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ABSTRACT: Here, we report the development of a hydrogen-free, topotactic
oxygen deintercalation technique using alkali metal aluminum gallium amalgams
(AxAlGa, where A = Li, Na, K). These amalgams provide a uniquely tunable
system where the choice of alkali metal, its concentration, and the Al:Ga
composition alter its reductive properties. We demonstrate the utility of this
method in topotactically removing oxygen from bulk and thin film specimens of
LnNiO3 (Ln = La, Nd) to form the infinite layer of nickelate LnNiO2 (Ln = La,
Nd). For example, Na0.25AlGa affords bulk LaNiO2 from LaNiO3 at 300 °C for
120 h, while the same amalgam at 265 °C for 48 h affords the intermediate
La2Ni2O5 (LaNiO2.5). Other alterations in time and temperature as well as the
choice of alkali metal (A) and its concentration (x) in AxAlGa allow further
exploration of the topotactic reduction. Compared to standard techniques based
on hydrogen gas or hydrides such as LiH, NaH, and CaH2, these amalgams offer
an elegant tunability of the reduction potential, enabling control over the rate and degree of oxygen removal without the risk of
hydrogen intercalation.

■ INTRODUCTION
Materials discovery is plagued by the difficulty of retrosyntheti-
cally realizing targeted materials, leaving much of the solid-
state synthesis as a black box. Unlike the elegant hierarchical
synthesis steps common in organic chemistry, solid-state
techniques, like high-temperature “shake and bake” methods,
hydrothermal synthesis, and flux methods, often lack a priori
mechanistic insight, leaving much of synthesis as a blind trial
and error process. In more recent years, lower temperature
“chimie douce” or soft chemistry topotactic techniques have
gained considerable attention as a method to synthesize
metastable materials by design through a directed modification
process.1,2 In topotactic chemistry, a precursor material’s lattice
is treated like a scaffolding to allow for the addition, removal,
or rearrangement of targeted atoms.3−28 In these cases,
temperatures are not high enough to destabilize the framework
of the chemical structure but instead allow for the diffusion of
atoms through a lattice to realize kinetically stabilized
products. This kinetically stabilized process can therefore
enable a mechanistic approach for solid-state synthesis for the
rational design of the desired products. Perovskites and
perovskite-like structures have often been of interest for their
wide variety of applications including superconductivity,
catalysis, and ferroelectrics29−31 as well as their layered
structure showing the ability to be topotactically altered at
low temperatures, which has been detailed in previous work.1

The most common type of topotactic reactions consists of
the intercalation or deintercalation of ionic species, especially
in the solid-state battery community. The most famous
examples are lithium-ion batteries, where lithium is dein-
tercalated from the host structure, allowing for the remaining
lithium ions to diffuse into the empty sites within the layer.23,24

Moreover, oxygen deintercalation via topotactic reduction has
allowed for the discovery of novel families of materials with
functional electronic and magnetic applications.3−9,11−13,15−22

Topotactic modification reveals how small changes in
structure, oxidation state, and composition can greatly affect
material properties, as seen by the onset of superconductivity
upon the intercalation of fluorine in Sr2CuO3.

32 Another such
example is the discovery of superconductivity in reduced
nickelate thin films.6−11,46

Nickelates have long been studied due to their interesting
properties and as potential analogues to known copper oxide
superconductors.12 The discovery of high-temperature super-
conductors in copper oxides33 and later other systems, such as
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iron-based superconductors,34 did not fit into the Barden−
Cooper−Schrieffer (BCS)35 theory that explained previously
discovered superconductors. The discovery of new families of
superconductors expands our understanding of what compo-
nents are necessary for superconductivity and hopefully will
provide deeper insights into the mechanism behind unconven-
tional superconductivity. In particular, recent work has sought
to compare nickelate superconductors to high-temperature
superconductivity in isoelectronic and isostructural cup-
rates;36,37 however, the true extent of overlap between these
two families has not yet been fully understood.
In the synthesis of superconducting thin film nickelates,

isolation of the infinite layer nickelate requires a topotactic
oxygen removal step from the parent perovskite.6 One reason
for the difficulty in reducing LaNiO3 to LaNiO2 is that there
exists a narrow temperature regime where the oxygen atoms
have sufficient energy to deintercalate from the host lattice
while minimizing decomposition of the resulting LaNiO2
phase. However, this generally necessitates the use of hydrogen
or hydrides to achieve sufficient reducing potential,4−6,16−19

complicating inferences about the role of hydrogen in nickelate
superconductivity. LaNiO2 was first isolated by Crespin et al.

16

using hydrogen gas; however, the experimental setup was
complex and has scarcely been replicated due to its difficulty.38

The majority of later works utilize other hydrides such as NaH
and CaH2,

4,6,19 which have been used as the preferred low-
temperature oxygen deintercalation method, with CaH2 as the
increasingly preferred method due to its higher thermal
stability than NaH.6,19 In 2002, Hayward et al. found that
hydrides can intercalate into the lattice forming transition
metal oxyhydrides,25 muddling the effect and role of hydrogen
on reduced oxide materials and their properties as more have
since been discovered.10,26−28

Moreover, Li et al. found that doped and reduced bulk
nickelate samples showed an absence of superconductivity as
compared to their analogous thin film counterparts.15 This
discrepancy of superconductivity between thin film and bulk
nickelates thus far lacks an explanation. Some recent work in
currently archived and preprint articles implies that issues with
structural defects�including layer buckling�could be inhibit-
ing superconductivity.39,40 Another prevailing hypothesis is
that hydrogen incorporation as a byproduct of the hydride
reduction technique affects the electronic properties and,
therefore, the presence or absence of superconductivity. Some
computational studies and experimental data imply that
hydrogen incorporation may be necessary for superconductiv-
ity,10 while some show that this incorporation leads to
decreased conductivity.41−43 SIMS experiments on super-
conducting nickelates further give contradictory results
regarding the significance of hydrogen in these systems.10,44

Neutron diffraction studies have indicated that there is not a
significant amount of hydrogen incorporation in bulk LaNiO2
powder45 but have not quantified the upper limit of hydrogen
present. The presence of strain in thin films could explain the
difference in properties between bulk and film samples as well
as any differences in the propensity for hydrogen incorpo-
ration.
The difficulty in detecting hydrogen in the solid state and

the ambiguity of hydrogen’s role in nickelate superconductivity
motivate the need for a new reduction technique. Some
progress in hydride-free reductions has been shown using
metals as oxygen getters such as zirconium or alumi-
num13,20−22,46 but in bulk samples hydride-free reductions

have only resulted in the formation of LaNiO2.5 instead of the
desired LaNiO2 phase. Thin film samples reduced using
aluminum have required an in situ technique that does not
easily transfer to bulk samples.13,46 Aluminum also shows
significant reduction potential at low temperatures when mixed
with gallium, reacting with water.47,48 However, as these are
extremely powerful reductants, such reactions are very sensitive
to precise timing and particle morphology, limiting reaction
control and material quality. The conflicting results regarding
the role of hydrogen in nickelate superconductivity could be
resolved if hydrogen-free samples of reduced nickelates were
prepared.
Here, we report a new reduction method for topotactic

oxygen deintercalation that utilizes an amalgam of aluminum,
gallium, and an alkali metal. The combination of aluminum
and gallium provides a “base” considerably less hazardous than
mercury conventionally found in amalgams, while the
concentration of dissolved alkali metal enables precise control
over the reduction potential of the amalgam. This new
technique shows promise as an alternative synthetic pathway
for oxygen deintercalation, free from many of the conventional
pitfalls.

■ EXPERIMENTAL SECTION
LaNiO3 was prepared using a two-step reaction from a KOH flux.49

La2O3 (Alfa Aesar, 99.99%) and NiO (Strem Chemicals, 99.9%) were
preliminarily dried at 1000 and 150 °C, respectively, and stored in a
desiccator. The reactants were mixed in a 1:1 ratio and ground into a
powder using an agate mortar and pestle and then heated in a box
furnace at 1000 °C for 12 h. This powder was then mixed with KOH
pellets (Merck) in a ratio of 1:10 by mass, respectively, and heated in
a Ni crucible at 450 °C for 12 h. LaNiO3 was also synthesized via a
high-pressure floating zone (HPFZ), at 50 bar O2, as previously
described.50 A section of the melt was crushed into a powder in an
agate mortar and pestle for later use. Reductions on these samples
kept the entire synthesis process hydrogen-free.
The alkali-free amalgam AlGa was synthesized by placing

stoichiometric amounts of aluminum (Kurt J. Lesker, 99.99%) and
gallium (Noah Tech, 99.99%) in a carbon-coated quartz tube and
heating them in a box furnace at 700 °C for 4 h. All quartz tubes were
flushed with argon and sealed under a vacuum of ∼20 mTorr. The
product was opened in a glovebox with O2 < 0.1 ppm and H2O < 0.5
ppm. The sodium amalgam Na0.25AlGa was prepared by combining
Na (Sigma-Aldrich, 99.9% metals basis) with the as-prepared AlGa
amalgam in a carbon-coated quartz tube with a Na/Al/Ga ratio of
1:4:4, other stoichiometries, as well as lithium (Sigma-Aldrich, 99%
metals basis) and potassium (Sigma-Aldrich, 98% metals basis)
analogues prepared by the same procedure. This amalgam was
brought to 300 °C for 2 h and then briefly placed in a preheated 700
°C box furnace for approximately 5 min before quenching (to ensure
homogeneity of the amalgam). At room temperature, the amalgam
consists of small beadlike clusters. All subsequent reductions were
prepared in a glovebox by placing the amalgam in direct contact with
an ∼50 mg pellet of LaNiO3 (10:1 molar ratio) in a quartz tube. The
respective amalgams were ground into a powder to increase the
contact surface area between the reducing agents and the nickelate.
After heating, the nickelate can be easily separated from the amalgam
by mechanically brushing off any amalgam beads from the pellet.
Calcium hydride (Alfa Aesar, 92%) reductions, on the other hand,
were performed with indirect contact using Al foil as previously
described.11 The furnace was heated to a given temperature at 100
°C/h.
Films were synthesized according to Pan et al.14 Thin film

reductions were performed with the same procedure as the bulk, with
200−300 mg amalgam, compared to ∼1 g for bulk samples. Thin
films were oxidized by heating them at 300 °C for 84 h under flowing
O2 at a rate of ∼5 L/h.
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The following equations were used to determine the 10:1 molar
excess for reduction.

LaNiO
2
3

Al LaNiO
1
3

Al O3 2 2 3+ +i
k
jjj y

{
zzz i

k
jjj y

{
zzz

LaNiO 2A LaNiO A O (A Li, Na, K)3 2 2+ + =

LaNiO CaH LaNiO Ca(OH)3 2 2 2+ +

X-ray diffraction (XRD) data were taken using Bruker powder
XRD with a Cu Kα anode instrument for bulk samples and a Bruker
Four Circle XRD with a Cu Kα anode instrument for thin film
samples.
Temperature-dependent magnetic susceptibility data was collected

on a Quantum Design Magnetic Property Measurement System
(MPMS3) from T = 2−300 K under an applied field of H = 1000 Oe
and using zero-field-cooled (ZFC) and field-cooled (FC) protocols.
All magnetic data were collected on powder samples loaded with
plastic straws. Scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) were performed using a JEOL JSM-
IT100 instrument by placing the powder on carbon tape.
Refinements were performed on this data with the use of Topas.51

We refined the lattice parameters, zero error, background, and the
Thompson−Cox−Hastings peak shape.52 Two background peaks
were added at a low angle to account for diffuse scattering present in
the spectra due to sample preparation. Structure visualizations were
taken from Vesta.53

■ RESULTS AND DISCUSSION
Figure 1 demonstrates the viability of this technique, as applied
to the preparation of infinite-layer LaNiO2 from perovskite
LaNiO3. It is important to highlight the control of Na0.25AlGa
as a reducing agent to convert precursor LaNiO3 to either
LaNiO2.5 or LaNiO2 as a function of temperature and time.
The parent LaNiO3 compound is a phase-pure hexagonal

perovskite crystallizing in R3̅c (167) symmetry as previously
reported.54,55 Reduction of this parent with the gold standard
hydride method, CaH2, produces LaNiO2 at 300 °C with some
over-reduced impurity phase (see Figure 1d). There is some
impurity phase in the infinite layer phase realized by the
sodium amalgam of levels comparable to those of the hydride
reduction. Pure Na results in LaNiO2 after 8 h of treatment but
results in over-reduction impurity phases as well as significant
intermediate phases indicating poor reaction control.
Figure 2 shows a direct comparison between reducing

agents, all at 300 °C for 24 h. Only the sodium amalgam and
the hydride show significant peaks indicating the LaNiO2
phase after 24 h at 300 °C. The aluminum gallium does not
show any significant reductive progress, indicating that it is
more of a vessel for controlling the ability of the alkali metal to
reduce. Another treatment shown in Figure S1 with just an
AlGa mixture, which has previously only shown its reductive
capabilities by reducing water,47,48 does not result in any
significant peak shifts or appearance of new phases even after
48 h at 550 °C. This is different than recent findings in thin
films, where deposited aluminum layers can reduce LaNiO3 to
LaNiO2 as a function of film coverage and temperature (200 to
270 °C).13 This reflects the differences in required diffusion
pathlengths for oxygen deintercalation in thin film and bulk
materials: about 50 nm for the thin film case versus
micrometers for bulk specimens. However, addition of sodium
into the amalgam, nominally Na0.25AlGa, allows for a
conversion of bulk LaNiO3 to LaNiO2, seen in Figure 1c
with sharp peaks indicating strong retention of crystallinity.

The Li and K amalgams show significant structural changes but
only the K amalgam results in the formation of LaNiO2.5.
The use of NaAlGa results in over-reduction (Figure S2),

demonstrating that the concentration of Na in the amalgam is
a key factor controlling the reduction potential and degree of
oxygen deintercalation in LaNiO3. One should note that in the
case of LaNiO3, the desired reduction potential is obtained
with a sodium concentration of Na0.25AlGa; however, this may
not be the optimal alkali concentration for reductions in other
oxide systems. Subsequent fine-tuning of the temperature and
reaction time allows us to isolate the intermediate phase
LaNiO2.5 seen in Figure 1b.
Refinements were performed on various reductions, shown

in Figures 3 and S3, with comparisons to the literature values
in Table S1. The lattice parameters are compared for the
intermediate and infinite layer reduced phases. These
strengthen our understanding that the amalgam provides
reduction potential comparable to that of CaH2 while affording
better control and crystallinity than sodium alone. Figure S3
expands on the information shown in Figure 3 and includes the
hydride reduction refinement. Tick marks in Figure 3
correspond to the intermediate LaNiO2.5 and infinite layer
LaNiO2 phases, but all the fits and their corresponding weight
percent for each sample are presented as well as the Rwp values
for each Rietveld refinement. The full data are presented in
Figure S3. It can be seen that the sodium amalgam allows for

Figure 1. Room temperature powder XRD patterns of LaNiO3 (a)
starting material before treatment. (b) Reaction with Na0.25AlGa at
265 °C for 48 h forming LaNiO2.5. (c) Reaction with Na0.25AlGa at
300 °C for 120 h forming LaNiO2. (d) Reaction with CaH2 at 300 °C
for 120 h forming LaNiO2. (e) Reaction with Na for 300 °C for 8 h
forming LaNiO2. Red tick marks correspond to peak locations for the
LaNiO3 phase, blue tick marks correspond to the LaNiO2.5 phase, and
black tick marks correspond to peak locations for the LaNiO2 phase.
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the realization of reduced phases of LaNiO3 with little impurity
phases, whereas sodium metal alone leads to incomplete
reduction and over-reduced phases. It is also estimated that
around 50% of the mass of the sample is Na3H(CO3)2(H2O)2
(likely due to post-synthetic decomposition or reaction in air
as there is no available carbon source during the reaction
process), making clear the need for other methods than direct
reactions with sodium. It should be noted that the larger
differences between calculated and observed intensity in Figure
3b are likely due to a combination of incomplete and over-
reduced phases. The disagreement in Figure 3c can be
attributed to very significant structural changes with small
changes in oxygen stoichiometry near the intermediate
LaNiO2.5 as seen in previous reports.

20,56

A truly versatile hydrogen-free topotactic oxygen removal
method should also be applicable to thin-film specimens in
addition to bulk materials. Figure 4 shows the results of
applying these amalgams to reduce thin films of NdNiO3 on a
NdGaO3 substrate. Reductions via AlGa and Na0.25AlGa were
carried out with direct contact between the agent and the film
surface.
The CaH2 reduction was indirectly in contact via Al foil, as

described previously,11 and showed a strong film peak
indicating successful oxide deintercalation. The reduction
using Na0.25AlGa shows poor crystallinity, but subsequent

reoxidation by annealing under flowing oxygen indicates that
this is a reversible process and can be fine-tuned for better
crystallinity in the future. The XRD pattern for the as-grown
film shows intense diffraction peaks for the NdGaO3 substrate
and less intense peaks corresponding to the NdNiO3 film.
Upon reduction with AlGa, the film peaks shift slightly to a
higher angle, suggesting that a small amount of oxygen can be
removed. Reduction with Na0.25AlGa and CaH2 affords the
fully reduced phase, evidenced by the dramatic peak shift to a
higher angle (Figure 4).
Thin films are generally reduced in indirect contact with

hydrides, as diffusion is much more efficient. The amalgam was
used in direct contact with the thin film, making oxygen
deintercalation difficult to control. Future studies will explore
the indirect contact reduction of thin films using the amalgam
to optimize the reduction conditions; however, here we

Figure 2. (a) Starting material before treatment (with a small amount
of La4Ni3O10 and unreacted NiO), all subsequent materials in the
same furnace at 300 °C for 24 h. (b) Reaction with AlGa; (c) reaction
with Li0.25AlGa; (d) reaction with Na0.25AlGa; (e) reaction with
K0.25AlGa; and (f) reaction with CaH2 for 24 h. Red tick marks
correspond to peak locations for the LaNiO3 phase, blue tick marks
correspond to the LaNiO2.5 phase, and black tick marks correspond to
peak locations for the LaNiO2 phase. Figure 3. Rietveld refinement for three bulk LaNiO3-reduced samples.

(a) Sample reduced by Na0.25AlGa for 48 h at 265 °C forming
LaNiO2.5; (b) sample reduced for 120 h by Na0.25AlGa at 300 °C
forming LaNiO2; and (c) sample reduced for 8 h by Na at 300 °C
forming LaNiO2. Black tick marks correspond to peak locations for
the LaNiO2 phase, and blue tick marks correspond to peak locations
for the LaNiO2.5 phase. For each figure, the intermediate LaNiO2.5 or
infinite layer LaNiO2 is highlighted with peaks, but other phases are
presented with their respective weight percent determined by the
Rietveld refinement. An expanded version of this figure with all tick
marks is presented in SI Figure S3.
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focused on the bulk samples as a proof of concept that a
hydrogen-free reduction method can be implemented. We
propose that sodium is the preferred alkali metal for amalgam
reductions as it optimizes both kinetic and thermodynamic
parameters. Potassium is a larger, more reactive metal than
sodium or lithium, making it more difficult to precisely control
the reactivity. On the other hand, lithium is smaller, less
reactive, and possibly not sufficiently reducing to drive
reduction. Therefore, sodium is preferred as its intermediate
size allows for maximized diffusivity to reactivity to promote
the reduction. The kinetics of the reduction can further be
driven by the surface area and size of the starting material,
where crystalline materials require longer reduction times
compared to their polycrystalline, higher surface area counter-
parts.
Figures S4−S13 and Tables S2−S11 show various SEM,

EDS, magnetic property measurement system (MPMS), and
XRD data for precursors and reduced phases. To disambiguate
the role of hydrogen in the reduced nickelates, both the
hydride and amalgam products were measured on the MPMS,
as any hydrogen incorporation would change the number of
unpaired spins in the reduced nickelate samples. One can
imagine that hydride incorporation would promote LaNiO2Hx

formation and, in the x = 1 case, oxidize the nickel from a d9 to
a d8 with either two unpaired electrons and a higher moment
in the high-spin configuration or no unpaired electrons and
thus lower moment in the low-spin configuration. Hence, any
incorporation of hydrogen should be reflected in the magnetic
data. Figures S5 and S8 show the DC susceptibility for the
amalgam and hydride-reduced samples, respectively, and show
comparable magnetism without significant deviation from one
another. It should be noted that part of the high magnetic
background is contributed by ferromagnetic reduced nickel
metal; however, the literature comparison to LaNiO2 shows
similar low-temperature behavior, and shows similar low-
temperature behavior as well as ferromagnetic nickel
impurity.6,57 Comparison between the intermediate phase
with literature shows comparable magnetic responses.56 The
pure sodium reduction in Figure S7 shows some different
magnetic behavior, likely from the other impurity phases
present. This suggests that the amount of hydrogen
incorporation in bulk samples is small, consistent with the
lack of a large incoherent scattering background in neutron
powder diffraction.45 To further test the role of hydrogen in
bulk samples and its relationship to superconductivity, samples
were hole-doped with strontium and reduced by using the
amalgam. Again, we observe no sign of superconductivity in
our hydrogen-free reduced powder samples of nominal
La0.8Sr0.2NiO2 (Figure S10).
To better understand the nature of the amalgam and its

effect on the final product, all precursor and reduced samples
were measured with SEM−EDS. Although hydrogen cannot be
detected by EDS, a qualitative comparison of the oxygen
content can be addressed, along with any contaminants from
differing growth conditions. The precursor LaNiO3 samples
grown by either the KOH flux or HPFZ did not have
significantly different oxygen contents, as shown by Figures S4
and S11 suggestive of comparable oxidizing growth conditions.
There are differences in crystallite size and shape due to the
different synthesis conditions. This can be seen in the SEM
images in Figures S4 and S11. There are many small crystals
with a lot of surface area in the 5−10 μm region in S4, whereas
the image in Figure S11 shows a crystal with a width on the
order of 50 μm. More difficulty isolating the infinite layer
phase in floating zone grown samples is consistent with much
larger crystal sizes in floating zone samples. The KOH flux did
show evidence of small amounts of potassium incorporation on
the order of ∼1%, which is consistent with previous work49
and can be avoided by using the HPFZ or other high oxygen
pressure methods. However, the KOH flux was the preferred
method for growing LaNiO3 due to the reliability, ease, and
scalability of the reaction. The LaNiO2 hydride and amalgam-
reduced samples were also measured with EDS. The CaH2-
reduced sample did not show evidence of contaminants, which
is expected as the reducing technique involves indirect contact
(Figure S8). Although our amalgam technique relies on direct
contact with the sample, the reduced products did not show
evidence of amalgam incorporation. In fact, the primary
contaminants for these sodium amalgam samples were small
amounts of potassium, presumably from the KOH flux of
precursor LaNiO3, as discussed above. On the other hand, the
LaNiO2 sample reduced from pure sodium (without the Al and
Ga) showed significant sodium contamination consisting of
11% of the measured sample (Figure S7). As SEM−EDS is a
surface technique, one explanation is the post-synthesis

Figure 4. XRD scans of various treatments of NdNiO3 films on
NdGaO3, (a) before any reducing treatments. (b) After reaction with
AlGa at 290 °C for 16 h, rightward shifted peaks indicate larger
structural changes. (c) After reaction with Na0.25AlGa at 290 °C for 1
h. (d) Reduced film shown in (c) after heating with flowing oxygen at
300 °C for 84 h. The reoxidized film shows that this reaction is
reversible and therefore nondestructive. (e) After reaction with CaH2
in indirect contact with film at 290 °C for 3 h. The asterisk denotes
the NdGaO3 substrate peaks. The dotted lines represent film peaks.
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workup wherein the amalgam is easier to brush off and remove
from the sample than pure sodium.

■ CONCLUSIONS
In conclusion, we have successfully developed a novel
hydrogen-free oxygen deintercalation technique utilizing an
amalgam made from aluminum, gallium, and an alkali metal.
The reduction capabilities were demonstrated by converting
both bulk and thin film nickelates into their infinite layer form.
This method marks a distinctive advantage over conventional
reducing methods, as changes in alkali concentration allow for
a highly tunable reducing system, which helps to moderate
both control and degree of oxygen reduction. This is not true
of hydride reducing agents, whose reduction potentials are
fixed. Moreover, amalgams avoid the risk of hydrogen
incorporation into the host lattice, which is often difficult to
detect. Therefore, amalgams can be used to disambiguate the
role of hydrogen in reduced oxide materials through an
alternative synthesis route. In particular, the claim that
superconductivity is only found in thin film nickelates with
certain amounts of incorporated hydrogen can be exper-
imentally tested by making a hydrogen-free analogue of both
thin film and bulk samples.
Overall, amalgams are a highly tunable alternative to hydride

reducing agents; the concentration of the reactive ternary
metal allows for control over the reduction potential, while the
aluminum/gallium ratio controls the melting point. It is clear
that the alkali metals are the most important piece of the
puzzle when it comes to reducing power, but the sodium
reduction alone leaves a lot to be desired in terms of
cleanliness and ability to isolate the desired phase, which
stresses the importance of the amalgam as a base for
controlling these results. Although this work explored the
efficacy of amalgams in reducing nickelates, there are many
other interesting reduced oxide materials to explore.
Accordingly, these amalgams show huge potential for materials
discovery as the ternary metal could be varied for the targeted
deintercalation of specific anions. For example, calcium has
one of the strongest metal affinities for the fluorine atom, and
future work involves the selective deintercalation of fluoride
anions through a calcium addition to the amalgam.58 Future
research will explore the role of these tunable amalgams in
deintercalating other families of anions, such as the selective
removal of halide or chalcogenide groups, allowing for new
classes of quantum materials to be discovered and serving as a
fundamental member of a synthetic chemist’s toolbox.
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