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ABSTRACT: We present the structure and magnetic properties of the
honeycomb anhydrate NaNi,BiO¢s and its monolayer hydrate Na-
Ni,BiOg4.51.7H,0, synthesized by deintercalation of the layered o-
NaFeO,-type honeycomb compound Na;Ni,BiO4 The anhydrate adopts
ABAB-type oxygen packing and a one-layer hexagonal unit cell, whereas
the hydrate adopts an oxygen packing sequence based on a three-layer
rhombohedral subcell. The metal-oxide layer separations are 5.7 A in the
anhydrate and 7.1 A in the hydrate, making the hydrate a quasi 2-D
honeycomb system. The compounds were characterized through single
crystal diffraction, powder X-ray diffraction, thermogravimetric analysis,
and elemental analysis. Temperature-dependent magnetic susceptibility
measurements show both to have negative Weiss temperatures (—18.5
and —14.6 K, respectively) and similar magnetic moments (2.21 and 2.26
up/Ni, respectively), though the field-dependent magnetization and heat
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capacity data suggest subtle differences in their magnetic behavior. The magnetic moments per Ni are relatively high, which we

suggest is due to the presence of a mixture of Ni** and Ni** caused by oxygen vacancies.

B INTRODUCTION

Magnetic atoms on honeycomb lattices have garnered much
attention due to the complex magnetism that they often
display. Though not typically considered a magnetically
frustrating geometry due to the possibility of simple Néel
antiferromagnetic (AFM) ordering, frustration of that ordering
on honeycombs can arise from interactions between nearest
neighbor (NN) and next-nearest neighbor (NNN) spins.' Spin-
1/2, layered honeycomb compounds, like Na,IrO;, are of
particular interest due to the exotic properties that such systems
are expected to exhibit.”> Recently, the honeycomb compounds
Na;Ni,SbOg and Na;Co,SbOg¢ were deintercalated and
subsequently hydrated to form NayysNi,SbO41.5H,0 and
Nay 45C0,SbO¢-1.7H, 0, respectively. These compounds display
markedly different magnetism from their parent structures and
the Ni variant is an example of a spin-1/2, quasi 2-D
honeycomb system.* Hydration causes a significant increase
in layer spacing; the importance of this with respect to
magnetic and electronic properties has been exemplified by the
sodium cobalt oxyhydrate family where superconductivity in
the bilayer hydrate (BLH) Nay3C00,-1.4H,0 is absent in the
monolayer hydrate (MLH) and the anhydrous compound.®
The hydration of many layered magnetic oxides has since been
explored to create low-dimensional systems.’”'* We therefore
set out to make a new, spin-1/2 honeycomb compound with
well-separated metal-oxide layers.
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We report here the synthesis, structure, and magnetic
properties of the spin-1/2-based honeycomb anhydrate
NaNi,BiOg4 5 and its hydrate, NaNi,BiO4 5-1.7H,O; the latter
is structurally analogous to Naj¢sNi,SbO4-1.5H,0. The
structure of the parent compound, Na;Ni,BiOg has been
previously reported as an ordered, a-NaFeO,-type honey-
comb."" Briefly, this parent structure consists of layers of edge-
shared Ni*" and Bi** octahedra in a 2:1 ratio such that the
ordering forms a honeycomb of spin-1 magnetic nickel ions.
Here, we show that treatment of Na;Ni,BiO4 with Br,/ dry
CH,CN causes the removal of two Na* per formula unit and
the oxidation of Ni** to Ni®*. Exposure of the resulting
anhydrate NaNi,BiO4 s to ambient air results in the
intercalation of water within the sodium layer, causing layer
gliding, and further separating the metal-oxide layers to produce
the hydrate NaNi,BiOg 5 1.7H,O. We determine the formulas
of the compounds through a combination of elemental analysis
and thermogravimetric analysis (TGA). The magnetic proper-
ties of both compounds are presented and discussed in
accordance with their structures. Importantly, the metal-oxide
layer spacing increases from 5.7 to7.1 A with hydration, creating
a honeycomb with quasi 2-D character.
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B EXPERIMENTAL SECTION

Polycrystalline Na;Ni,BiOs was made as previously reported."!
Approximately 1 g of the material was then allowed to stir in a S0
mL solution of 6 M Br,/dry CH,CN for 24 h at room temperature.
The resulting black powder of NaNi,BiOg 5 was filtered, washed with
dry CH;CN, dried under nitrogen, and immediately moved to an
argon-filled, dry glovebox to prevent water uptake. Exposure of the
powder to humid laboratory air for 24 h produced the hydrate
NaNi,BiOg 5-1.7H,0. Both samples were characterized by powder X-
ray diffraction (PXRD) using a Bruker D8 FOCUS diffractometer with
Cu Ka radiation and a diffracted beam monochromator. Powder
diffraction patterns were refined using the Full Prof Suite, with peak
shapes refined using the Thomson-Cox-Hasting pseudo-Voigt function
with the background set as a linear interpolation of fixed points.">

Single crystals of the anhydrate NaNi,BiO4s were obtained by
treating the previously reported single crystals of Na;Ni,BiOg,"'
approximately 2 X 3 X 0.2 mm, with 20 mL of 6 M Br,/dry CH;CN
for 24 h at room temperature without stirring. The crystals changed
from brown to black, consistent with the polycrystalline samples. The
crystals were filtered, washed with dry CH;CN, dried under nitrogen,
and immediately moved to an argon-filled, dry glovebox. Hydrate
crystals were made by soaking the anhydrate crystals in water
overnight. The surfaces of both the anhydrate and hydrate single
crystals were rough and irregular, and twinning was observed in all
tested pieces. Single crystal X-ray diffraction (SXRD) was conducted
on a Bruker APEX II diffractometer with Mo Ka radiation at 100 K.
Unit cell reﬁnement and data integration was performed with Bruker
APEX 1I software'® and CELL_NOW."* The crystal structures were
refined using the full-matrix least- squares method on F* implemented
through SHELXTL-2013"® and WinGX.'®

Elemental analysis of the polycrystalline hydrate sample was
performed at Galbraith Laboratories, Knoxville, TN, using ICP-OES.
To determine water content, TGA was performed on a TA
Instruments SDT Q600 instrument by both allowing the anhydrate
to gain mass under wet air and by heating the hydrate at 0.25 °C/min
from room temperature to 300 K under flowing air. Reduction of
NaNi,BiOg 5 under 10% H,/90% Ar was performed from 25 to 550 °C
at 0.5 °C/min to determine oxygen content.

A Quantum Design Physical Property Measurement System
(PPMS) was used to collect temperature- and field-dependent
magnetization data as well as heat capacity (HC). All magnetic
measurements were performed on the polycrystalline materials. Zero
field cooled (ZFC) magnetization data was taken from 2 to 300 K in
an applied field of yoH = 1 T, and susceptibility was defined as M/H.
Field-dependent magnetization measurements were taken at 2, 5, 10,
and 30 K with a sweep from 0 to 9 T. HC measurements were
conducted from 2 to 100 K in 0, 3, 6, and 9 T fields by mounting
pressed pellets of the samples on a sapphire platform with Apiezon N
grease.

B RESULTS AND DISCUSSION

Structure. X-ray powder diffraction patterns of Na-
Ni,BiOgs5, NaNi,BiOg51.7H,0O, and the parent Na;Ni,BiOg
are shown in Figure 1. The interlayer spacing along the c-
direction increases with the removal of sodium from the
decrease of Na—O Coulombic attraction in the layers and from
increased electrostatic repulsion between layers caused by the
oxidation of nickel, similar to what is observed for Na,CoO,."”
Hydration then further separates these layers to a distance of
~7.1 A, consistent with the Sb-analogue and other MLHs.**'®
As has been discussed previously,'" the parent compound
Na;Ni,BiO4 can be indexed to an R3m subcell, which means
the oxygen packing sequence creates a three-layer-derived
structure. In such a structure, all metal oxide octahedra face the
same direction and sodium is octahedrally coordinated between
the layers. The parent is actually a 1-layer monoclinic cell, like
many other honeycomb compounds,”®™** with Ol-type
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Figure 1. Room-temperature PXRD data of NayNi,BiO4 (top),
NaNi,BiO4 s (middle), and NaNi,BiO441.7H,0 (bottom). The
expansion in the metal-oxide layer spacing(dyy;) upon sodium removal

and hydration is highlighted.

stacking."' However, the anhydrate NaNi,BiOg s is indexed to
a hexagonal cell rather than a rhombohedral cell, indicating that
the oxygen packing sequence changes. As has been discussed
previously, low-temperature ionic exchange reactions cannot
cause octahedral rotation as this would require the breaking of
metal- 0X1de bonds; only metal-oxide slab translation is
allowed.>*® Stacking rearrangements caused by such trans-
lations were studied in detail for the deintercalation of
Na,C00,."” 03—P3 and O2—P2 phase transitions have also
been extensively studied during electrochemical cycling of
ABO, layered materials as positive electrodes (A = alkali, B =
transition metal) again, at no time does metal-oxide bond
breaking occur.”” Therefore, NaNi,BiO4 5 must adopt a new
oxygen packing sequence compared to Na;Ni,BiO4 by sliding
of the metal oxide slabs, and all octahedra must still face the
same direction. Water intercalation then causes layer shifting
back to an R3m subcell, which suggests a 3-layer-derived
structure for the hydrate NaNi,BiOg4 ;5 1.7H,0. The structural
refinements are discussed below.

The composition of the hydrate was found from a
combination of elemental analysis and TGA analysis. The
mass percentages were found to be 4.64% Na/23.4% Ni/41.8%
Bi by elemental analysis, which results in mole ratios of
1.01:2.00:1.00 for Na, Ni, and Bi, respectively. To reflect the
precision in the experiments, a Na/Ni/Bi ratio of 1:2:1 is
employed for the formula. Since hydration occurs on exposure
to air with no decomposition, we assume the same 1:2:1 ratio
for the anhydrate. TGA reduction, shown 1n Flgure 2A, was
performed to determine the oxygen content,”®** assuming the
structure reduces to Na,O, Ni metal, and Bi metal. From the
mass loss, we determine the compound has 5.66 O per formula
unit. Therefore, we assume an oxygen content of 5.66 for data
interpretation, ie., that the formula is NaNi,BiOg¢. TGA
analysis was also used to find the water content. As seen in
Figure 2B, the anhydrate begins absorbing water nearly
immediately on exposure to wet air at room temperature,
with water intercalation complete after 24 h. A time-lapsed
powder diffraction pattern of the anhydrate on exposure to
laboratory air is shown in the inset, though the first peaks
indicative of the hydrate are not visible until 4 h after air
exposure. The now-hydrated sample can also be dehydrated by
heating in the TGA at 0.5 °C/min under air (ﬁgure not
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Figure 2. (A) TGA analysis of NaNi,BiOy4 5 under flowing forming gas
(10% H,, 90% Ar) from 25 to 550 °C at 0.5 °C/min to determine
oxygen content. We assume the compound decomposes to Na,O, Ni,
and Bi; mass loss is oxygen loss. (B) TGA analysis showing water
uptake of NaNi,BiO4s to form NaNi,BiOg4s51.7H,0. Water
absorption begins immediately in humid air at room temperature
and is complete within 24 h. This water gain amounts to 1.7 H,O per
formula unit. The inset shows the diffraction pattern of the compound
over a 24 h period when exposed to ambient laboratory air. The
anhydrate is shown in black (back, 0 h), and the hydrate is shown in
red (front, 24 h).

shown); both the water uptake and dehydration process via
TGA are consistent with 1.7 H,O per formula unit. The
dehydration process yielded a poorly crystallized product that
could not be definitively identified, suggesting that water
intercalation is not reversible.

Figure 3 shows single crystal precession images of both the
anhydrate and hydrate taken at 100 K. Nonsystematic twinning
can be observed in both the Okl (panels A and C) and hkO
(panels B and D) projections for both compounds. The
ordering of the honeycomb layer in both compounds is evident
in the a—b plane. Despite the twinning, the lack of streaking
along c* in the anhydrate indicates that the honeycomb layers
do not have stacking faults along ¢; this is markedly different
from the parent Na;Ni,BiO4 and NaNi,BiOg¢ 5-1.7H,0, where
stacking faults appear as streaking along ¢* in the 0kl projection
(panel C).

10991

NaNi,BiOg 1.7 H,0 hk0

NaNi,BiOg 5 1.7 H,0 0k/

Figure 3. Single crystal precession images of NaNi,BiOg; (panels A
and B) and NaNi,BiOgs1.7H,0 (panels C and D). No streaking
along c* is observed in the Okl projection of the anhydrate (panel A),
whereas significant streaking along c* is caused by hydration (panel
C), indicative of stacking faults. The a—b plane of both compounds is
ordered (panels B and D). The anhydrate indexes to a 1-layer
hexagonal cell, whereas the stacking faults in the hydrate prevents a
determination of the unit cell.

Structure refinements of the anhydrate single crystal data
were challenging due to twinning. By separating the twin
domains, NaNi,BiO¢ s can be refined in a hexagonal cell with
lattice parameters of a = 5.220(3) A and ¢ = 5.705(5) A, as
shown in Table 1, matching extremely well with powder

Table 1. Single Crystal Structure Determination for
NaNi,BiOg 5, Experimental Data Taken at 300 K

NaNi,BiOg 4

hexagonal, P-31m (No. 162)

a = 5.220(3), b = 5.220(3), ¢ = 5.705(5)
a=f=90%7Y = 120°

Mo Ka, 0.71073

phase

symmetry
cell parameters (A)

wavelength (A)

V (A% 134.6(2)

Z 1

calculated density (g cm™) 5421

formula weight (g mol™") 439.38
absorption coefficient (mm™)  39.5
measured reflections 471

Fooo 195.0
unique/observed reflections 106/106
data/restraints/parameters 106/0/14
difference e- density (e/A%) +1.25 to —0.823
R, (all reflections) 0.0229

WR, 0.0503

R /R(0) 0.0391/0.0325
GooF 1.108

diffraction measurements. Importantly, the unit cell is therefore
a one-layer stacking repeat. The structure must adopt ABAB-
type oxygen packing, as ABBA-type packing (the typical 2H-
like variants) would cause the octahedra to rotate and require
bond-breaking. The analogous Sb-compound, NaNi,SbOy, was
previously made via bromine deintercalation and reported as an
R3m subcell;* it was made more recently by electrochemically
cycling Na;Ni,SbO4 and was refined as an O1 phase in P31m
(no. 162).%° A fit to P31m also gave the best refinement of our
anhydrate single crystal data for NaNi,BiO4 5 We draw two
main conclusions from our data. First, when the sodium
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position is allowed to freely refine, it occupies the positions
directly below the Ni atoms along z, with no statistically
significant density below the Bi atoms (see Table 2 for Wyckoff

Table 2. NaNi,BiOgs, Space Group P-31m (No. 162)

atom type label ~ Wyckoff 7 y z S.O.F.
Na Nal 2d 1/3 2/3 1/2 1
Ni Nil 2¢ 1/3 2/3 0 1
Bi Bil la 0 0 0 0.919(5)
Bi Bi2 2e 0 0 0.114(5)  0.040(2)
o) o1 6k 0353(1) 1.0 0181(1) 0943

positions). A model with partial occupancy of the 2d site (1/3,
2/3, 1/2) gives the best fit to the data and suggests that sodium
is disordered over these positions between the metal oxide layer
and is not present above and below the Bi ions. Sodium sits in
octahedral coordination; as such, this is an O1 structure and is
an Ol (monoclinic)—O1 (hexagonal) transition from the
parent to the anhydrate. Second, the model with the Bi in the
center of the octahedron has too much density at the Bi sites,
which can be resolved by allowing some of the Bi atoms to
move out of the center of the octahedron. This was modeled by
creating an “extra” Bi site above and below the in-plane atoms
and allowing the Bi density to spread over the two sites. This
resulted in approximately 8% of the Bi shifting out of the plane
along z. This serves as an indication of motion of the Bi atoms
out of plane (allowed by the missing sodium atoms above and
below the Bi atoms) which we propose forms a complex defect
related to the oxygen vacancies. Because such displacements
appear to be randomly distributed, a local structural probe
would be required to determine the local defect configuration.
On the other hand, the Ni sites appear to be well localized in
the plane.

The occupancies of Na, Ni, and Bi were allowed to freely
refine; their occupancies were found to be within 1% of the
elemental analysis ratios and were therefore fixed. The oxygen
occupancy was fixed to 5.66 based on the TGA analysis. The
final structure model is presented in Figure 4, and Table 3
presents selected bond distances. Sodium—oxygen bond
lengths are slightly longer than Na;Ni,BiOg,'" consistent with
increased 00! layer spacing, and Ni—O and Ni—Ni bond lengths
are consistent with Ni oxidation. Note that the symmetry of
this space group does not allow for any Jahn—Teller distortion

(N (N N
® Oxygen & N\ &
O Nickel Y W
y \
@ Bismuth o " \ . R WEN Q°°cQ°°Q
o o©
4

odium 7, NG
¢ > O oFe o]

Figure 4. Proposed structure of NaNi,BiOgs. Oxygen is shown in red,
nickel in gray, bismuth in purple, and sodium in yellow. Partial
occupancies are shown as partially shaded atoms; shading is
proportional to occupancy. Note that sodium sites are half-occupied.
The left figure illustrates the Bi site splitting, with partial density above
and below the honeycomb layer to accommodate the apparent
buckling of the Bi atoms. The right figure is a projection of the a—b
plane showing the honeycomb packing of the NiO4/BiOg polyhedra.
Sodium atoms sit directly below the Ni atoms.

Table 3. NaNi,BiO¢_5 Selected Bond Distances

atom 1 atom 2 distance, A
Nal o1 2.491(8)
Nil o1 1.978(6)
Nil Nil 3.014(1)
Bil o1 2.106(6)
Bi2 o1 1.878(7)

2.49(2)

of Ni*; specification of any local distortion would require
further study by a local structure probe. The PXRD data
indicates a small (<5%) NiO impurity phase remains in the
polycrystalline samples from the parent starting material.

The single crystal data of the hydrate NaNi,BiOg 51.7H,0
could not be refined due to both twinning and the complication
of the stacking faults. We index the hydrate to a 1-layer model
in C2/m (no. 12) using the powder diffraction data by the Le
Bail method, as shown in Figure S. While other space groups
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Figure S. Le Bail fit of the PXRD data for NaNi,BiOy 5-1.7H,0 in C2/
m at room temperature. Observed (red), calculated (black), and
difference (blue) plots are shown. The set of green tick marks are
Bragg reflections for the respective honeycomb phase; the magenta
tick marks are Bragg reflections from a small NiO impurity phase. The
inset shows the significant intensity mismatch caused by stacking faults
at approximately 20—25° 26.

(and number of layers in the unit cell) are possible for this
structure, we chose to index this hydrate in C2/m for ease of
comparison to its parent structure and to other related
compounds in the literature. The presence of the (020)
reflection (~20° 26) confirms that the integrity of the Ni/Bi
ordering is maintained on hydration. Even with the broad

warren shape caused by the stacking defects,>*" we still find
C2/m to give a good qualitative fit to the data and a y* of 4.6
with an NiO impurity phase. The lattice parameters are
presented in Table 4, with a and b in agreement with the single
crystal data. Quantitative structure refinements of the X-ray
powder diffraction data were unable to distinguish individual
sodium and water positions due to the stacking faults in the
structure and possible disorder within the sodium/water layer.
The same issues arise in other MLH materials where, to the
authors” knowledge, quantitative structure refinements of
sodium MLHs all involve some form of sodium/water disorder
in the model or bond distance constraints.”>®® Though we

dx.doi.org/10.1021/ic501390r | Inorg. Chem. 2014, 53, 10989—10995
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Table 4. Na;Ni,BiO4, NaNi,BiOg4 s, and NaNi,BiOg 5°1.7H,O Lattice Parameters

Na,;Ni,BiO¢* NaNi,BiOg4 ;” NaNi,BiOg ;1.7H,0"
space group C2/m P-31m pseudomonoclinic® C2/m
a (&) 5.3998(1) 5220(3) 5220 52667(1)
b (A) 9.3518(2) 5.220(3) 9.041 9.1042(3)
¢ (A) 5.67997(8) 5.705(5) 5705 7.3398(2)
B (&) 108.562(1) 90 90 104.041(4)
b, . c .
aRef 11. "This work. Amono = Ghexi bmono = (3)1/2(ahex); Cmono = Chex/(snl(lgo - ﬂ))
cannot determine the coordination of sodium, we can conclude 0.05 T NaNiBiO 600
that the oxygen packing sequence must change to a derivative = ) N N'zB'OS-ﬁ .
of the three-layer R3m subcell. Figure 6 illustrates schematically g aNE66*1-MM25 A 500 -
004 fp % pH=1T =
Y S =
NaNi,BiOg s*1.7H,0 -~ 5 200 QE
. —= g = -
Na;Ni,BiOg o Oxygen NaNi;BiO¢.s g 003 B e
O Nickel T : ¢ 0025 g
@ Bismuth w 09 e 0 8 8
S EEEECY  wamw S [ 8
ovr BORNA 00066 § ooz} =
5 o
CHCN +Br; 00000 H,0 exposure = | Hy/Ni 9w | {200 3‘5
—_— _— F INaNi,BiO ; 2.21(Dpg|-18.5(1) K =
(-2 Na) 00000 (#L7H0) ©OCOOeE® -— [NaNi 810, +1.7H,0 2.26(1);12 “14.6(0 K]
0.01
e - 100
ooolb— ... . L g
0 50 100 150 200 250 300

Figure 6. Comparison of Na;Ni,BiOg (left), NaNi,BiOg s (middle),
and NaNij,BiO441.7H,0 (right). The removal of sodium and
subsequent oxidation of nickel causes layer gliding from a monoclinic
to hexagonal structure. Hydration causes layer gliding back to a
monoclinic structure. Importantly, the structural transformations occur
by layer gliding not by metal-oxide bond breaking. Note that the
structure of the anhydrate is simplified, with no buckling of the Bi
atoms or oxygen vacancies. The structure of NaNi,BiOg4 5 1.7H,0 is
not a refined structure; we show sodium in octahedra with ABCABC
packing but it could be another R3m subcell variant. Sodium and water
are shown disordered on the same site.

the transformation from Na;Ni,BiO4 to NaNi,BiOg; to
NaNi,BiOg 5-1.7H,0. Table 4 gives a comparison of the parent,
anhydrate, and hydrate lattice parameters. We show a “pseudo-
monoclinic” unit cell for the anhydrate for ease of comparison
to the other structures.

Magnetism. The magnetism of NaNiBiOgs and Na-
Ni,BiOg¢.5-1.7H,O are both caused by the interactions of nickel
ions on the honeycomb lattice. NaNi,BiOgs1.7H,0 (with a
layer spacing of ~7.1 A) represents a quasi 2-D honeycomb,
whereas NaNi,BiOg s is more 3-D in character (with a layer
spacing of ~5.7 A). Both compounds display a subtle magnetic
transition at approximately 5 K in the temperature-dependent
susceptibility (Figure 7), though it is broader in the hydrate.
The nature of this transition may be complex, given that the
parent material Na;Ni,BiO4 has both AFM and ferromagnetic
(FM) magnetic coupling present, as do the honeycomb
compounds Cu;Co,SbO4 and Cu;Ni,SbO,.'"** Qualitatively,
the magnetic behavior is very similar to that seen in the related
hydrate NayosNi,SbO¢1.5H,0.* Fitting the high-temperature
range (150—300 K) of the anhydrate and hydrate to the Curie—
Weiss law (y = C/(T — 0)) with small temperature-
independent terms (y, = 3.5 X 107 for the anhydrate; y, =
—2 X 107* for the hydrate) yields Weiss temperatures of
—18.5(1) K and —14.6(1) K, respectively, indicative of
dominantly AFM coupling. The effective moments were
found to be 2.26(1) up/Ni and 2.21(1) ugp/Ni, respectively,
which is quite similar to the moment found for Nay¢sNi,SbOg:

Temperature (K)

Figure 7. ZFC magnetic susceptibility of NaNi,BiO4; and
NaNi,BiOg¢ 5-1.7H,0 as a function of temperature from 2 to 300 K
in an applied field of 1 T. The black circles correspond to the
anhydrate; red triangles are the hydrate. Filled data points are y as a
function of temperature. The upper-left inset displays y vs T at low
temperature to more clearly illustrate the broadening of the magnetic
transition around S K with hydration. The open data points show the
inverse y vs T with a small correction. The high-temperature data
(150—300 K) was fit to the Curie—Weiss law (purple line). The
effective moments and Weiss temperatures are summarized in the

table.

L.SH,O (2.28 pp/Ni).* Both moments are significantly lower
than the moment observed for the spin-1 Ni** parent
compound Na;Ni,BiOg, (2.81 up/Ni)'' yet higher than the
1.85 ug/Ni observed in the spin-1/2, Ni** triangular lattice
compound NaNiO,*> The high moments for the current
compounds can be explained either by an unusually high g
factor or by the presence of a mixture of Ni** and Ni** in the
compound. Such a mixture could be caused by oxygen
vacancies, as evidenced by TGA reduction and the single
crystal refinement of the anhydrate. Low-temperature dein-
tercalation reactions (like the bromine treatment used here) of
layered ABO, compounds are often accompanied by oxygen
deficiencies and have been suggested for Na,CoO,, Li;_,Co0O,
and Li;_,NigsMn50,.**** If we assume that the nickel atoms
are either Ni** or Ni*" and can be estimated by a g-value in the
range of 2—2.1, then an effective moment of 2.21 uy/Ni
(anhydrate) would represent approximately 62%—71% Ni**
and 38%—29% Ni** and would imply a formula in the range of
NaNi,BiO;¢, to NaNi,BiOs;. Because this range is in close
agreement with the oxygen content calculated from TGA data
(NaNi,BiOs ), the compounds studied in this work should be
considered as NaNi,BiO4 s and NaNi,BiOg4 5-1.7H,0 with § =
0.34. We estimate the fraction of oxygen vacancies to be ~0.34/
6 & 5.6% of the oxygen lattice.
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Field-dependent magnetization of NaNi,BiO4s; and Na-
Ni,BiOg.5-1.7H,0 taken at 2, 10, and 30 K is shown in Figure 8.
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Figure 8. DC-magnetization as a function of applied field for
NaNi,BiOg 5 (top) and NaNi,BiOg51.7H,0 (bottom) taken at 2 K
(black squares), 10 K (red circles), and 30 K (blue triangles). The
anhydrate is linear from zero to approximately 4 T at 2 K. A magnetic
transition occurs around 4 T, seen more clearly in the inset (dM/dH
vs H). Slight curvature exists in the 10 K data. For the hydrate, the
slope of the 2 K magnetization data is nonlinear and changes at 1 and
45 T (dM/dH vs H, inset), which may indicate subtle magnetic
transitions. Similar to the anhydrate, the magnetization is slightly
curved at 10 K. Magnetic saturation is not yet reached by 9 T in either
compound.

The M vs H behavior of the anhydrate is linear at 2 K (below
the ordering transition) from 0 to 4 T, above which point a
field-induced transition occurs. There may also be a second
transition beginning around 8.5 T. On the other hand, we
observe curvature in all applied fields in the 2 K data of the
hydrate and slight hysteresis. This is unlike the case for a simple
ordered antiferromagnet, which would have a linear M vs H
curve in this applied field range. Further, subtle field-induced
transitions are apparent in the 2 K data of the hydrate at 1 and
~4.5 T (see dM/dH, inset), similar to those observed in
Nag 9sNi,SbO4-1.5H,0.* The data at 2 K suggests the presence
of an interesting quasi-2D system in the hydrated compound,
despite the fact that the ordering temperature and the Curie—
Weiss @ are very similar to that of the anhydrate. Even at 10 K,
which is above the transition temperature (~$ K) observed in
the magnetic susceptibility data, the M vs H data for both

compounds is slightly nonlinear in the 0—9 T applied field
range.

The HC data of NaNi,BiO4 5 and NaNi,BiOg4 51.7H,0 in
1oH =0, 3, 6, and 9 T applied fields are shown from 2 to 25 K
in Figure 9. No features appear above 25 K. In contrast to the
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Figure 9. Heat capacity data of NaNi,BiO4 5 (top) and NaNi,BiOg 5
1.7H,0O (bottom) in applied fields of 0 T (black squares), 3 T (red
circles), 6 T (green triangles), and 9 T (blue diamonds). NaNi,BiOg_
displays two magnetic transitions at approximately 6.5 and 4 K. The
lower temperature transition is suppressed by the applied field,
whereas the higher-temperature transition is sharpened. NaNi,BiOg 5
1.7H,0 has a broad anomaly caused by the magnetic transition
beginning around 10 K and reaching a maximum around 6 K. The
transition is sharpened and shifts to higher temperature with the
application of an external field. The insets show C,/T vs T.

lambda-like anomaly seen in the zero-field heat capacity data of
the Na;Ni,BiO4 parent which reaches a maximum of roughly
36.5 J/mol;-K at 104 K, NaNi,BiO¢; displays two small
transitions at 4.5 and 6 K. At 3 T, both transitions are still
present, though the 4.5 K transition is diminished; by 6 T, the
4.5 K transition is suppressed and the 6 K transition sharpens
into a lambda-like feature. NaNi,BiO441.7H,0 has a very
broad transition in zero applied field, similar to NaNi,SbOg:-
1.5H,0, which begins around 10 K and reaches a maximum in
the same vicinity as the anhydrate (around S K). The
application of an external field sharpens this transition and
shifts it to higher temperature. The nature of these transitions is
unknown at this time, though they are consistent with the
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ordering temperatures observed in the magnetic susceptibility.
As with the magnetic susceptibility, hydration manifests itself in
a broader heat capacity transition.

B CONCLUSIONS

The structure and magnetic properties of the Ni’*'-based
honeycombs NaNi,BiOgs and NaNi,BiOg4 51.7H,0O are pre-
sented. A redox reaction of the parent compound removes two
Na per formula unit, oxidizing the Ni and causing layer shifting
from an ABCABC-type oxygen packing sequence to a 1-layer,
ABAB-type packing sequence with hexagonal symmetry.
Hydration causes another layer shift back to a three-layer
derived structure with an R3m subcell. A slight decrease in
dimensions of the a—b plane as compared to the parent is
caused by the oxidation of Ni** to Ni**. Significant expansion of
the layer spacing to ~7.1 A is observed with hydration. Though
NaNj,BiOgs and NaNi,BiOg451.7H,0 have similar temper-
ature-dependent magnetic susceptibilities, the transition of the
hydrate is much broader; we attribute this to its increased two-
dimensionality. Both compounds have a higher-than-expected
magnetic moment if all the Ni is 3+ and spin-1/2; this can be
explained by an admixture of Ni**/Ni** caused by ~5.6%
oxygen vacancies, consistent with TGA data. The magnetization
of the hydrate as a function of applied field is nonlinear from 0
to 9 T below the transition temperature, indicating the
presence of a magnetic state that is more complex than simple
Neéel ordering. The anhydrate displays two magnetic transitions
in the heat capacity, one which can be suppressed and the other
enhanced by an external field, whereas the hydrate has a broad
transition that sharpens and shifts with the field. Further
investigation, possibly by XANES, would be of interest to
further characterize the Ni oxidation state(s), as this is
important in interpreting the exact nature of the observed
magnetic transitions. Our study demonstrates that the
Na;Ni,BiO4—NaNi,BiOg system has rich magnetic properties
which can be tuned by oxidation, H,O intercalation, and
applied magnetic field.
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