science 4, 101724, December 20, 2023



Figure 7. Spectroscopic evidence for Ni+ oxidation state from X-ray absorption

(A) Ni K-edge spectra collected at ambient conditions of the Ni foil (Ni0), LaNi0.9Al0.1O2 (Ni+), NiO

(Ni2+), NiTiO3 (Ni2+), and LaNiO3 (Ni3+).

(B) Fourier moduli |c(R)| for all the compounds, where open symbols are the experimental points

and the black solid lines the best EXAFS fit obtained.
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of these compounds show certain similarities, while differences among them can be

explained by the different second-nearest neighbors, i.e., Ni, La, or Ti. The spectra

of LaNi0.9Al0.1O2 show strong differences to those described above and metallic Ni.

This can be most likely related to the lower coordination number of Ni (4) in this

structure and to the complex second-nearest-neighbor environment (Al, La, and

potentially H).

In Figure 7B, themoduli of the Fourier transform |c(R)| of the extended X-ray absorption

fine structure (EXAFS) signal of the raw data (colored symbols) are compared to those

obtained from EXAFS fitting (black lines). For the oxides, the moduli exhibit two peaks

around 1.5 Å, followed by a second peak located at the interval 2.25–4 Å (not corrected

by the photoelectron phase shift). Here, we will mainly discuss the local structure

around the first shell composed by Ni and O atoms. Table 3 summarizes the average

bond distance RNi–O, the coordination number, and the Debye-Waller factor for all the

oxide compounds in Figure 7. We observe a shortening of the average Ni–O distance

with increasingNi valence state, as expected from theory from the bond valence sum.56

For example, RNi–O varies from 2.010(1) Å to 1.92(1) Å for a Ni valence from 1+ in

LaNi0.9Al0.1O2 to 3+ in LaNiO3. Note that the Debye-Waller factor also decreased

with decreasing bond distance (Table 3). In the case of LaNi0.9Al0.1O2, the presence

of H and vacancies on the apical oxygen sites may contribute to promote a structural

disorder that raises the Debye-Waller factor in addition (s2 = 0.007(2) Å2). In summary,
Cell Reports Physical Science 4, 101724, December 20, 2023 9



Table 3. Structural parameters refined from the LaNi0.9Al0.1O2 EXAFS data for the first-shell

Ni-O, such that RNi–O is the average bond distance, NNi–O the coordination number, and s2 the

Debye-Waller factor

Compound Edge pos. (eV) RNi–O (Å) NNi–O s2 (Å2) R factor

Ni foil 8,333.0 – – – –

LaNi0.9Al0.1O2 8,336.6 2.010(1) 4 0.007(2) 0.1195

NiO 8,339.1 2.093(7) 6 0.005(2) 0.0517

NiTiO3 8,339.3 2.050(1) 3+3 0.003(1) 0.0327

LaNiO3 8,341.9 1.92(1) 6 0.0011(8) 0.0302

The edge position obtained from XANES is also reported. See also Table S6.
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observations in both XANES and EXAFS suggest a Ni oxidation state of 1+ in

LaNi0.9Al0.1O2 and confirm a complex chemical environment.
DISCUSSION

We have demonstrated that the stabilization of Ni+ in defect perovskites La(Ni1�yAly)

O2+y and the hole-doped counterparts is possible under mild reduction conditions

with CaH2, starting from suitable ‘‘oxidized’’ perovskites with La1�xSrxNi1�yAlyO3 stoi-

chiometry. The reduced compounds could be indexed in a tetragonally distorted

perovskite unit cell with a0 edge dimensions. An NPD investigation, taking advantage

of the higher sensitivity of neutrons to the oxygen and hydrogen atoms, were correctly

refined on the basis of the structural model of the mentioned IL structure, typified by

SrCuO2.
57 The ideal ABO2 IL structure can be derived from the ABO3 network by

removing all the axial oxygens, in such a way that B cations are coordinated to four

oxygens, in square planar configuration. In the present structural refinement from

NPD data, we assumed that Al cations, distributed at random in the Ni sublattice,

keep the octahedral coordination even in the reduced phase, as illustrated in Figure 8.

Effectively, neutrons are able to detect the presence of some extra oxygen atoms at

the axial positions, in the adequate proportion (about 0.1 atoms per formula unit) to

complete the Al octahedral coordination. Therefore, Ni cations are in both square

planar and square pyramidal coordination to oxygens, as shown in Figure 8. Note

that the c axis is significantly shorter than the a axis, as observed in the tetragonal

structure of SrCuO2,
57 as a result of the absence of most of the axial oxygens.

Also, a and c keep this relationship in the tetragonal lattice of pure LaNiO2, as

reported in the pioneering work by Crespin et al.58 The presence of Al at the Ni
Figure 8. View of the LaNi0.9Al0.1O2 crystal structure

The drawing shows the [AlO6] octahedra bridging adjacent layers, the 4-or 5-fold coordination to

oxygens of Ni+ ions, and the statistical presence of H� ions, at mid-distance between two La atoms.

10 Cell Reports Physical Science 4, 101724, December 20, 2023
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sublattice is essential since the associated axial oxygens, acting as bridges between

two adjacent layers, seem to favor the stability of the crystal structure.

The occurrence of Ni+ is doubly assessed; both EELS and XAS spectroscopic tech-

niques unequivocally demonstrate the presence of this rare oxidation state for

nickel. Magnetic measurements seem to indicate, in the reduced samples, the

segregation of some Ni metal. In any case, segregated Ni has not been identified

by SXRD or even by neutron diffraction (this element exhibiting one of the largest

scattering lengths), perhaps by its occurrence in nanoparticulate form, below the

detection limit by scattering techniques. In any event, the magnetic susceptibility

does not exhibit any hints for superconductivity, either in the La specimen or in

the hole-doped (La0.85Sr0.15Ni0.9Al0.1O2) counterpart.

Finally, perhaps the most striking feature of these IL nickelates is the presence of some

H� ions, statistically distributed in the tetragonal unit cell, in a non-negligible propor-

tion of about 0.07 atoms per formula unit, as determined fromNPDdata. This is the first

report, to our knowledge, of the existence of H atoms within the crystal structure of an

IL compound, in between the square planar [NiO4] units. As discussed above, this

has been a topic of debate,38,40,42,52,53,59 as theoretical work38 found H intercalation

to be energetically favorable for this compound, leading to important changes in the

electronic structure. Previous works using NPD concluded that the presence of interca-

lated hydrogen is unlikely in their powder samples and that it may be located in

grain boundaries or secondary-phase precipitates. In our case, as described before,

DFMs fromNPD data indeed exhibit a negative scattering density located at a mid-dis-

tance between La ions, compatible with the presence of hydrogen within the layers,

confirming the trapped hydrogen hypothesis in bulk materials. The absence of super-

conductivity in our specimens, even in the hole-doped material with stoichiometry

La0.85Sr0.15Ni0.9Al0.1O2, could well be related to the H inclusion, inherent to the synthe-

sis procedure, although other hypotheses should not be discarded.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Jose Antonio Alonso (ja.alonso@icmm.

csic.es).

Materials availability

This study did not generate new unique reagents. Oxidized and reduced nickelates

can be obtained upon request to the lead contact.

Data and code availability

The authors declare that data supporting the findings of this work are available

within the article and the supplemental information. Any other data are available

from the lead contact upon reasonable request.
Reagents

The following reagents were used as obtained, unless otherwise noted, in nominal stoi-

chiometric amounts: La2O3 (99.9%, REO, Alfa Aesar), SrCO3 (Merck), Al(NO3)3 $ 9H2O

(>98.5%, Merck), and Ni(NO3)2 $ 6H2O (R98.5%, Sigma-Aldrich).
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Synthesis protocol of precursor perovskite

La1�xSrxNi1�yAlyO3 nickelates were prepared in polycrystalline form using a citrate-ni-

trate route. The reagents, La2O3, SrCO3, Al(NO3)3 $ 9H2O, and Ni(NO3)2 $ 6H2O were

diluted in citric acid with some additional droplets of nitric acid to facilitate dissolution

of the reagents. The mixture of citrate and nitrate solutions was slowly evaporated in a

hot plate, leading to organic resins, which were dried and decomposed by slowly heat-

ing up to 600�C in air for 12 h and, afterward, were heated up to 800�C in air for 2 h, pro-

ducing highly reactive precursor materials. The precursor powders were treated at

900�C under 200 bar O2 pressure for 12 h in a Morris Research furnace. Finally, the sam-

ples were slowly cooled down (2�C/min) to room temperature to obtain the oxidized

La1�xSrxNi1�yAlyO3 nickelates in a polycrystalline (powder) form.

Reduction protocol

For the chemical reduction process, the nickelate powder was ground and mixed with

CaH2, sealed under vacuum in a Pyrex tube, and placed in a furnace. The sample was

heated for 0.5 h up to�280�C, held for 6 h, and then cooleddown to room temperature.

At this point, and before breaking the Pyrex tube, the presence of metallic Ni can be

checked by using a magnet close to the powder, so a rough estimation of the amount

of Ni, if at all detectable, is obtained. Afterward, the Pyrex tube was opened, and the

powder was washed with a 0.1 M solution of NH4Cl and methanol (CH3OH) for 1–2 h

at room temperature and then was filtered to obtain the powder of the IL nickelates.

Neutron and XRD measurements

The powders of both oxidized and reduced compounds were analyzed by laboratory

XRD in a BrukerD8Advance, withCuKa radiation. Some selected sampleswere studied

with NPD in the high-resolution D2B diffractometer at the Institut Laue-Langevin (ILL) in

Grenoble, France. NPD patterns for four selected samples with nominal compositions

LaNi0.9Al0.1O3, La0.85Sr0.15Ni0.9Al0.1O3, LaNi0.9Al0.1O2, and La0.85Sr0.15Ni0.9Al0.1O2

were collected at room temperature with a wavelength l = 1.594 Å. The samples were

contained in a cylindrical vanadium holder of 6 mm diameter. SXRD patterns were

recorded at the ESRF beamline ID22 (Grenoble, France) operating at a wavelength of

l = 0.35429 Å (35 keV). The X-ray energy of 35 keV was chosen to minimize absorption

effects. The samples were sealed in glass capillaries of 0.5 mm diameter and measured

under rotation tominimize potential texture effects. The high-resolution powder diffrac-

tion patterns were collected over the range 1–40� (2q) in continuous scanning mode for

temperatures ranging from 6 to 300 K with a 15 min waiting time at each temperature

step in order to guarantee an isothermal condition. SXRD patterns were retrieved

following the processing method described by Fitch and Dejoie.60,61

XRD and NPD data analysis was performed by the Rietveld method with the FullProf

program.62,63 The refined parameters were the following: zero-point error, back-

ground coefficients, scale factor, asymmetry factors, lattice parameters, atomic frac-

tional coordinates (x,y,z), and anisotropic thermal displacements.

Magnetometry

Magnetization measurements were performed in the temperature range from 1.8 to

300 K under an applied external magnetic field up to 7 T using a squid magnetom-

eter (MPMS-3) from Quantum Design (San Diego, CA, USA).

STEM and EELS measurements

Scanning transmission electron microscopy (STEM) atomic-resolution images were

taken in a JEOL ARM 200 electron microscope equipped with the aberration

corrector. EELS spectrum images were taken with a Gatan ‘‘Quantum’’ detector.
12 Cell Reports Physical Science 4, 101724, December 20, 2023
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X-ray absorption measurements

XASmeasurements at the Ni K-edge (at 8.333 keV) and at room temperature were per-

formed at the ESRF beamline BM2364 using an unfocused beam collimated to 3 3

1mm2. A set of twoparallel siliconmirrors inclined to 3mrad and in fixed-exit geometry

were employed for the harmonic rejection. For the measurements, we used sample

pellets of 13 mm diameter that were made from finely ground powder mixed with

appropriate proportions of cellulose in order to achieve an optimal absorption jump

for X-ray absorption measurements at the Ni K-edge. The absorption coefficient,

mðEÞ, of the sample was determined from beam intensity measurements before and af-

ter the measurements using two ionization chambers filled with appropriate gas mix-

tures to achieve 20% and 70% absorption of the X-ray beam photon flux, respectively.

XAS data were acquired using an energy stepping of 0.25 eV in the XANES, which is

most sensitive to the oxidation state and up to a k-range of 15 Å�1 in the EXAFS region,

which is sensitive to the average first-nearest-neighbor bond length and length distri-

bution. Reference samples with well-known Ni oxidation states, including Ni foil

(R99.95%, Goodfellow), NiO (R99.5%, Sigma-Aldrich), NiTiO3 (in da Costa et al.65),

and LaNiO3 (in Martı́nez-Lope et al.48), were measured with the same parameters

and served as standards for the analysis of the Ni oxidation state in LaNi0.9Al0.1O2.

XAS data reduction was performed using the Athena software package and

included pre-edge background subtraction, edge jump normalization, and the

extraction of the EXAFS oscillations.66 EXAFS fitting of the reduced data was con-

ducted using the Artemis software.66 Here, theoretical scattering paths were first

calculated on the basis of a structural model using the FEFF multiple scattering

path expansion. For these calculations, we used the structure data of reference

samples and LaNiO2 as reported from XRD measurements. The theoretical scat-

tering paths are subsequently adjusted to the experimentally observed ones by

adjusting structural parameters, including the average bond distance (R) and its

distribution, here referred to as the Debye-Waller factor (s2). In the present anal-

ysis, the coordination number was kept fixed to the one extracted from diffraction

data. For the EXAFS fitting analysis, the amplitude reduction factor, S2
0 , was ex-

tracted from EXAFS fitting of the Ni foil spectra and was fixed to the value of

0.8711 for all other samples. For each sample, we used up to 3–5 single and dou-

ble scattering paths in the analysis extending beyond the next nearest-neighbor

distance. In Table S6, more details on the EXAFS fitting for each compound can

be found.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
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