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Abstract. Doping, or incremental substitution of one element for another, is an effective way to
tailor a compound’s structure, as well as its physical and chemical properties. Herein, we
replaced up to 30% of Ni with Co in members of the family of layered LiNiB compounds,
stabilizing the high-temperature polymorph of LiNiB while the room-temperature polymorph
does not form. By studying this layered boride with in-situ high-temperature powder diffraction,
we obtained a distorted variant of LiNio7Coo3B featuring a perfect interlayer placement of
[Nio.7Co00.3B] layers on top of each other — a structural motif not seen before in other borides.
Because of the Co doping, LiNiop7Co03B can undergo a nearly complete topochemical Li
deintercalation under ambient conditions, resulting in a metastable boride with formula
Lio.04Nio.7Co03B. Heating of Lio.04Nio.7Co03B in anaerobic conditions led to yet another
metastable boride, Lio.01Nio.7Co03B, with a CoB-type crystal structure that cannot be obtained by
simple annealing of Ni, Co, and B. No significant alterations of magnetic properties were
detected upon Co-doping in the temperature-independent paramagnet LiNig7Co03B or its Li-
deintercalated counterparts. Finally, Lio.01Nio.7C00.3B stands out as an exceptional catalyst for the

selective hydrogenation of the vinyl C=C bond in 3-nitrostyrene, even in the presence of other
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competing functional groups. This research showcases an innovative approach to heterogeneous

catalyst design by meticulously synthesizing metastable compounds.
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Introduction

Layered compounds are of interest to the materials science community due to their versatile
structural tunability and diverse properties [1-3]. Extensive research on graphene [4] laid the
groundwork for developing materials beyond graphene [5]. Recent advancements in germanane,
transition metal dichalcogenides, and 2D carbides — MXenes — have made the exploration of 2D
materials even more relevant [6-14]. The 2D MXenes are formed upon topochemical
deintercalation of loosely bonded 'A' atoms from 3D layered My+14X, phases (MAX), where M =
an early transition metal, 4 = an element of group 13-14, and X = C or N [11-14]. As MXenes
possess unique properties, the boron analogs of MXenes — MBenes — are a promising research
topic. MBenes have been theoretically predicted to have applications as electrocatalysts, energy
storage materials, and magnetic devices [15-23]; thus far, there are only a few examples of the
bulk preparation of MBene reported to date [21-23]. We have recently reported two layered
polymorphs: R7-LiNiB and H7-LiNiB (R7- room temperature; H7- high temperature), featuring
[NiB] layers alternating with loosely bonded Li layers [24]. Owing to the layered structures, we
then studied the partial topochemical deintercalation of Li from the LiNiB layered polymorphs,
leading to new metastable borides R7-LiosNiB and H7-Lig4NiB [25]. Furthermore, we have
shown that the [NiB] layers are quite flexible with respect to subtle changes in Li content and
temperature, resulting in the two additional layered polymorphs, R7-Li1+xNiB and H7-Lii+yNiB
[26].

To further fine-tune the topology and electronic structure of the [NiB] layers in the family
of layered LiNiB compounds, we explored the effect of doping with other transition metals.
Doping can tailor the crystal and electronic structures of a material, altering its magnetic and
transport properties, absorption energy, and stability, thus enabling superior materials for
catalysis, energy conversion, and storage. Borides of non-noble metals have been studied as
catalysts for electrocatalytic water splitting and nitrogen reduction reactions owing to their
stability and tunability of electronic structure [27-30]. While such studies tend to focus on
nanomaterials based on binary transition metal borides [27-28, 30-31], ternary bulk borides have
recently emerged as stable and active electrocatalysts [32-36]. Amorphous transition metal
borides prepared in situ via a reaction of borohydride and transition metal (typically Ni) salts are
well-known catalysts for hydrogenation [37]. Developing a heterogeneous catalyst that, in

addition to its high selectivity and activity, does not contain noble metals is highly desirable for a



range of industrial processes. For example, the selective hydrogenation of nitroarenes is used to
produce pharmaceuticals, fine chemicals, perfumes, polymers, and herbicides [38-39]. In the
presence of more than one competing reducible functional group (such as -NO; and C=C in the
case of 3-nitrostyrene), catalysts containing noble metals (Pt, Pd, Ru) simultaneously reduce both
functional groups, resulting in limited selectivity [40-43]. Selective hydrogenation of the nitro (-
NO3) group in nitroarenes is a well-studied reaction and can be achieved by using a broad range
of specially designed catalysts, including those that contain no noble metals [38-45]. On the
other hand, only a few examples of selective hydrogenation of the vinyl (C=C) group in
nitroarenes are reported; all utilize noble-metal-containing catalysts [46-49]. The selective
hydrogenation of the C=C bond in 3-nitrostyrene over the nitro group enables the production of
3-nitroethylbenzene, a valuable intermediate to create more complex molecules for
pharmaceuticals, agrochemicals, and other specialty chemicals. While 3-aminostyrene is the
most produced product of 3-nitrostyrene hydrogenation, it is crucial to understand the catalytic
systems in which the unconventional hydrogenation of C=C is preferred over the -NO; group
from a fundamental research standpoint.

In this study, we characterize the interplay between crystal structures, magnetic and
catalytic properties in the Li-Ni-Co-B compounds obtained via Co doping of layered LiNiB. The
incorporation of Co changes the energy landscape, resulting in structural motifs not seen in the
Li-Ni-B ternary system without considerably impacting magnetic properties. We further showed
that the boride obtained upon Li deintercalation from the layered Li-Ni-Co-B compound
demonstrates excellent conversion and selectivity towards the production of 3-ethylnitrobenzene

via selective hydrogenation of vinyl (C=C) bond in 3-nitrostyrene.



Experimental. Co-doped LiNiB was synthesized via a high-temperature reaction of LiH,
Ni, Co, and B powders, using the same procedure as the synthesis of H7-LiNiB and H7-Li1+yNiB
compounds, but without quenching [24, 26]. For the topochemical deintercalation of Li to
synthesize Lio.04Nig.7C00.3B, 0.3-gram samples were exposed to air in a glass Petri dish for 10
days at room temperature, followed by washing with water and ethanol and drying under
vacuum. At this point, PXRD measurements were made to ensure that the diffraction peak with
the highest intensity (~20° 26, Cu Ka) in the PXRD pattern of Co-doped LiNiB had vanished
completely. To synthesize Lio1Nio7Coo3B with the CoB-like structure, 0.15 g samples of
Lio.04Nio.7Co03B powder sealed in Nb tubes by arc melting in an argon-filled glovebox and
slowly (1.56 K/min) heated from room temperature to 773 K, held at that temperature for 12
hours, and quenched in cold water. All samples were characterized via laboratory powder X-ray
diffraction (PXRD) using a Rigaku MiniFlex600 powder diffractometer with Cu Ka radiation (A
= 1.54051 A). The elemental analysis was performed via energy-dispersive X-ray spectroscopy
(EDXS) and inductively coupled plasma mass spectrometry (ICP-MS). Solid state "Li and ''B
NMR spectra were measured on a Bruker widebore 9.4 T (400 MHz) NMR spectrometer
equipped with an Avance III HD console. A 2.5 mm probe and a 25 kHz magic angle spinning
frequency were used in all cases. Room-temperature high-resolution synchrotron powder
diffraction and total scattering data suitable for PDF analysis were collected at beamline 11-BM
(L = 0.45784 A) and 11-ID-B (L = 0.14320 A), respectively, at Advanced Photon Source
Argonne National Laboratory (APS ANL). /n situ high-temperature synchrotron powder X-ray
diffraction data were collected at 17-BM (APS ANL) in the temperature range 298-1200 K and
an average wavelength L = 0.24158 A. Magnetic property measurements were done on the
polycrystalline samples using Quantum Design MPMS XL and MPMS3 SQUID magnetometers.
Prior to performing catalytic measurements, freshly washed and dried samples (except arc-
melted “Nip.7C003B”’) were ball-milled in polystyrene grinding vials with slip-on caps using a
SPEX SamplePrep 8000M Mixer/Mill for 6 minutes in air. Liquid phase hydrogenation of 3-
nitrostyrene was performed according to a literature method [49] with small modifications. The
reaction mixture was diluted and analyzed by an Agilent 6890N/5975 gas chromatograph-mass
spectrometer (GC-MS) equipped with an HP-5ms capillary column and a flame ionization
detector (FID). Further details of synthesis and characterization methods used can be found in

the Supporting Information.



Results and Discussion

L Family of ternary layered polymorphs in the Li-Ni-B system.

The hydride synthesis route used here replaces ductile Li metal with a powdered LiH
precursor, allowing for the intimate mixing of starting materials, exceptional compositional
control, lower synthesis temperature, and faster reaction time than the traditional solid state
synthesis route [50-53]. The hydride route led to the discovery of a family of ternary layered
polymorphs (Figure S1) R7-LiNiB, H7-LiNiB, R7-Li1+xNiB, and H7-Li;+yNiB (where RT and
HT stand respectively for room temperature and high temperature) with unique layered structural
motif of alternating single-atom-thick Li and [NiB] layers. Exposing Li-enriched R7-Li;+xNiB
and HT-Li+yNiB polymorphs to air first rapidly transforms these phases to their Li-depleted
descendants R7-LiNiB and H7-LiNiB. Upon prolonged exposure to air, the latter compounds
convert into novel layered borides R7-LiosNiB and HT-Lio4NiB [25], whose structures consist of
randomly-distributed atomically-ordered substructures Li[NiB], (n = 1, 2, 3). Upon further
heating in a sealed niobium container, H7-Lip4NiB transforms into another novel metastable
boride: LiNii2Bg [54], the synthesis of which is sensitive to slight changes in dwelling
temperature and annealing time. Magnetic property measurements revealed that the 4 parent
compounds (R7-LiNiB, H7-LiNiB, R7-Li1+xNiB, and HT-Li1+yNiB) are temperature-independent
paramagnets, while the 3 metastable borides R7-LiosNiB, HT7-Lio4NiB and LiNi;2Bg exhibit
spin-glass like behavior at low temperatures [24-26, 54]. Therefore, we were interested in how
the substitution of Ni for Co affects the topology of the [NiB] layers, electronic structure, and
resulting magnetic properties. Substitution of Ni with other 34 metals was attempted but could
not be achieved in LiN1,x7xB for 7= Mn, Fe, Cu.

2. Incorporation of Co in the [NiB] layers of LiNiB.

To synthesize Co-doped LiNiB, we followed the same temperature profile as was used for R7-
LiNiB and R7-Li1+xNiB [28, 30]. Surprisingly, in the presence of Co, H7-type, and HT(1+y)-
type compounds were stabilized instead of the R7-type phases. The highest yield of the target
phases was achieved when the following experimentally determined starting molar ratios were
used: LiH:Ni:Co:B = 1.3:(1-x):x:1.15 for the H7-type phase and LiH:Ni:Co:B = 1.4:(1-x):x:1.15
for HT-(1+y)-type phase. Throughout this text, the terminology H7-type and HT7-(1+y)-type
phase has been used to signify that the PXRD patterns of the LiNii.xCoxB compounds match the
PXRD patterns of H7-LiNiB [24] or HT-Lii+yNiB [26], respectively. The 30% excess of LiH and



15% excess of B powder are required for the phase pure samples, as in the synthesis of other

lithium nickel borides [24, 26]. An additional excess of LiH is required to stabilize the H7-(1+y)-

type phase in line with its Li-rich composition compared to the H7-type phase. Our previous

reports indicate that to stabilize both H7-LiNiB and HT-Lii+yNiB, the samples need to be

quenched in cold water from 1173 K [24, 26]. Therefore, Co doping stabilizes compounds whose
PXRD patterns resemble those of H7-LiNiB and H7-Lii+yNiB without the need for quenching

(Figure 1, S2). This suggests that the Co atoms are incorporated in the [NiB] layer and that Co

incorporation has the same effect as heating to higher temperatures.
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Figure 1. PXRD patterns (Cu K, wavelength) of LiNii-xCoxB resemble those of H7-LiNiB but

not R7-LiNiB. The highlighted region shows a change in the PXRD patterns with increasing Co-

content, implying the incorporation of Co within the LiNiB structure.



Analysis of the PXRD data reveals variation in the position and intensity of diffraction
peaks (Figure 1, S2; highlighted region) with increasing Co content from x = 0.1 to x = 0.3 in the
LiNi;«CoxB compounds. The absence of diffraction peaks for Co metal or any other known Co-
containing compounds for x up to 0.3 suggests successful Co incorporation into the [NiB] layer.
However, when the Co content increases to x= 0.4, diffraction peaks for the binary CoB phase
are detected, indicating the substitution limit of Co to be near x = 0.3 for both H7-type and
HT{(1+y)-type LiNi;.xCoxB compounds (Figure 1, S2).
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Figure 2. Variation of the unit cell parameters and volume with Co content, X, in LiNi.xCoxB.
The dashed lines represent a linear fit, and the error bars are smaller than the symbols used.
Increasing Co content leads to a relative interlayer shift of the MBene layers in HT-type LiNi;.
xCoxB. Only Ni/Co layers are shown, and Li and B atoms are omitted for clarity. The dark-blue
layer represents the top Ni/Co layer, and the light-blue layer represents the bottom Ni/Co layer.
The distorted Nis hexagon is highlighted in yellow to emphasize the relative shift of Ni/Co

interlayers with an increment of Co content.

The variation in the PXRD patterns with the increment of Co content is a result of the

incorporation of Co within the [NiB] layer. Unit cell parameters of H7-type and HT(1+y)-type
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LiNi;«CoxB compounds with variable Co-content (x = 0.1, 0.2, 0.3) were determined via
Rietveld refinement of high-resolution synchrotron PXRD data using H7-LiNiB and HT(1+y)-
LiNiB as a structure model (Table S1). Gradual changes in the unit cell parameters (a, b, c, f,
and V) with increasing Co content for both H7-type and HT(1+y)-type LiNi;xCoxB compounds
are in agreement with the larger atomic size of Co compared to Ni. A relative interlayer shift
between the top and bottom MBene layers (highlighted in Figure 2 with yellow shading) was
detected for the H7-type LiNi;xCoxB with variation in x. On the other hand, a considerable
decrease in the S angle (highlighted in Figure S3), approaching 90°, was found for the H7(1+y)-
type LiNii«CoxB without a significant shift of the MBene layers. These gradual changes in the
crystal structures of solid solutions in both H7-type and H7(1+y)-type LiNi;xCoxB compounds
with the variation of the Co content evidence the incorporation of Co within the [NiB] layer.
Scanning electron microscopy (SEM) for H7-type and HT(1+y)-type LiNio.7Coo3B further
confirms uniform Ni/Co distribution and reveals the crystallite morphology (Figure S4). The
false-colored backscattered electron images show that Co and Ni atoms are uniformly distributed
throughout the scanned region, confirming Co incorporation within the LiNiB structure. Both
compounds feature plate-like particle morphologies similar to those of R7-LiNiB and H7-LiNiB.
Energy-dispersive X-ray analysis (EDX) verifies the presence of three elements, Ni, Co, and B,
even though an accurate quantification of Li and B cannot be achieved due to the limitations of
the EDX method with light elements. Signals for Ta/Nb (material of the tube used for synthesis)
or any other heavy elements besides Ni and Co were not detected in the samples. The
experimental Ni/Co ratios of 2.3(1) and 2.3(4) were determined via the EDX method by
averaging the Ni and Co at. % for 4 and 7 areas in H7-type and HT(1+y)-type LiNig7Co00.3B
samples, respectively. The determined Ni/Co ratios agree well with the expected ratio of 2.33 in

LiNig7Co0.3B.
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Figure 3. 'Li and "B MAS solid-state NMR spectra of HT-type and HT(1+y)-type LiNio7Coo3B
compounds in comparison to H7-LiNiB, and H7-Li1+yNiB. The differences in the peak positions
and intensities are consistent with the alteration of the Li and B environments in these

compounds due to the incorporation of Co within the [NiB] layer.

After confirmation of Co incorporation into the LiNiB structure, we collected solid-state
magic angle spinning (MAS) ’Li and ''B NMR data to determine how the Li and B environments
change upon Co doping (Figure 3). The "Li and "B NMR spectra of HT-type and HT(1+y)-type
LiNig.7Co03B compounds clearly differ from those of H7-LiNiB and H7-Li+yNiB, respectively.
The changes in the Li and B coordination environment shown by the NMR spectra provide
another piece of evidence for Co incorporation into the structure of LiNiB. The peak at 0 ppm in
the 7Li NMR spectra of HT-type and HT(1+y)-type LiNio7C003B compounds corresponds to the
impurity phase LiOH-H>O or Li,O. The 7Li and 'B NMR chemical shifts are in the typical range
for metallic compounds, with similar chemical shifts observed for R7-LiNiB, H7-LiNiB, RT-
Li1+xNiB, and HT-Li;+yNiB [24, 26].
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Figure 4. In situ high-temperature synchrotron powder X-ray diffraction data (wavelength A =
0.24158 A) of HT-type LiNiy7Coo3B shows gradual leaching of Li due to the reaction of Li with
the silica capillary. Increasing temperature causes the transformation sequence H7-type

LiNig.7Co03B — distorted variant of LiNip7Co03B — LiNi3B;s— CoB, Ni2B, NizB, and NisBs.

High-temperature synchrotron PXRD data were collected to study possible transformations
of the layered HT-type and HT(1+y)-type LiNip.7Co00.3B compounds upon heating (Figure 4, S5-
S7). Heating of HT(1+y)-type LiNig.7Co03B in a silica capillary first transforms it into the H7-
type LiNio7Co0.3B compound (Figure S6: 506 K), confirming the presence of extra Li atoms in
the HT(1+y)-type LiNio.7C00.3B. Further heating resulted in a PXRD pattern that is similar to but
different from that of both H7-type and HT(1+y)-type LiNip7C003B compounds, suggesting
considerable structural distortion of the MBene layers (Figure 4: 638 K, Figure S6: 793 K).
These PXRD data were refined in the Pnma structural model (Figure S8, Table S2, see the
experimental section in SI for details about refinement), where the MBene layers stack perfectly
on top of each other. Such stacking has never been observed in other layered members of the
LiNiB family of compounds [24-26] (Figure S9, 5). With further temperature increase, H7-type
and HT(1+y)-type LiNio7Co00.3B compounds first transform to LiNi3Big and finally to CoB and
binary borides of nickel Ni2B, Ni3B, and NisB3 (Figure 4: 888 K, Figure S6: 1029 K, Figures S5,
S7). We presume that Li is gradually "leached" from the structure (due to the side reaction with
silica), stabilizing Li-depleted compounds upon heating. PXRD patterns for both H7-type and

HT(1+y)-type LiNio7Co003B compounds at room temperature did not reveal any known Co-
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containing compounds. Still, the appearance of CoB peaks at higher temperatures again suggests
that Co was first incorporated into the LiNiB structure and then transformed into CoB once the
layered structure collapsed upon heating.

We have recently investigated the flexibility of the [NiB] layers with respect to subtle
changes in composition and temperature [26]. A slight increase in Li content on going from H7-
LiNiB to H7-Li1+yNiB led to a relative shift between two adjacent [NiB] layers, altering their
stacking order and resulting in a change in space group from P2i/m to P2i/c [26]. On the other
hand, an increase in temperature (=616 K) upon in situ heating of H7-LiNiB resulted in a
distorted variant of the polymorph (refined in the same P2i/m space group) that features
deformed Nie units with a relative shift of [NiB] layers (Figure 5) [30]. Herein, we increase the
complexity even more and explore the flexibility of [NiB] layers with respect to electron count
(Co-doping) as well as temperature (in situ heating of Co-doped samples). We observed that the
effect of Co doping is similar to that of temperature since Co doping induces a substantial change
in [NiB] layers, resulting in the H7-polymorph with no quenching from high temperatures
needed, as opposed to the expected R7T-polymorph. The transition from the R7 to H7-type driven
by both Co-doping and quenching from high temperature most likely occurs due to the
comparable energies of these layered polymorphs. The variation in synthesis temperature
(quenching/no quenching), electronic (number of valence electrons), and size effects between Ni
and Co, alter the energy landscape and stabilize the H7-type phase. An analogy can be drawn to
the monoborides of 3d-transition metals 7B (where 7 = V, Cr, Mn, Fe, Co), whose structure
bears some similarities with the [NiB] layers found in LiNiB polymorphs. As the number of
valence electrons and the size of the metal atom vary from V to Co, the structure changes from
the CrB-type for VB to the FeB-type for CoB. However, MnB and FeB have both high-
temperature FeB-type and low-temperature CrB-type polymorphs and can also form peculiar
intergrowths of both CrB- and FeB- fragments when synthesized at lower temperatures. Similar
cases of polymorphism are seen in other intermetallic compounds [55-57].

Furthermore, Co doping causes a relative interlayer shift of [Ni;xCoxB] layers with an
increment of Co-content in H7-type LiNiixCoxB (P2i/m), similar to the structural change
induced by temperature in H7-LiNiB [30] (Figure 2, 5). In situ heating of the HT7-type
LiNio.7C003B compound (=638 K) stabilized a distorted variant of LiNig7Co03B, which features

the perfect placement of [Ni;«CoxB] layers on top of each other (Pnma space group), that has
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never been seen in LiNiB compounds (Figure S8, 5). Therefore, we conclude that all three
parameters — Li "chemical" pressure due to variation in Li content, synthesis temperature, and
valence electron concentration within the [Ni;xCoxB] layer affect the topology, relative shift,
and, therefore, the stacking order of the [Ni1.xCoxB] layers. Clearly, this family of layered LiNiB
structures that can tolerate variation in composition, electron count, and temperature is an

example of remarkable structural flexibility.
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Figure 5. Relative shift of MBene layers in the structures of H7-LiNiB [28], H7-LiNiB at 616 K
[30], HT-type LiNio7Co03B, and the distorted variant of H7-type LiNio7Co03B at 638 K as
determined from in situ PXRD synchrotron data (wavelength A = 0.24158 A).

3. Topochemical deintercalation of Li.

Exploiting the unique layered topology with loosely bonded Li atoms, we recently
synthesized two novel metastable borides, R7-LiosNiB and H7-Lip4NiB, upon partial
topochemical deintercalation of Li from R7- and H7-LiNiB [25]. Since the layered structural
motif is preserved in both the HT7-type and HT(1+y)-type LiNigp7Co03B compounds, we
investigated the effect of Co-doping on the Li-deintercalation. Both H7-type and HT(1+y)-type

13



LiNio.7Co00.3B were exposed to air for a prolonged period of time. Similar to the H7-Lii+yNiB
case, initial exposure of the H7(1+y)-type LiNio.7Coo3B compound to air transforms it first to the
HT-type LiNio.7Coo.3B phase, and with longer time in air sample becomes semicrystalline (Figure
S10). The transformation of H7(1+y)-type LiNio7Co03B to H7-type LiNio7Co003B in air again
confirms the presence of extra Li atoms in the HT(1+y)-type LiNig7C003B. The loss of
crystallinity upon exposure of H7-type LiNip.7Co0.3B to the air for 10 days, taken together with
the basic pH of the solution obtained upon washing the sample with deionized water (due to the
formation of LiOH), confirms the fact that Li is deintercalated from the layers (Figure S10). To
quantitatively estimate the amount of Li deintercalated from the H7-type LiNio7Co0.3B
compound, the Li/Ni/Co ratio was determined with inductively coupled plasma mass
spectrometry (ICP-MS). ICP-MS data indicate that ~96% of Li atoms have been deintercalated
from the HT-type LiNig7Coo3B  compound, resulting in the composition
Lio.0397)Nio.73(1)C00.231)B. The Co-content from the ICP-MS data is slightly less (0.23 vs. 0.3)
than the Co-loading content used in the synthesis of LiNio.7C00.3B.

To confirm the partial Li deintercalation and to track variation in the Li and B coordination
environments upon deintercalation, solid-state ’Li, and "B NMR spectra were acquired. Other
than the presence of an impurity peak at ~0 ppm (for Li2O, LiOH-H>O, or LiOH), the fact that
there are still some broad peaks in the 0-100 ppm range in the Li NMR spectra confirms the
incomplete extent of the Li-deintercalation (Figure S11). Comparison of ’Li and "B NMR
spectra of Lio.04Nig7C003B with those of H7-type and HT(1+y)-type LiNio7Co03B and HT-
Lio4NiB highlight the differences in Li and B coordination environments due to the

incorporation of Co within the LiNiB framework as well as due to the Li deintercalation.
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d and 0 otherwise.

Previously, complex crystal structures of R7-LiosNiB and H7-Lio.4NiB obtained by partial
Li deintercalation from LiNiB polymorphs were solved by concurrently using STEM, DFT, and
PDF data; therefore, PDF data were also acquired to determine the Lio.04Nio.7C003B structure.
Comparing the PDF data for H7-type LiNio7Coo3B with its partially Li-deintercalated

counterpart again confirmed loss of crystallinity upon partial topochemical Li-deintercalation
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(Figure 6). However, fitting the PDF data of Li.04Nio.7Co03B with the previously established
models based on a random intergrowth of three substructures H7-Li[NiB], (n =1, 2, 3) [25] did
not produce a sufficiently good fit. This indicates that the structure of Lio.04Nio.7C003B (with
96% of Li deintercalated) is sufficiently different from that of H7-Lio4NiB (with 60% of Li
deintercalated), consistent with the ICP-MS data suggesting that more Li was deintercalated
from the Co-doped compound. We hypothesize that increasing the Co content causes a relative
shift of the Ni/Co interlayers, which reduces the overall stability of the layered structure and

ultimately facilitates more complete Li deintercalation under mild conditions.
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Figure 7. PXRD patterns (Cu K, wavelength) of compounds resulting from ex-sifu heat treatment
of Lio.04Nio.7C003B at different temperatures after a 12-hour dwelling time. Calculated PXRD
patterns of CoB [ICSD-30450], LiNi3Big [ICSD-111367], and NisB; [ICSD-24307] have been

added for reference.

16



4. Ex-situ heating of the Lio.o4Nio.7C00.3B compound.

As was recently reported, a novel LiNi;2Bg compound forms upon heating the H7-Lio4NiB
phase obtained via Li deintercalation from H7-LiNiB [54]. We then attempted to study how the
structure of Lig.04Nio.7C00.3B (obtained by Li deintercalation of H7-type LiNio.7C003B) changes
with heating and whether it is possible to obtain Co-doped LiNi2Bs. For the ex-situ heat
treatment, the Lio.04Nio7Co03B sample was sealed in a niobium tube, and heated at different
temperatures for 12 hours, and cooled quickly by quenching (Figure 7). Upon heating at 673 K
and 773 K for 12 hours, the sample becomes more crystalline, but the overall change in the
PXRD pattern indicates severe reorganization of [Ni;xCoxB] layers. Further heating leads to a
minor fraction of LiNi3B1 s, and at the highest temperature of 1073 K, the formation of Ni4B3 and
CoB is observed (Figure 7, S12). Therefore, unlike heating the H7-Lio4NiB phase at 973 K for
12h, which led to the LiNi;2Bs compound, no such compound could be detected upon heating
Li0.04Nio.7Co03B. This result indicates that the incorporation of Co within the LiNiB structure
hinders the formation of a LiNi;2Bs-type phase. Additionally, this could signify that Co-doping
increases the extent of Li-deintercalation possible, resulting in a compound with a Li:Co ratio too
small to favor the formation of a LiNij2Bs-type phase.

A comparison of the PXRD patterns for the samples quenched from 673 K and 773 K with
the calculated PXRD pattern of CoB [ICSD-30450] revealed a striking resemblance. CoB and
NiB crystallize in two different orthorhombic structures: CoB (FeB structure type, Pbnm, a =
3948 A, b=5243 A, c=3.037 A, V=162.86 A3, Z =4, ICSD-30450) and NiB (CrB structure
type, Cmcm, a =2.925 A, b =7396 A, c =2.966 A, V=64.16 A®, Z =4, ICSD-26937) (Figure
S13). The CoB structure resembles the [NiB] layer in H7-LiNiB, although the CoB structure is
not layered (Figure S13). Therefore, the question about the structure and stability of the NiB-
CoB solid solution arises. The PXRD pattern of the sample obtained upon ex-situ heating of the
Ni-rich Lig.04Nio.7C003B compound at 773 K matches well with the CoB but not the NiB
structure. To confirm this, the Le-Bail fitting of the PXRD pattern of the sample quenched at 773
K with the CoB structure provided an excellent fit, suggesting the formation of a NiB-CoB solid
solution with the CoB structure type (Figure S14). Comparison of the refined unit cell
parameters obtained from the Le-Bail fitting of the PXRD pattern with the reported unit cell
parameters for CoB [ICSD-30450] indicated an increase in @ and b and a decrease in ¢ unit cell

parameters, resulting in an overall increase in unit cell volume (Table S3). The excellent fit of
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the X-ray PDF data for the Lio.04Nio.7C003B sample quenched at 773 K using the CoB structural
model [ICSD-30450] confirmed that the obtained Ni-rich boride crystallizes in the CoB structure
type (Figure 8a). This boride is likely a metastable phase since an attempt to arc-melt elemental
powders of composition “Nig.7Coo3B” resulted in phase segregation to a mixture of NiB and CoB
(Figure S15). According to the respective binary phase diagrams, CoB melts congruently near
1450°C, whereas NiB decomposes incongruently near 1035°C, so the formation of a NiB-CoB
solid solution by crystallization from a high-temperature melt is unlikely.

The solid-state MAS 7Li NMR spectra (Figure S16) indicated that the CoB-type
“Niop.7C003B” sample still contains some Li atoms. The Li/Ni/Co ratio obtained using ICP-MS
suggests that the composition is Lio.o11(8)Nio.76:3)C00.232)B. The experimental Ni/Co ratio of
2.37(9) determined from EDX data by averaging the Ni/Co ratio in 7 areas of the sample agrees
well with the expected Ni/Co ratio of 2.33 in the HT-type LiNio7Co03B precursor. Even though
the CoB structural model provided a good fit of the X-ray PDF and PXRD data, the ~1% Li from
ICP-MS and qualitative data from MAS "Li NMR data suggest minor doping of Li into Ni/Co
sites. Mixing of Li and Ni in the same crystallographic sites has also been observed in another
compound in the Li-Ni-B system—LiNii2Bs. In that case, in addition to two fully occupied Li
sites, 5 Li/Ni mixed occupied sites were confirmed by solid-state "Li-NMR [54]. Mixing of Li
sites with other transition metals, particularly with Mn, Co, and Ni, was also observed in layered
oxide cathodes for lithium-ion batteries [58].

As evidenced from SEM images, CoB-type Lioo1Nio7Coo3B features a plate-like bulk
morphology (Figure 8b), most likely inheriting it from the layered Li-containing precursor (H7-
type LiNigp.7Co0.3B) used for synthesis even though the CoB structure itself is not layered (Figure
S13).
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Figure 8. a) Fitting of the X-ray PDF data of Lio.04Nio.7Co03B sample obtained via ex-sifu heating
at 773 K with the CoB structural model; b) backscattered electron (BSE) image of

Li.01Nio.7Co0.3B showing a plate-like bulk morphology.

5. Magnetic properties.

First, we compare the magnetic properties of compounds in the LiNiB family with their
Co-containing counterparts. All four parent layered compounds: R7-LiNiB, H7-LiNiB, RT-
LiixNiB, and HT-Li+yNiB, are temperature-independent (Pauli) paramagnets [24, 26].
Temperature-independent molar magnetic susceptibility and a linear dependence of
magnetization on the applied field are consistent with temperature-independent (Pauli)
paramagnetism for both the H7-type and HT(1+y)-type LiNig7Coo3B compounds (Figure S17).
Such behavior is identical to their ternary analogs H7-LiNiB and H7-Li+yNiB; therefore, no
alteration of magnetic properties upon Co doping into Ni sites in LiNiB occurs.

We then compare the magnetic properties of Li-deintercalated R7-LiosNiB, HT-Lio4NiB,
and LiNi2Bsg [54] with their Co-containing analogs (Figure 9, Figure S18-S20). A spin glass-like
state below 30 K was revealed in all 3 metastable borides: R7-Lig¢NiB, HT-Lip4NiB [25], and
LiNii2Bs, the latter of which is obtained upon heating of H7-Lio4NiB [54]. On the other hand,
NiB and CoB were reported to be non-moment-bearing compounds (weakly
paramagnetic/diamagnetic) [59-60].

Lio.04Nio.7Co0.3B obtained via deintercalation displays paramagnetic behavior below 100 K,

a Curie Weiss tail upon cooling, ZFC/FC splitting in M/H(T) data in low field (50 Oe), and an S-
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shaped M(H) curve at 2K, suggesting a low-temperature magnetic transition, although the small
magnetic moment per transition metal rebuts bulk magnetism (Figure S19). Lio.01Nio.7Co0.3B with
CoB-structure (Figure 9 and Figure S19-20) exhibits similar behavior. We corrected data for a
trace amount of ferromagnetic impurity using the Honda-Owen method [61-62] and obtained
intrinsic M/H(T) that was fitted with the modified Curie-Weiss equation, y = yo + C/(T - O)
(Table S4, Figure 9, Figure S19). Such analysis yielded an effective moment of 0.1-0.2 ug per
transition metal in Lio.01Nio.7Co03B, which is comparable to the effective moment per Ni atom in
other Li-Ni-B compounds with a spin glass-like state below 30 K [25, 54]. On the other hand, the
contribution of the temperature-independent term (yo) in the case of LiooiNio7Co03B is
negligible, while the Weiss constant, O, approaches 0. In summary, the magnetic properties of
Li.04Ni0.7C003B and Lio.01Nio.7Co03B with a CoB-like structure differ from non-moment bearing
CoB and NiB and resemble those of H7-Lip4NiB with a potential low-temperature magnetic
transition and a small effective moment per transition metal [25]. Co-doping does not induce

significant magnetic coupling in LiNiB compounds or their Li-deintercalated derivatives.
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Figure 9. a) Temperature-dependent ZFC/FC molar M/H(T) for Lio.01Nio.7Co03B in the 2-300 K
temperature range measured under an applied field of 2 T and 4 T; inset: the Honda-Owen
method was used to obtain intrinsic M/H(T) for Lio.01Nio.7Co03B, which was then fitted using the
modified Curie-Weiss law (see Table S4 for fitting parameters) in the 100-300 K temperature
range; (b) field-dependent magnetization at 2K, 100K and 300 K for Lio.01Nio.7Co0.3B.

Considering the layered morphology of Ni-rich metastable Li.01Nio.7Co03B with a CoB-

like structure, we investigated the catalytic hydrogenation activity of this compound.
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6. Liquid-Phase Hydrogenation of 3-nitrostyrene.

The design of efficient heterogeneous catalysts for selective hydrogenation of vinyl (C=C)
groups is critical for the industrial production of fine chemicals. However, when a substrate
molecule contains more than one reducible group, such as C=C and nitro -NO> moieties in
nitrostyrenes, precious metal catalysts tend to reduce both groups simultaneously, resulting in
limited selectivity [39-43]. Strategies to address the problem of chemoselectivity include
modification of the active site of a catalyst with ligands, zeolites, and metal-organic frameworks
[63-65]. In most of these cases, the intention is to block or passivate the catalytic surface such
that production of the undesired product(s) is suppressed. The selectivity increase comes at the
cost of a reduction in overall catalytic activity. Another approach to address the selectivity issues
is metal doping, which can lead to a change in the adsorption mode and modulation of electron
density of the substrate molecules on the catalyst surface [42, 66]. For example, the doping of Co
into Ru active sites resulted in a compressed Ru lattice, thus enhancing the selectivity for
hydrogenation of 4-nitrostyrene to 4-aminostyrene [66]. The majority of studies of the selective
hydrogenation of nitrostyrene focus on nitro group hydrogenation to obtain amines [38-45, 66],
while the examples of catalysts capable of selective vinyl C=C bond hydrogenation in
nitrostyrenes are limited to Pt- and Pd-nanoparticles [46-49]. For instance, Rh-doped Pd
nanocubes and a cellulose nanocrystal-supported Pd-Co bimetallic catalyst exhibit enhanced
activity and selectivity for C=C in the presence of a nitro group due to the modulation of surface

electron density and adsorption energy [47-48].

We studied the catalytic activity of Lio.01Nio.7Coo.3B in the industrially relevant liquid phase
hydrogenation of nitroarenes and compared its catalytic activity with CoB, R7-LiosNiB [25],
HT-LiosNiB [25]. Here, Lio.0iNio7Co003B demonstrated >99% selectivity to the vinyl C=C
hydrogenation product 3-ethylnitrobenzene from 3-nitrostyrene with 77.4% conversion over 12
hours of reaction at 100 °C. The formation of other competing products—3-aminostyrene and 3-
ethylaniline—was not detected, emphasizing the superior selectivity of Lio.01Nio.7Co003B in the
liquid-phase hydrogenation of 3-nitrostyrene. As established previously, the Lio.01Nio.7C00.3B
compound crystallizes in the CoB structure type. Therefore, to understand whether the catalytic
activity stems from the presence of Co or due to the CoB structure type, we studied the catalytic

activity of CoB for the same reaction. Phase-pure CoB was prepared via the hydride route
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(Figure S21). Surprisingly, CoB did not show any activity in the hydrogenation reaction
indicating that either the Ni metal or the layered morphology of Lio.01Nio.7C00.3B played a role in
the catalysis. Hence, we investigated the catalytic activity of R7-LiosNiB and H7-Lio.4NiB,
which feature a layered morphology but are Co-free, as well as Lio.04Nio.7Co0.3B, which does not
have the CoB structure. These compounds also did not exhibit any activity for the hydrogenation
reaction. Therefore, we can conclude that the layered morphology, as well as the simultaneous
presence of both Ni and Co, play a key role in the selective hydrogenation of the vinyl C=C bond
in 3-nitrostyrene, even in the presence of another reducible functional group -NO>. Furthermore,
a sample prepared by arc-melting Ni, Co, and B (Figure S15) contains primarily CoB and NiB
phases but no layered morphology and does not show appreciable catalytic activity. Therefore,
the exceptional selectivity of Lio.01Nio.7Coo.3B in selective hydrogenation of C=C in nitrostyrene
manifests the interplay between composition, crystal, and electronic structure in this metastable
boride and its catalytic activity. We note, however, that long-term (> 12 months) storage of this
catalyst in air results in reduced conversion attributed to surface oxidation. After washing the
sample with water and ethanol and drying under vacuum, the conversion was restored to >90%,
but the catalyst became less selective. Further studies are needed to investigate the catalyst's
surface using in-situ techniques. Ordered intermetallic compounds have been suggested as
promising heterogeneous catalysts for hydrogeneration reactions [67-71], including noble-metal-
free catalysts with exceptional activity [68, 69] and selective catalysts for -NOz group
hydrogenation in nitroarenes [45]. Similarly, in electrocatalysis, multimetallic borides were
shown to have great promise to reduce overpotential, resulting in catalysts with increased activity
[32-36]. The metastable Lio.01Nio.7Coo3B discussed here manifests a CoB-type structure with
atomic mixing of Ni, Co, and Li that most likely affords the surface configuration required for
exceptional selectivity. While the structure of the surface and Co/Ni distribution remains the
subject of ongoing studies, the current study illustrates a fruitful avenue for the design of
heterogeneous catalysts: accessing unique electronic and crystal structures with tailored surfaces

via the synthesis of metastable compounds.

Table 1. Catalytic performance of catalysts for chemoselective hydrogenation of 3-nitrostyrene.
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Z Z
I + +
NO, NH, NO, NH,

3-nitrostyrene (NS) 3-aminostyrene (AS)  3-ethylnitrobenzene (ENB)  3-ethylaniline (EA)

Entry Catalyst(s)? Conversion (%) Selectivity (%)
AS ENB EA

1 No catalyst 0 - - -
2 CoB 0 - - -
3 HT-Lio4NiB 0 - - -
4 RT-LipcNiB 0 - - -
5 Lio.04Nio.7Co0.3B 0 - - -
6 arc-melted Nio7Coo3B 0 - - -
7 Lio.01Nio.7Co0.3B 77.4 - >99 -
8 5% Pt/C 100 0.3 - 99.7

2 Reaction conditions: 20 mg catalyst, 50 mg 3-nitrostyrene, 20 mg xylene, 2 mL toluene, 700

rpm, 100 °C, 12 h.

Conclusion

In this study, we demonstrated the successful doping of Co into the layered LiNiB
compounds, stabilizing two solid solutions, H7-type and H7-(1+y)-type LiNiixCoxB (x < 0.3).
Substitution of Co for Ni was confirmed by PXRD, solid-state Li and ''B NMR spectroscopy,
and EDX. We determined that up to 30% Co can be substituted into the [NiB] layers in LiNiB. In
situ high-temperature synchrotron PXRD revealed the formation of a distorted variant of
LiNio.7Co03B upon heating of H7-type and H7-(1+y)-type LiNig.7Co00.3B compounds. This high-
temperature structure features precise alignment of [NiB] layers perpendicular to their stacking
direction, not observed in other Li-Ni-B compounds. The topochemical deintercalation of Li in
air stabilizes a novel metastable boride Lio04Nio.7Coo3B. Unlike the Li-deintercalation from
ternary LiNiB phases where 40-60% Li can be removed, e.g., HT-Lig4NiB, ~96% Li can be
deintercalated from the HT7-type LiNio7Co03B compound resulting in Lio.04Nio.7C003B, as

evidenced from ICP-MS data. Ex-situ heating Lio.04Nio.7C003B in a sealed niobium container led
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to yet another novel metastable boride: Lio.01Nio.7Coo.3B. Excellent fitting of both the X-ray PDF
and PXRD patterns with the CoB structure evidence that this Ni-rich compound crystallizes in
the CoB structure type, which is different from the NiB structure type. Co-doping did not result
in substantially different magnetic properties in H7-type and H7(1+y)-type LiNio.7Co003B, which
remain temperature-independent paramagnets, while Lig.04Nip7C003B and Lio.01Nio.7Coo3B
exhibit low-temperature magnetic transitions. Finally, the excellent selectivity of
Lio.01Nio.7Co03B in hydrogenating the vinyl (C=C) bond in 3-nitrostyrene yielding 3-
ethylnitrobenzene as a single product distinguishes this metastable boride from the other

heterogeneous catalysts.
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