New compounds and phase selection of nickel sulfides via oxidation
state control in molten hydroxides
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ABSTRACT: Molten salts are promising candidates for the discovery of novel materials; however, they offer little control over
oxidation state compared to aqueous solutions. Here, we demonstrated that when two hydroxides are mixed, their melts become
fluxes with tunable solubility, which are surprisingly powerful solvents for ternary chalcogenides and offer effective paths for crystal
growth to new compounds. We report that precise control of the oxidation state of Ni is achievable in mixed molten LiOH/KOH to
grow single crystals of all known ternary K—Ni—S compounds. It is also possible to access several new phases, including a new
polytope of B-K3NisSs, as well as low-valence KNisS; and KaNigS11. KNisS; is a two-dimensional (2D) low-valence nickel-rich sul-
fide, and B-K2Ni3S4 has a hexagonal lattice. Moreover, using KNisS; as a template, we obtained a new layered binary Ni,S by topo-
tactic deintercalation of K. The new binary Ni.S has a van der Waals gap and can function as a new host layer for intercalation
chemistry, as demonstrated by the intercalation of LiOH between its layers. The oxidation states of low-valence KNisS, and Ni,S
were studied using X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS). Density functional theory
(DFT) calculations showed large anti-bonding interactions at the Fermi level for both KNi,S, and Ni,S, corresponding to the flat-

bands with large Ni-d,. > character.

Introduction

High-temperature fluxes are a great tool for material synthesis
because they offer moderate temperature regimes, crystal
growth, and Kinetic stabilization of compounds that cannot be
prepared by direct high-temperature synthesis.'® Reactions con-
ducted in fluxes have been exploited to discover materials, such
as complex metal oxides, chalcogenides, and pnictides. These
materials exhibit diverse properties, such as large optical non-
linearities, ion-exchange, high critical temperature (T¢) super-
conductivity, high-performance thermoelectricity, and photo-
voltaic conversion.®'! However, like most solid-state syntheses,
the “black-box” nature of high-temperature fluxes offers little
or no insight into solvated species, reaction mechanisms, inter-
mediates, or nucleation. Thus, without adequate knowledge of
these reaction processes, compound design for extended solids
that begins at the molecular level lags behind organic synthesis,
in which molecules can be planned step-by-step on a drawing
board via retrosynthesis. Contrary to organic synthesis, the sci-
ence of solid-state inorganic synthesis is still in an early stage.

In an effort to pursue a more targeted and rational approach to-
wards the synthesis of new compounds, panoramic reactions us-
ing in-situ diffraction techniques to monitor the dissolution, in-
termediates, and products in a flux reaction have provided great
insight into reaction mechanisms with different fluxes.'?'¢ For
example, Shoemaker et al. discovered that varying the [S] in the
polysulfide flux of K,Sy could lead to a change in the CuS4; mo-
tifs in the local coordination.'® To achieve the goal of rational
material synthesis with the knowledge gained from panoramic
synthesis, a tunable flux is required to shift the reaction para-
digm towards targeted compounds or structures and away from
known compounds. Hence, we recently formulated a solution
using AOH/AX mixtures (A = alkali metals and X = halides) with
tunable solubility. An increase in the concentration [OH] can
shift the reaction paths in favor of more complex and kinetically
stable products with lower solubility. Moreover, building
blocks from different thermodynamic products may be com-
bined to form heterolayers in a kinetically controlled pathway.



Chalcophilic elements like Ni have very low solubilities in
mixed LiOH/LiCl ([OH] = 0.5-1) and only trivial binaries like
NisS; were obtained. However, increasing the solubility can
shift the reaction paradigm towards more complex structures.
Thus, in this study, we demonstrated the effectiveness of the
tunable flux by varying the LiOH/KOH ratio in different chal-
cogenides, including K-Ni-S ternaries. Ternary K-Ni-Q (Q =
S and Se) systems have been well studied over the past decade,
especially the tetragonal KNi»Q; (I14/mmm), because of their
close structural proximity to Fe-based superconductors.t”-?22 To
date, there are two reported ternary systems, a-K;NizSsand the
low-valence KNi,S; (Figures 1a and b, respectively). KNi.,S; is
isostructural to the superconducting 122-type KFe,Se; and ex-
hibits exotic physical behavior,? including superconductivity
below 0.46 K. Although the T. is quite low, it is interesting,
nonetheless, as its superconductivity rises after the suppression
of the charge density wave (CDW).? It is also suspected to ex-
hibit heavy-Fermion character in its superconductivity similar
to that of KNi,Se;and TINi,S,. 2%

Herein, we have reported the synthesis of all known ternaries of
the K-Ni-S systems, a-KzNi3S4?%, KNiS;?* additional new ter-
naries of B-KzNisSs, KNisS; (Figure 1c), and KsNigS1; obtained
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by varying the LiOH/KOH ratio. Although mixed hydroxides
have been used to grow crystals of oxides, they have primarily
been used with ratios that led to the lowest eutectic melting
point for lowering the reaction temperature. This could be ben-
eficial for avoiding vaporization of starting materials because
these reactions are often carried out in open crucibles.>® In con-
trast, we varied the ratio of LiIOH/KOH instead of using a fixed
ratio. Moreover, the synthesis of chalcogenides in molten hy-
droxide medium has never been reported prior to our study. Fi-
nally, we discovered a correlation between the oxidation states
of Ni (+2, +1.5, and +1-0.75) and basicity ([KOH]). Increasing
[KOH] leads to a lower Ni oxidation state in the K-Ni-S ter-
naries. We can achieve phase selection for the known com-
pounds, KzNi3Ss and KNiS,, and for a new compound, KNisS,,
using this unexpected phenomenon. This selection method,
which is dependent on the basicity instead of the starting mate-
rials, offers a facile route for the synthesis and crystal growth of
K-Ni-S ternaries. The reaction pathways observed here could
have implications for the synthesis of other systems involving
transition metals. This could be of synthetic utility for develop-
ing rational strategies for synthesizing broad sets of new com-
pounds.

Figure 1. Crystal structures of a) K;Ni3S4, b) KNi,S;, and ¢) KNisS;

Results and Discussion

Synthesis and crystal structures: The hydroxide fluxes allow
the use of simple precursors, viz. KOH, Ni(OH), (or NiO), and
elemental S, instead of additional steps required to synthesize
KzS. This fully utilizes the advantage of the disproportionation
of S in strong bases to form S

4S +80H 535 + SO +4H,0 (1)
We observed that for reactions at 450 °C alone, phase selection
was achieved by simply tuning the basicity and sulfur concen-
tration, defined as [S] = mol(S)/[mol(LiOH) + mol(KOH)],
since the S/Ni ratio was approximately maintained at 2.5:

K 4+ 3Ni* 4 487 24 KuNiyS, (2)
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We have explained these reactions and the synthe5|s process in
detail in Supplementary Information (SI). The key observa-

tion is that the oxidation state of Ni in the ternary sulfide prod-
ucts tends to decrease with increasing basicity (increasing
[KOH]) or decreasing [S] (Figure la—c). The reactions de-
scribed in Figure 2a were subjected to rapid heating rate up to
450 °C at the rate of 20 °C/min. The reason for using such a
high rate of heating was to minimize the dwell time at low tem-
peratures because of the lower melting point of KOH compared
to LiOH. The initial melt at a lower temperature was high in
[KOH]. For example, for [KOH] = 0.7, the eutectic point is ap-
proximately 220 °C, whereas for [KOH] = 0.3, the mixture
melts near 370 °C.% As shown in Figure 2a, for [S] = 0.1-0.125,
[KOH] of 0.7, 0.5, and 0.3 generally favor KNisS; (Ni +0.75,
Figure 1c), KNi.S; (Ni +1.5, Figure 1b), and K;NisSs (Ni +2,
Figure 1a), respectively. These results demonstrate the robust-
ness and versatility of mixed KOH/LiOH melts as reaction me-
dia for the synthesis of complex chalcogenides. We begin by
explaining the structure of the new ternary KNisS,.

The crystal structure of KNisS; was determined by single-crys-
tal X-ray diffraction (XRD) (Figure 1c and Table S2). It adopts
a layered pseudo-square-net in the Cmmm space group with a =



3.6617(7) A, b = 16.381(3) A, and ¢ = 3.6694(7) A. Despite
many similarities with the ThCr,Si,-type (122-type) structure
adopted by KNi,S; (Figure 1b and Table S3), the structure of
KNisS, crystallizes in the CeRe;Six-type.?® In the 122-type
KNiS,, Ni and S form edge-sharing NiS, tetrahedra that extend
to a square net. In contrast, there are only two neighboring S
atoms in KNisS,, forming bent S-Ni-S (Figure S6). The Ni(1)—
S and Ni(2)-S bond distances were 2.230(4) and 2.215(3) A,
respectively, and their respective bond angles (S—Ni-S) were
110.4(2)° and 111.8(3)°, respectively. These are comparable to
the bond distances of Ni—S (2.286(2) A in KNiS;) and the bond
angles in the NiS, tetrahedron, i.e. 108.29(9)° and 111.86(17)°.

Because there are two Ni sheets sandwiched between the two S
sheets, each Ni is surrounded by four neighboring Ni atoms in
the plane to form a square planar structure, and four neighbor-
ing Ni atoms out of the plane to form a square pyramid structure
(Figure S6). The Ni—Ni in-plane bond distance is 2.5921(4) A,
and the Ni(1)-Ni(1), Ni(1)-Ni(2), Ni(2)-Ni(2) out-of-plane
bond distances are 2.532(4), 2.558(3) and 2.578(4) A, respec-
tively. These bond distances are shorter than the Ni—Ni bond
distance of 2.6780(4) A in KNi,S,, but longer than those in me-
tallic Ni (Fm-3m) (2.49 A).?” The in-plane Ni(2)-Ni(1)-—Ni(2)
and Ni(1)-Ni(2)-Ni(1) bond angles are 89.871(15)° and
90.111(16)°, respectively, because of the slight difference in the
lattice constants a and c. These bond angles are slightly dis-
torted from the right angle. However, even if each Ni layer
forms a perfect square net without this distortion, the symmetry
of the lattice would not be four-fold due to the glide plane be-
tween the two neighboring Ni sheets (Figure S6).

When [KOH] was decreased to 0.5 and 0.3, the products were
KNi,S; (Ni +1.5) and K2Ni3S4 (Ni +2), respectively. We usually
observed mixed phases for samples containing K;NisSs. Based
on our XRD analysis and elemental analysis with energy-dis-
persive X-ray spectroscopy (EDS) (described in detail in the Sl
section of polytypism in K;Ni3S,), we attributed the secondary
phase to a new hexagonal 2H-type K;NisS4.232?8 Therefore, we
named the known K;NisS, (Fddd, 40-type) and the 2H-type as
a-K2NisSs and B-K:NisSs, respectively.

These results demonstrated that with increasing flux solubility,
more metastable compounds were favored. Our theoretical cal-
culations show that the cohesive energy (enthalpy) for KNisS;
is —0.470 eV/atom, whereas they are —0.869 and -1.016
eV/atom for KNi,S; and o-K;Ni3S;,?® respectively (obtained
from the Materials Project, which was also implemented using
VASP for these calculations). The cohesive energy of KNisS;
was even lower than that of a-KNisSs + 5Ni (two formula units
of KNisS;) (-0.540 eV/atom). This indicated that KNi,S, could
not be prepared by traditional solid-state reactions. Indeed, our
direct synthesis with Ni and polysulfides (16Ni + K;S3 + K,Ss)
at 400 °C produced only a-K;NisS, and Ni (Figure S7a). The
heat treatment of KNisS, resulted in the decomposition of
KNi,S,, NisS2, and Ni (Figures S7b and S7c). In addition to fa-
voring metastable phases with increasing [KOH], it also tends
to grow larger crystals because of its higher solubility. The crys-
tals of K;NisS, grown with [KOH] = 0.3 are generally below
20-30 pm (Figure S8a), whereas when [KOH] increased to 0.5
and 0.7, the crystals of KNi.S; and KNi,S; can be as long as
200-300 pm (Figure S8b) and 1 mm (Figure S8c), respectively.
The ability to grow single crystals of KNi,S; (Table S3) for the
first time, in this study, could provide suitable samples to study

its exotic physical phenomena such as the alleged heavy fer-
mion superconductivity.20?!
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Figure 2. a) predominate phases as a function of [LiOH] and
[S] and b) panoramic synthesis of K;NisS4 using in-situ diffrac-
tion at high-resolution synchrotron source. The pink, orange,
and grey areas in a) depict phase regions for K;NisSs, KNi,S;
and Ni, respectively. The phase region for KNi,S; is very nar-
row and not distinguishable from Ni or KNi,S;, hence not
shown in a).

To fully illustrate the crystallization process, we carried out in-
situ panoramic synthesis with [KOH] = 0.3 (Figure 2b). Inter-
estingly, we found that KNisS; was initially formed at 325 °C,
but quickly disappeared or converted to the K;Ni3S4 phase at
450 °C, which is the product of this reaction. To explain this,
the heating process is taken into consideration. When the tem-
perature of the mixture first reached the eutectic point at 220
°C, the [KOH] was approximately 0.7, instead of the intended
value of 0.3, because excess LiOH was present in the solid
form. With increasing temperature, more LiOH was dissolved
and reduced the concentration of KOH, eventually leading to
[KOH] = 0.3 at 370 °C. Considering the formation of the ter-
naries is almost instantaneous, the flux at lower temperature
with high [KOH] (starting at [KOH] = 0.7 at the eutectic point)
may initially favor KNisS,. However, once the temperature
reached 450 °C, the [KOH] decreased to the intended point of
0.3, which favored the formation of K;NisS4. Thus, KNisS, was
completely converted to K:NisSs. Hence, we observed that at



heating rates below 5 °C/min, KNisS; was more easily stabi-
lized kinetically to afford a single phase without K vacancies
(Table S1). We also carried out reactions at 350 and 400 °C.
Although pure KNi,S; can be prepared at 400 °C, the crystals
are significantly smaller than those prepared at 450 °C. Inter-
estingly, we detected a new kinetic phase for reactions con-
ducted at 350 °C. Its composition is determined as “K4NigS11”
with EDS (Figure S2c¢) and it was indexed to a P2/m space
group with a =7.16(1) A, b =13.98(2) A, ¢ =5.232(9) A and s
=110.6(1)° using the indexing program DICVOL.% Our results
exhibited that mixed hydroxide fluxes were capable of stabiliz-
ing kinetic products and control oxidation states via tunable sol-
ubility.

Oxidation state control: We could select different sulfide
phases of Ni with oxidation states of +0.75-1, 1.5, and 2 in a
one-pot reaction. This is quite remarkable, as even molecular
species of Ni(l) complexes are rare. In addition, their pathways
are usually multi-step involving oxidation or reduction of a
Ni(0) or Ni(ll) precursor, respectively, whereas the reaction
type we describe here offers a direct synthesis.®® This is quite
intriguing because the synthesis of complex precursors is not
required. This can significantly reduce the number of synthetic
variables. We attribute this feature to the acid/base nature of the
mixed hydroxide flux, similar to the agueous solution. zur Loye
et al.5 compared the similarities between molten hydroxides and
water and proposed a self-dissociation similar to H;O:

20H" & H,0 + 0%,

where H,0 and O serve as the acid and base, respectively. The
dissociation constant Kq= [H,O][O?*] is an indicator of the ba-
sicity of different alkali bases. At 400 °C, the Kq of KOH is
about seven orders of magnitude smaller than the Ky of LiOH,
indicating a much weaker acid or stronger base. Thus, when
KOH and LiOH are mixed, we can create a pKq window of 7,
which is sufficient to tune the basicity of the melt by varying
the KOH/LIiOH ratio.

Despite the high effectiveness of all the common fluxes in ma-
terials discovery, they do not offer an easy way to control the
oxidation state of other metals in the final products. Often, a
specific oxidation state is important for obtaining materials with
the desired properties. For example, the need for precise oxida-
tion state control is crucial for Fe-based superconductors.
KFe,Se, (nominal Fe*:®) was first found to be a 35 K filamen-
tary superconductor;3 however, the superconducting phase K.
«Fe2ySe; (actual Fe™>1®) was not identified until a more de-
tailed study with single crystal diffraction by Shoemaker et al.
due to the many impurity phases involved in its synthesis.®?
Hence, Clarke et al. followed an alternative pathway to pre-
cisely control the oxidation state using Birch reduction of FeSe
with alkali metals in liquid ammonia and obtained bulk super-
conductors at 43 K333 Similarly, they also found that the opti-
mal doping level for Fe is 0.2-0.25 e~ (Fe*751#). Our findings
provide a facile pathway for oxidation state control using mixed
hydroxide fluxes.

Binary Ni:S by deintercalation of KNisS2. We observed that
when using a flux composition that favored a Ni oxidation state
higher than +0.75 (e.g., [KOH] = 0.5-0.7), a K vacancy-ordered
superlattice (with a 3-fold larger unit cell volume than KNisS,)

with a composition of K;.xNisS; (x = 0.325) was formed (Table
S4). This is essentially a partially K-deintercalated phase of
KNisS; (Figure 3a), where the Ni atoms have a slightly higher
oxidation state. This indicates that full removal of K ions might
be possible with oxidative deintercalation. This was accom-
plished using KNisS; as a template precursor in the reaction
with a flux that favors Ni**2 by using [KOH] = 0.5-0.7. This
resulted in a new binary isostructural compound, Ni.S (Figure
3b). While it is possible that the binary Ni.S is a product of the
topochemical deintercalation of K, it is also possible that
KNi,S;, re-dissolved and precipitated as Ni.S. The powder X-
ray diffraction (PXRD) pattern shows an unidentified phase for
the as-recovered product with a 1.6 A smaller layered spacing
(~6.6 A, Figure 3d) compared to 8.19 A of KNi,S,. Similar K-
deintercalation from KCo,Se, to CoSe also resulted in a reduc-
tion in the layered spacing of about 1.6 A (from 6.92 A to 5.33
A).% In addition, EDS shows no sign of K lines with a Ni:S ratio
of about 2:1 (Figure S9a). Therefore, this new compound could
be a binary of NiS isostructural to the Ni,S layers in KNisS,.

Upon deintercalation of K, every other layer of Ni.S should
shift by half of the unit cell of a or c to avoid direct overlap
between the two neighboring S layers, which is also seen in
CoSe after deintercalation.®® Thus, the mirror planes parallel to
the ac plane become glide planes, reducing the symmetry from
Cmmm to Cmcm. This new structure fits well with the PXRD
data shown in Figure 3d.

In addition to Ni.S, an unknown phase with a larger layered
spacing (~10.3 A, Figure 3e) occurred when [KOH] was close
to 0.5. We were unable to obtain a pure phase without the com-
plete removal of Ni.S. This new phase also showed a Ni/S ratio
of 2:1, but contained a small amount of K; thus, an overall stoi-
chiometric ratio of Ko2Ni.S. However, if the compound is an
incomplete deintercalated KNi,S,, its layered spacing would
not be ~2 A larger than that of KNisS,. Therefore, it is likely
that LiOH, which also adopts a van der Waals square lattice, is
inserted between NiS to cause a similarly large lattice expan-
sion. We proposed a structure (Figure 3c) in the Cmcm space
group that was verified with Platon. Although the data quality
of the PXRD data is not adequate for Rietveld refinement, the
intercalation chemistry and lattice expansion are quite similar
to those of LiOH-intercalated FeSe.®**" Therefore, it is very
likely that this new compound is LiOH-intercalated NiS.



a) KNi,S, b)Ni,S  ¢) LIOHNiS
@ 0K B | ‘;“:;[:i
RENI SRR =%

-K A AEYLIOH . 1.0
Q@ 07 X T ¥
3?*:’; : e b
oo - L o

BT f um (N TR mi Ins

€) LiOH-Ni,S
Cmem

— Ni,S
LiOH-Ni,S

Intensity (arb. unit)

10 20 30 40 50 60
26 (deg)

Figure 3. Topochemical manipulation of a) KNisS;to form b)
NiS and c) LiOH-intercalated NiS. The powder X-ray diffrac-
tion patterns (PXRD) collected with laboratory source of d)
NiS and e) LiOH-intercalated Ni,S show successful deinterca-
lation and ion-exchange to Ni,S and LiOH—-Ni.S, respectively.
Corresponding EDS analysis of d) Ni.S showed absence of K
in this compound (Figure S9a), thus proving successful deinter-
calation. Simulated peaks for Ni,S and LiOH-Ni,S matches
major peaks in e), indicating an incomplete conversion from
NizStO LiOHfNizs.

Since we do not have single crystal data for these topochemi-
cally formed compounds, we confirmed their pseudo-square lat-
tice by electron diffraction (Figure 4a and b). These results are
in agreement with our PXRD data and suggest that the conver-
sion from KNisS;to Ni,S and LiOH-Ni5S is indeed topotactic.
Interestingly, from high-resolution transmission electron mi-
croscopy (HR-TEM) image of edge-on LiOH-Ni,S, we ob-
served random stacking faults, as illustrated in Figure 4c. The
average distance between the usual lattice fringes (Figure 4d)
are 0.52 nm (about half the lattice parameter ¢ of LiOH-Ni,S).
However, a stacking fault or lattice distortion shown in HR-
TEM corresponds to a disruption of the usual periodic distance,
which was reduced to 0.43 nm (about half the distance of the
layered spacing in KNisS;). This suggests that the topotactic
conversion from KNisS; to LiOH-Ni,S is incomplete because
of the shorter lattice spacing and lattice distortion originated
from residual potassium. This is corroborated by X-ray photoe-
lectron spectroscopy (XPS) analysis, as the spectrum of K-2p is
observed for LiOH-Ni,S (Figure S11), whereas it was absent for
NiS (Figure S13)
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Figure 4. Electron diffraction patterns of a) Ni.S and b) LiOH-
Ni.S along the zone axis of [010] showing pseudo-square lat-
tice, ¢) high-resolution transmission electron microcopy (HR-
TEM) image of LiOH-Ni.S, and d) distance analysis for the lat-
tice fringe between the two red lines enclosed within the yellow
box shown in ¢). The direction of the yellow arrow in c¢) corre-
sponds to the direction of the distance shown in d).

XAS Analysis. We examined the electron density on Ni using
X-ray absorption spectroscopy (XAS) at the advanced photon
source (APS) and X-ray photoelectron spectroscopy (XPS) be-
cause KNisS;and Ni.S exhibit unusual Ni oxidation states (XPS
section in Supplementary Information). Specifically, Ni K-
edge X-ray absorption near-edge structure spectroscopy
(XANES) and extended X-ray absorption fine structure spec-
troscopy (EXAFS) were used to assess the approximate oxida-
tion state of Ni and the coordination environment around the Ni
absorber, respectively.

Figure 5a depicts the XANES spectra of the Ni° foil reference,
NizS, KNi,S;, and KNisS,. Using the midpoint of the 1s—>3d
transition (effective energy at normalized intensity ~0.5), we
observed X-ray energies of 8332.3, 8335.2, 8335.8, and 8338.2
(£ 0.2) eV for Ni°% NiS, KNisS, and KNi,S,, respectively. The
total energy offset from Ni° for KNisS,and Ni,S (=3 eV) is ap-
proximately half of that for KNi,S, (~6 eV). This is in agree-
ment with the expected oxidation state of KNisS; of 0.75, half-
way between Ni® and KNi,S,.

The reverse Fourier-transform EXAFS spectra are shown in
Figure 5b. To assess the local coordination environment in the
first coordination shell around the Ni atom, Ni K-edge EXAFS
(real part of the k?>-weighted reverse FT EXAFS) analysis was
performed (Figure 5c—f). The Ni-S scattering pathway in
KNisS; and Ni,S could not be decoupled from the Ni—Ni scat-
tering pathway due to the statistical broadening of the first co-
ordination shell at the interatomic distance (R) range of 1<R< 3
A. To generate local structural parameters, we maintained the
coordination numbers (CN) for the dominant Ni-Ni and Ni-S



scatters at 4 and 2, respectively. Therefore, in this approach,
only the structural disorder factor (Debye-Waller factor), o2,
and interatomic (bond) distances, R, were allowed to vary.
Hence, the fitted interatomic distances are not an accurate re-
flection of the actual values. Therefore, we only compared the
trends qualitatively.
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Figure 5. XAS data of a) Ni K-edge X-ray absorption near-edge
structure (XANES), b) correlation of Ni, 122, 142 and Ni.S, in-
teratomic distance of c) NizS, d) KNisS;, €) KNi,S; and f) Ni
foil.

Using the fitting scheme stated above, we fit the 1% coordination
shell fairly well for Ni,S, KNisS;, KNi,S,, and Ni (Figure 5¢c—
f). The average length of scattering pathways for both Ni.S and
KNi,S; shows a significant shift towards higher values (0.3-0.4
A) compared to KNi,S,. This is a result of the coupling between
the Ni-Ni and Ni-S pathways in Ni,S and KNisS,. From the
crystal structure of KNisS,, the 1% coordination shell for each
Ni consists of two S atoms at about 2.22 A and eight Ni atoms
between 2.53-2.58 A. Therefore, the average scattering length
of KNisS; was higher than that of KNi,S,. In comparison, the
Ni—Ni distance in KNi,S; is larger (2.6780(4) A), and there are
only four nearest neighbors. Hence, the Ni—Ni scattering of the
1% coordination shell in KNi,S; is depicted as a shoulder after
the major peak of the Ni-S scattering pathways (Figure 5e),
which is similar to that of KNi,Se,.® The Ni-Ni scattering path-
ways for the 2" coordination shell at R = 3-5 A is absent in
KNi.S, but significant for the Ni° reference foil, Ni.S, and
KNisS,. This is in agreement with our structural models for
KNi.S; and Ni,S, where the two neighboring Ni layers provide
Ni—Ni interactions similar to those in metallic Ni.

Ab Initio Calculations. We performed density functional the-
ory (DFT) calculations for both KNisS; and Ni»S. The structural
model for Ni.S is based on the lattice constants obtained from
the PXRD data shown in Figure 3d. The atomic coordinates
were estimated to retain the Ni—Ni and Ni—S bond distances,
similar to that observed in KNisS,. The structural information
for both compounds was converted to P1 symmetry, and both
lattice constants and atomic coordinates were fully relaxed be-
cause rotational symmetry is not employed by the VASP code.
The results of the relaxed cells are shown in Tables S5 and S6
for KNisS; and Ni2S, respectively. Their structural models in
the space group of P1 were then validated with Platon,* which
suggested space groups of Cmmm and Cmcm for KNi,S; and
Ni.S, respectively. The relaxed lattice constants for KNi,S, are

comparable with the experimental data shown in Table S2;
whereas for Ni,S the layered spacing is ~0.3 A larger than the
value obtained from refinement of the PXRD data (6.95 A vs
6.60 A). This is common for DFT calculations, as they often
overestimate the lattice constants, especially for van der Waals
compounds.

The electronic structures of both compounds were calculated
based on the relaxed cells shown in Tables S5 and S6. To un-
derstand the bonding in KNisS; and Ni.S, we performed calcu-
lations for crystal orbital Hamiltonian population (COHP) anal-
ysis using the LOBSTER code.***2 The bonding and anti-bond-
ing interactions were plotted as positive and negative states, re-
spectively, for KNisS; and Ni,S (Figure 6a and b). KNisS; ex-
hibits strong anti-bonding characteristics for both Ni—S and Ni—
Ni interactions at the Fermi level. The bonding interactions for
Ni—S and Ni—Ni are 4 and 2 eV, respectively, below the Fermi
level. In comparison, the bonding orbitals are 1.5 eV below the
Fermi level in the 122-type KNi,Se; (Ni**®), leaving an unfilled
dxz_y2 orbital.*® Our partial Density of State (pDOS) calculations
show that the dominant Ni d-orbital character close to the Fermi
level is dyoy» (Figure 6d) and most of the states for its Ni d-or-
bitals are below the Fermi-level. This suggests a rather high
electron filling level for KNisS,, which is consistent with the
electron-rich nature of Ni in KNisS,. Similarly, Ni,S also exhib-
its strong anti-bonding characteristics at the Fermi level (Figure
6b), which exactly lands on the peak of the Ni-d,._y, orbital (Fig-
ure 6c¢). Since the Fermi level of KNisS; is beyond this peak, the
electron filling in Ni.S is less than that in KNisS,.

The fairly large electronic states at the Fermi level for both
KNi,S; and Ni,S (Figure 6¢ and d) may lead to possible elec-
tronic instability such as ferromagnetism, known as Stoner’s
criterion for ferromagnetism.** Thus, we found that both com-
pounds show itinerant ferromagnetism, which will be reported
in a subsequent study. Interestingly, this is similar to many 122-
type AC02Q: (A =K, Rb, Cs, and Sr; Q = S, Se, and As), such
as KCo,Se;, RbCo,Se,, and SrCo,As,.***® Birgeneau et al.*®
suggest that itinerant ferromagnetism in this type of compounds
is induced by a large flat-band close to the Fermi level (within
0.1 eV). Our band structure calculations identify a flat-band
0.05 eV below the Fermi level from for KNisS; (Figure 7a) and
a flat-band at the Fermi level for Ni,S (Figure 7b) from X-M-
I'. In comparison with the pDOS plots (Figure 6¢ and d), the
major orbital characters for these two bands are both Ni-dxoy2.
Interestingly, a recent angle-resolved photoemission spectros-
copy (ARPES) study combined with DFT calculations found
that the major orbital character of the flat-band in RbCo.,Se; is
also dy.y2.* Since the flatbands of the 122-type Fe-based super-
conductors and ANi,Q: superconductors are much farther away
from the Fermi level,® it is suggested that the flat-band could
be shifted away from the Fermi level by tuning the electron fill-
ing. This shift can lead to the suppression of this itinerant ferro-
magnetism and possible superconductivity.*®

We also noticed an interesting change in the band structure after
the deintercalation of KNisS,. We highlighted two bands close
to the Fermi level with blue and orange colors (Figure 7). In
KNisS,, the blue and orange bands are connected via one point
from I'-X. After deintercalation, a single point becomes a pair
of cones. When compared to Dirac points in topological semi-
metals,*® they are above the Fermi level. This interesting feature
requires further investigation in future studies.
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Figure 6. Crystal orbital Hamilton population (COHP) of a)
KNi,S; and b) NiS. Partial Density of State (pDOS) for 3d or-
bitals of Ni for ¢) Ni,S and d) KNi.S,. Positive and negative
states of COHP depict bonding and anti-bonding interactions,
respectively.

Figure 7. Density Functional Theory (DFT) calculations de-
picting the band structures of a) KNisS; and b) Ni,S. The two
bands close to the Fermi level in both a) and b) are highlighted
with blue and orange colors.

Conclusions

In this study, we employed molten salts beyond their typical
empirical use in exploratory synthesis and have gleaned the re-
action trends to gain control of the phase section in the K-Ni-S
system. Using a mixed KOH/LiOH flux as a high-temperature
solvent, we were able to obtain all known ternaries of K—Ni-S.
In addition, by rationally adjusting the basicity (solubility) of
the solution, we could precisely control the oxidation states of
Ni, which led to the synthesis of a new layered compound,
KNi,S,. Furthermore, our results indicated that by increasing
the solubility of the flux, the reaction pathway shifted towards
the formation of more complex and metastable phases. Thus,
using mixed fluxes with tunable solubility could be an effective
design strategy for the discovery of novel materials. For the Ni—
S system alone, we readily uncovered other novel phases when
LiOH is mixed with NaOH, RbOH, and CsOH, which will be
reported in the future. While many synthesis reactions have fre-
quently been rationalized on “chemical principles,” (e.g., basic-
ity, hard/soft concepts), a truly mechanistic approach to guiding
the predictive creation of targeted phases lies just out of reach
due to their complexity or metastability. The current study high-
lights the opportunity for a rules-based framework of “control
in materials synthesis” that will inspire future efforts in the sci-
ence of synthesis.
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