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Nitrogen adsorption via charge transfer on
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Titanium diboride (TiB,), a layered ceramic material, comprised of titanium atoms sandwiched in between
honeycomb planes of boron atoms, exhibits a promising structure to utilize the rich chemistry offered by
the synergy of titanium and boron. TiB, has been primarily investigated and applied in its bulk form. This
perspective is, however, fast evolving with a number of efforts aimed at exfoliating TiB,. Here, we show
that it is possible to delaminate TiB; into ultrathin, minimally functionalized nanosheets with the aid of
surfactants. These nanosheets exhibit crystalline nature and their chemical analysis reveals vacant sites
within the nanosheets. These vacancies facilitate the chemisorption of N, onto the TiB, nanosheets
under ambient conditions without the aid of any energy, this finding was unexpected. This remarkable
activity of TiB, nanosheets is attributed to vacancies and the Ti—B synergy, which enhance the adsorption
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and activation of N,. We obtained supplemental insights into the N, adsorption by Density Functional
Theory (DFT) studies, which reveal how charge transfer among Ti, B, and N, results in N, adsorption. The
DFT studies also show that nanosheets having more vacancies result in increased adsorption when com-
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Introduction

The last two decades have witnessed extensive research in the
domain of two-dimensional (2D) materials. Owing to their
high aspect ratio and planar electron confinement, these
nanomaterials exhibit properties at the extremes of all known
materials. 2D analogs of several van der Waals (vdW) layered
materials such as graphite,' boron nitride,”® metal
dichalcogenides,”” and metal halides®’ find wide application.
The quest for newer 2D materials has led researchers to also
explore non-vdW layered materials wherein planes are held by
much stronger forces. This is exemplified by exfoliation of
MAX (where M is a transition metal, A is an A group element,
and X is C or N) phases,*® oxides/hydroxides of rare earth/tran-
sition metals,'*"? and MAB (where M is a transition metal, A
is an A group element, and B is boron) phases."***

AlB,-type metal diborides represent one such family of non-
vdW layered materials, where boron honeycomb planes are
stitched together by metal atoms (see Fig. S1, ESI{)."> Metal
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pared with nanosheets having less vacancies and bulk TiB..

diborides have been investigated and used primarily in their
native bulk form. For example, MgB, — a flagship member of
this family - is known for its superconductivity;'® TiB, is used
in ballistic armors;'” and recently, CoB, and MoB, have found
application in the hydrogen evolution reaction (HER) and nitro-
gen reduction reaction (NRR).'®'® The perspective on using
metal diborides in their native bulk form has been fast evolving
since 2015, when our group reported that it is possible to dela-
minate MgB, into nanosheets using ultrasonication; it was the
first report that showcased such feasibility.”® Since then, several
approaches for nanoscaling MgB, have been reported:
chelation,?"** dissolution-recrystallization,>® cation exchange,>*
interlayer expansion,* ultrasonication in ionic liquids/organic
solvents,”>*” and ball-milling.>®>°

The approaches for nanoscaling MgB, are gradually being
expanded to other borides, particularly TiB,, a boride known
for its ultrahigh strength, chemical inertness, wear resistance,
and good thermal/electrical conductivity.>® The first such
report appeared in 2015, when Pumera and co-workers used
an electrochemical path for nanoscaling TiB,, resulting in its
partial exfoliation.>® A subsequent study, published in 2019,
reported successful exfoliation of TiB, via shear mixing, with
nanosheets being heavily oxy-functionalized.** In 2020, our
group discovered that TiB, undergoes dissolution-recrystalliza-
tion in an aqueous solution of H,0,; we used this non-classi-
cal recrystallization to develop a scalable approach that results
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in a high yield of heavily functionalized nanosheets.*®
Although both these approaches successfully converted TiB,
into its quasi-2D form, the resultant nanosheets were heavily
functionalized. While functionalization endowed distinct
advantages to these nanosheets,®®” it also significantly
altered the chemical structure of TiB,. An approach that pre-
serves the long-range crystallinity of TiB, and minimizes
functionalization upon nanoscaling would facilitate an
enhanced access to the planes of titanium and boron, which is
otherwise challenging to achieve. This, in turn, can open un-
precedented avenues to utilize the native chemistry of TiB,,
similar to the extraordinary enhancements in catalytic activity
embodied by graphene, by virtue of its activated basal
planes.?®

One possible way to minimize functionalization without
altering the crystal structure is using organic solvents as the
medium of exfoliation. Green and co-workers have recently
reported that metal borides can be exfoliated in organic sol-
vents.”” While this study provides some insights into the
degree of functionalization, these are limited. This approach
also has two critical challenges - (a) organic solvents are
expensive, toxic, and difficult to handle, making their disper-
sions difficult to process; (b) organic solvents themselves trans-
form into optically active 2D nanostructures during ultra-
sonication assisted exfoliation.>®> We recently attempted to
overcome these challenges by using a co-solvent (isopropanol
and water) as the exfoliating medium for TiB,. While the resul-
tant nanosheets were mildly functionalized, the yield was only
~3%.° Thus, there is a need for an approach that exfoliates
TiB, in high yields without altering the crystal structure.

In this work, we show that TiB, can be exfoliated with the
aid of sodium cholate in high yield (~25%, a concentration of
~2.5 mg mL™") with minimal functionalization. The resultant
nanosheets are found to be ~6 nm thick and retain the native
crystallinity of TiB, to a large extent as evidenced by crystallogra-
phy and elemental composition studies. We also show that
varying the surfactant concentration during exfoliation can tailor
the stoichiometry of nanosheets from metal-rich to boron-rich.
We further show that these nanosheets have inherent capability
to chemisorb N, without the aid of any energy. Using DFT
studies, we obtained mechanistic insights to understand how a
synergy of Ti and B atoms and the presence of defects play a sim-
ultaneous role in N, adsorption over nanosheets. To our knowl-
edge, this is the first report that uses surfactant concentration to
tailor the stoichiometry of TiB, nanosheets and provide a sub-
strate for N, adsorption under ambient conditions. This study is
potentially useful for exfoliation of layered ionic solids where sur-
factant chemistry can help in designing nanosheets with a
varying stoichiometry for a plethora of applications.

Experimental section
Synthesis of minimally functionalized TiB, nanosheets

We have explained the synthesis protocol under two sections —
the first section describes pre-treatment of TiB, and the
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second section describes the use of surfactants to exfoliate
treated TiB,.

(a) Pre-treatment (cleaning) of TiB,. Briefly, 1 g of TiB,
(Sigma Aldrich, 99% pure, size <10 pm) was added to 20 mL of
deionized (DI) water (Millipore Ultrapure Type - I, ionic conduc-
tivity = 18.2 MQ cm (25 °C)) at a concentration of 50 mg mL™.
The mixture was probe sonicated for 20 minutes at 25% ampli-
tude using a QSonica Q500 probe sonicator. We performed this
step to remove any impurities in the parent TiB, powder. As
explained by Coleman and co-workers, such impurities in parent
material could result in additional peaks in optical spectra, which
may interfere with results.*" The procedure for cleaning TiB, is
schematically represented in Fig. S2, ESL.{

(b) Surfactant-mediated exfoliation of TiB,. Surfactant
solutions with different concentrations (1 g L™ to 5 g L)
were prepared by adding sodium cholate (Sigma Aldrich,
BioXtra >99% purity) to 100 mL of DI water and stirring for
10 minutes. Cleaned TiB, was added to the surfactant solution
and stirred for 10 minutes to obtain a black colored mixture; the
color can be attributed to TiB,. This mixture was then sonicated
using a QSonica Q500 probe sonicator with a flat tip for a total
run time of 4 hours in 6 s ON/2 s OFF cycles. The temperature
was maintained by placing the assembly in an ice bath. After
sonication, the mixture was left undisturbed for 30 minutes; solid
black sediment was observed at the bottom with a brownish sus-
pension at the top. The top suspension (~3 of the total volume)
was collected and centrifuged at 1500 RPM for 45 minutes at
10 °C. The top 2 volume of the centrifuged sample was collected
and studied for the Tyndall effect. It exhibited a distinct path of
the laser beam indicating its colloidal nature (Fig. S3, ESIt). This
final dispersion was utilized for all further characterization
studies. The surfactant was removed by centrifuging the dis-
persion at 14 500 RPM and dispersing the sediment in DI water.
This step was repeated three times before collecting the sediment
in a powder form of nanosheets. The detailed steps of removing
surfactants and choosing the optimal centrifugation rate are
shown in Fig. S4-S8, ESL T

Structural characterization

The Transmission Electron Microscopy (TEM) and High
Resolution-Transmission Electron Microscopy (HR-TEM)
images were captured using a Thermoscientific Themis 300
instrument operated at 300 kV. The samples for TEM were pre-
pared as follows: 1 mL of the nanosheet dispersion was
diluted 10x with DI water, and 100 pL of this diluted dis-
persion was drop cast onto lacey carbon Cu grids (Ted Pella,
300 mesh) and dried under ambient conditions. This diluted
dispersion was also used to prepare samples for adsorption by
Atomic Force Microscopy (AFM) studies by drop casting 10 pL
of this dispersion on a freshly cleaved mica substrate (PELCO
Ted Pella, 9.9 mm diameter). AFM studies were performed on
a Multimode 8-AM (Bruker) operated in the ScanAsyst tapping
mode, using a silicon cantilever (spring constant of 0.4 N m™,
resonant frequency of 70 kHz). The powder X-ray diffraction
(PXRD) spectra of TiB, and nanosheets were obtained using a
Bruker D8 instrument equipped with Cu-Ka (1.54 A) radiation.
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Chemical characterization

UV-Vis spectroscopy of the nanosheet dispersions was per-
formed on a Shimadzu UV-1800 spectrophotometer over the
range of 200-800 nm using quartz cuvettes (1 cm path length).
Dispersions with different concentrations were prepared by a
serial dilution of the stock dispersion (concentration of 1 mg
mL™") in DI water. Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) studies were performed on a
PerkinElmer ICP-AES spectrometer Optima 3300 RL. Ten mL
of the diluted nanosheet dispersions were analyzed against
Type 1 DI water (control). The Raman spectra were obtained
using a Renishaw Micro Raman spectrometer under 514 nm
laser irradiation. Zeta potential measurements were performed
using a Malvern Zetasizer Ultra. Folded capillary cells were
used for all the measurements, and the temperature was kept
constant at 20 °C. X-ray photoelectron spectroscopy (XPS) of
the samples was performed on a Thermofisher Scientific
Nexsa Base with monochromatic Al-Ka X-ray with energy of
1486.6 eV. TGA and DSC studies were performed on a
Simultaneous Thermogravimetric (TG) - Differential Scanning
Calorimetry (DSC) analyser (STA 449 F3-Jupiter, NETZSCH
Germany). Around 5 mg of the sample was taken in an
alumina crucible to measure the adsorption rate of N, on TiB,
nanosheets. Fourier Transform Infrared (FTIR) spectroscopy
was performed on a PerkinElmer Spectrum Two spectrometer,
operated in the U-ATR mode. Electron paramagnetic resonance
(EPR) spectroscopy was performed using a JES - FA200 ESR
spectrometer with X-band at room temperature.

Computational methods

The spin polarized calculations presented here were performed
in the Vienna Ab initio Simulation Package®*™** (VASP) based
on the GGA Perdew-Burke-Ernzerhof exchange-correlation
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functional.*> The van der Waals interactions were included by
the DFT-D2 method within the Grimme scheme.*® The energy
cutoff for plane wave expansion was set as 600 eV. The conver-
gence criteria for geometric optimization were set as 10~° eV
and 10™* eV A™* for total energy and maximum force, respect-
ively. The Brillouin zone was sampled with an automatic 3 x 3
x 1 grid of k-points. The optimized TiB, unit cell is used to
generate a 3 x 3 x 3 slab structure of TiB, with 15 A vacuum in
the [0 0 1] direction. The top 2 layers were unconstrained and
were free to interact with the adsorbents whereas the bottom 4
layers were held fixed to their bulk configuration. The opti-
mized unit cell of TiB, and the replicated one (3 x 3 x 3 slab)
are shown in Fig. S29, ESL.

The adsorption energies were studied for pristine, monova-
cant, and divacant TiB, for two cases each, namely (i) Ti (0 0 1)
exposed and (ii) B (0 0 1) exposed surfaces for N, adsorption
(Fig. S30, ESI}). The monovacant structures were built by
removing one atom at a time from the pristine structure.
Considering the symmetry of the top plane, different monova-
cant and divacant structures were studied. Average adsorption
energies were calculated using eqn (1).*

AE,« = E. — Ex — E, and AEg = AE/n 1)

where, AE., is the adsorption energy, E. is the total energy of
the catalyst with adsorbed species, Eyx is the energy of the
adsorbed species, Ex is the energy of the catalyst surface, and n
is the number of interacting atoms contributing to the active
site, here, the top two layers of TiB,.

Results and discussion

Fig. 1 shows the steps involved in the surfactant-assisted exfo-
liation of TiB,. TiB, particles (pre-treated, see the Methods)
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_
@ Boron _
g4 y
Cleaned TiB, powder Surfactant solution of TiB,- surfactant solution P ¢
known i i i icati and unexfoliated crystallites - nanosheets
\
Side View Top View

DFT studies showing the affinity of N, to bind to TiB, Different

Pure N, purge

ies on TEM Image of a nanosheet

were studied to determine the adsorption energy.

Fig. 1 Surfactant assisted exfoliation route to synthesize minimally functionalized TiB, nanosheets. A schematic depicting the surfactant-assisted
route to exfoliate TiB, with less functionalization. Cleaning via probe sonicating TiB, powder in a surfactant solution led to a stabilized TiB,
nanosheet suspension. The suspension was then centrifuged to remove unexfoliated particles. To check N, adsorption on minimally functionalized
TiB, nanosheets, pure N, gas was passed through the sample for some time at 25 °C and sample was then heated to 1000 °C to check for an
increase in adsorption. DFT results further corroborated the binding affinity of N, to nanosheets.
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were probe-sonicated for 4 hours in an aqueous solution of
sodium cholate, a surfactant widely used in exfoliating layered
materials on account of its facial amphiphilicity.’”"*®
Sonication resulted in a black colored suspension that was
centrifuged at 1500 RPM for 45 minutes to remove macro-
scopic aggregates. The top brownish supernatant was collected
and examined for the Tyndall effect; the presence of a distinct
path traced with the laser beam indicated the presence of a
dispersed phase in the supernatant (Fig. S3, ESIT).

We analyzed this dispersed phase using transmission elec-
tron microscopy (TEM) and observed sheet-like nano-
structures. Fig. 2a and b show planar structures with lateral
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dimensions of ~100 nm-1 pm. We have presented a library of
TEM images depicting similar sheet-like nanostructures in the
ESI (Fig. S5-S14t). Some nanostructures also displayed Moiré
patterns (Fig. 2¢); similar patterns were also observed in h-BN
nanosheets wherein two layers were tilted with respect to each
other by +4°.*° The presence of such patterns indicates long
range crystallinity and lower incidences of functionalization.
Furthermore, in our earlier report where we synthesized
heavily functionalized TiB, nanosheets, we observed wrinkles,
folds, and crumples which were attributed to functional
groups.”’®?! We do not observe such features in our present
study, suggesting that these nanosheets are minimally functio-
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Fig. 2 Microscopic characterization of the nanosheets. (a and b) the TEM images of the nanosheets obtained by drop casting the nanosheet dis-
persion on lacey carbon grids, (c) Moiré pattern observed in a TEM image of some overlapping nanosheets, (d) the HR-TEM image showing a few
layers (~7 layers) on the edge and lattice fringes on the nanosheet basal plane, (e) high-angle annular dark-field (HAADF) combined with scanning
transmission electron microscopy-electron dispersive X-ray (STEM-EDX) mapping of a single TiB, nanosheet, (f) the SAED pattern obtained shows
the polycrystalline nature of the exfoliated nanosheet and superimposed vertices of hexagon indicating the presence of the Moiré pattern, (g)
HRTEM image of the nanosheet, and (h) inverse FFT of the selected region of the HRTEM image. Green circles show the hexagonal arrangement,
and the inset shows the mask applied and line profile for calculating d-spacing. (i) AFM image, topographical analysis and the corresponding height
profile of few nanosheets indicating the thickness of nanosheets to be ~6 nm.
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nalized. Fig. 2d presents an HRTEM image showing the trans-
verse view of a nanosheet edge - the alternating dark and light
lines indicate few-layer-thick nature of these nanostructures.
To obtain information about the chemical composition, we
mapped the elements on a sample of the nanosheet. Fig. 2e
presents the High-Angle Annular Dark-Field (HAADF) image of
the sample nanosheet combined with scanning transmission
electron microscopy-electron dispersive X-ray (STEM-EDX)
mapping. The mapping shows strong signals of titanium and
boron (that are concurrent and uniformly spread) and a weak
signal of oxygen indicating minimal functionalization. We
have explained about the small degree of oxy-functionalization
under the XPS section below. The nanosheets also exhibit a
scattered distribution of surfactants on their surface, as cap-
tured by sodium mapping (represented in Fig. S15, ESIT). The
SAED pattern obtained from these nanosheets exhibits
ordered spots (Fig. 2f); we identified that these spots corres-
pond to the (001), (100), (101), and (002) planes of the TiB,
lattice indicating that crystallinity is retained (the calculations
to identify the Akl planes from SAED patterns are explained in
Table S2, ESIt). To further corroborate these findings, we gen-
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erated a simulated micrograph of a specific region from the
HRTEM image of a nanosheet via FFT and inverse FFT (we
have outlined these steps in our earlier study).’® The simulated
micrograph displays a long order honeycomb arrangement
(Fig. 2h). We generated a line-profile from a region of the
simulated micrograph and calculated the d-spacing, which was
2.1 A. This value matches with the d-spacing value corres-
ponding to the (101) plane of TiB,. Although these obser-
vations validate the native chemical structure and crystallinity
of TiB, nanosheets, we observed defects in several TEM
images (Fig. S16, ESIY).

We confirmed the quasi-2D nature of these nanosheets
using AFM. Fig. 2i shows the area scan and height profiles of
two representative nanosheets suggesting that they are few-
layer-thick. We measured the thickness of 67 such nanosheets
(captured in this frame); a median thickness of 4 nm was
observed (histogram shown in Fig. S17, ESIY}).

To estimate the concentration of nanosheets in the dis-
persion, we measured its optical properties. The dispersion
shows continuous absorption over the entire UV-visible regime
(Fig. 3a) and exhibits a direct band gap of 3.5 eV (calculated
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Fig. 3 Optical properties of the colloidal dispersion containing TiB, nanosheets. (a) UV-Vis spectra of the synthesized dispersion, showing absor-
bance in the ultraviolet region with a peak at ~270 nm. The inset graph on the left shows the Tauc plot generated from the absorption spectra of the
nanosheet dispersion. The extrapolation of the linear regime in the graph corresponds to a direct band gap of 3.5 eV, (b) estimation of absorptivity of
the nanosheet at different wavelengths (R > 0.99, for all cases). The inset graph shows the dependence of absorptivity (decreasing with increasing
wavelength) on wavelength, (c) plot of concentration of TiB, nanosheets as a function of the sodium cholate concentration in g L™, and (d) plot of
absolute values of the zeta potential measurements versus sodium cholate concentration in g L™
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using the Tauc plot, inset Fig. 3a). The absorption spectra also
feature a shoulder at ~270 nm, that is much weaker in inten-
sity compared with the one observed in functionalized MgB,
and TiB, nanosheets, where it was ascribed to the n — zn* tran-
sition (by virtue of oxy-functional groups).?®**%° The weak
intensity of this shoulder in the present study indicates a
much lesser degree of oxy-functionalization (as also observed
in the elemental mapping shown in Fig. 2e).

We obtained similar absorption profiles for dispersions
with pre-determined concentrations of nanosheets (as explained
in Fig. S18, ESIf), and utilized these to generate calibration
curves and absorptivity values (Fig. 3b). The absorptivity of these
nanosheets decreases with increasing wavelength (inset Fig. 3b),
with the maximum value of 5.5 mg™ cm™" mL at 200 nm.>*?*>
This value is comparable with that of functionalized TiB,
nanosheets (g,70 = 3.48 mg~" cm™" mL) but an order of magni-
tude lesser than that of other 2D materials (graphene, WS,, h-BN,
and MoS,), suggesting that these nanosheets are more transpar-
ent than other 2D materials.”>*°> To assess how the surfactant
concentration (Cg) influences the concentration of nanosheets
(Cn), we measured Cy values in final dispersions for Cg values
ranging from 1 to 5 g 17", We observed that Cy increases until Cs
=2 g1, and decreases beyond that (Fig. 3c). A similar trend has
been observed by Coleman and co-workers in their recent study
on the effect of surfactants on WS, nanosheets. They attribute
the increasing trend to the surfactant’s tendency to maximize
surface coverage and the decreasing trend to depletion of inter-
actions (preferential flocculation of larger nanosheets).*" Using
zeta potential measurements, we found that the TiB, nanosheets
are stabilized in the dispersed phase primarily by electrostatic
repulsion (Fig. 3d). We observed a negative zeta potential value of
~34 mV, even when Cg = 1 g 17, highlighting the extremely stable
nature of these dispersions.

To confirm whether the above observations on structural
and chemical integrity are a representative of the majority of
sample, we compared the XRD patterns of nanosheets and
bulk TiB, and found that they exhibit identical peak positions
(Fig. 4a). The XRD pattern of the nanosheets exhibits a
reduced intensity and broadened peaks compared with that of
bulk TiB,; this is expected as exfoliation decreases the number
of layers in the parent crystal.”® The nanosheets exhibit a crys-
tallite size of 19.6 nm (calculated using the Scherrer equation
for the (101) plane) as compared with a crystallite size of
127 nm exhibited by bulk TiB,. XRD patterns, previously
reported for functionalized and minimally functionalized TiB,
nanosheets, were always found to exhibit additional peaks
(attributed to oxy-functionalization).>**° The absence of such
additional peaks in the XRD pattern of TiB, nanosheets in the
present study again evidences the extremely low degree of
functionalization. This was also supported by the Raman spec-
troscopy results. Fig. S19, ESIT compares the Raman spectra of
bulk TiB, and TiB, nanosheets after excitation with a 514 nm
laser source. The Raman spectra of bulk TiB, is characterized
by three peaks at 255 cm™', 410 cm™', and 610 cm™" due to
the By, Eg and A, vibration modes.**> The peak in the
region of ~550-650 cm ™" is attributed to the in-plane, antiphase
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stretching and hexagon distorting displacement of boron atoms.
This peak confirms the presence of B-B bonds in a honeycomb
arrangement. Similar peaks were also observed in TiB, by
Wdowik et al>® We observed all three peaks in the Raman
spectra of nanosheets with a several fold decrease in the inten-
sity. An interesting point to note is that no apparent shift is
observed in the peaks compared to those of bulk TiB,. This
decrease in the intensity with no peak shifting indicates the suc-
cessful exfoliation of TiB, to a nanoscale form and the retention
of its structure and crystallinity. A similar change in h-BN was
observed by Gorbachev and co-workers, where they found a
direct relationship between a decrease in the intensity of the
Raman spectra and a decrease in the number of layers.*’

To understand the chemical interface offered by TiB,
nanosheets, we collected XPS data. The Ti 2p spectra of TiB,
nanosheets exhibit four peaks centered at 453.7 eV, 457.5 eV,
458.4 eV and 464.2 eV (Fig. 4b). The peak at 453.7 eV corres-
ponds to the Ti-B bond, characteristic of metal borides.®”
When compared with bulk TiB, (Fig. S20, ESI{), this peak has
a lower intensity and is slightly left shifted. The decrease in
the intensity can be explained by a loss of interlayer Ti atoms
described as follows. Cavitation induced stress waves and
microjets during ultrasonication are known to generate
normal and shear forces.’®”° These forces, when acting upon
TiB, crystals, are expected to result in a preferential loss of Ti
atoms because Eqi i < Erig < Eg_pg (Where E indicates bond
energy).°”°! This preferential loss of Ti atoms is evidenced by
ICP-AES studies on nanosheet dispersions (Table S3, ESIf).
ICP-AES data for nanosheets prepared at different values of Cs
are summarized in Table S3, ESIL.f This loss of interlayer Ti
atoms also explains the possible origin of the observed exfolia-
tion. This was also corroborated by the TEM images, where
vacancies were observed in the form of a line (Fig. S167). The
atomic percentage of the Ti-B bond also decreased from
7.35% (in bulk TiB,) to 1.03% (in TiB, nanosheets) and from
16.11% (in bulk TiB,) to 5.20% (in TiB, nanosheets) in Ti 2p
and B 1s spectra, respectively.

We further performed EPR spectroscopy to record the para-
magnetic signal to confirm defects (Fig. S22, ESIf). We
observed a characteristic S-shaped signal at a calculated
g-factor of ~2 and an increase in the intensity of this signal at
this point for TiB, nanosheets. These results indicated that the
nanosheets exfoliated were defect-rich. It is pertinent to note
that although TEM, XPS and EPR studies confirm the presence
of defects, these defects are created in the form of both Ti and
B vacancies. Li et al reported the formation of defects in
layered metal diborides and XBenes. They presented the possi-
bility of multiple thermodynamically and kinetically favoured
configurations that could result from the loss of metal atoms
or within the boron honeycombs.®*

We also observed that different surfactant concentrations
help to retain different stoichiometries of nanosheets ranging
from boron-rich to titanium-rich. This is an unanticipated
result, as the prevalent approaches used to exfoliate metal
diborides result in either boron-rich nanosheets or metal-rich
nanosheets. Surfactant mediated synthesis paves a way to
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Fig. 4 Chemical characterization of TiB, nanosheets. (a) XRD spectra of bulk TiB;, and TiB, nanosheets show similar peaks at varying intensities. The
decrease in the intensity along with similar peak positions indicates the retained crystal structure after nanoscaling. XRD spectra of TiB, from the
standard ICDD data are also plotted. (b) Ti 2p spectra shows the presence of inherent TiB, bonding along with the presence of minimal oxy-func-
tional groups, (c) O 1s spectra corroborates the bonding of oxygen with Ti and B, and (d) B 1s spectra of TiB, nanosheets shows two expected peaks
and one unexpected peak at 190.1 eV. (e) the N 1s spectra of TiB, nhanosheets shows the presence of both Ti—N and B—N bonds. These spectra were
acquired by X-ray photoelectron spectroscopy.
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tailor metal atoms and synthesize nanosheets in stoichi-
ometries based upon desired applications while retaining the
inherent crystal structure. The number of metal vacancies also
alters the electronic band structure in transition metal dibor-
ides, thus altering their properties substantially.®*

The vacant sites, formed as a result of Ti deficiency, can
either remain in the form of electron deficient sites/defects,®”
or be compensated by oxy-functionalization, both of which are
expected to enhance the catalytic nature. Oxygenated species
are known to be induced on the nanosheet lattice due to
defects generated during ultrasonication.®®®” The presence of
such electron rich groups on the surface also explains the left
shift that we observe in the Ti-B peak and the two peaks in the Ti
2p spectra at 458.4 eV and 464.2 eV, that are ascribed to the 2p;),
mode and the 2p,,, mode, corresponding to oxy-functionalized Ti
(Ti**).®® While the Ti 2p spectra provided insights that were
expected, we did not anticipate the peak at 457.5 eV. The peak at
457.5 eV correspond to the presence of Ti-N bonds®>”* on the
surface of nanosheets - this is unexpected as N, was not involved
in synthesis. This unintentional discovery led us to obtain more
insights about the fate of N, adsorption on TiB, nanosheets — we
have explained this aspect in depth in a later section.

The O 1s spectra of TiB, nanosheets exhibit three primary
peaks at 529.7 eV, 530.4 eV and 532 eV. The peaks at 529.7 eV
and 532 eV correspond to oxy-functionalized forms of Ti and B,
respectively (Fig. 4c).>® The peak at 530.4 eV is attributed to tita-
nium oxynitride, which was corroborated by the Ti 2p spectra.

The B 1s spectra of TiB, nanosheets exhibit three peaks at
187.4 eV, 190.1 eV, and 191.7 eV compared to two peaks
observed in bulk TiB, (Fig. S20a, ESI{). The peaks at 187.4 eV
and 191.7 eV correspond to the Ti-B bond and the B-O, bond
respectively - these are expected.”"®®7° The peak at 190.1 eV
corresponds to the presence of B-N bonds®” on the surface of
nanosheets - this is again unexpected. We also observed an N
1s peak in the survey spectra of TiB, nanosheets and a faint
peak in bulk TiB, (Fig. S21, ESIt). The presence of N, bonded
to both Ti and B led us to consider the counter intuitive possi-
bility of N, chemisorbing on the surface of nanosheets. This
was also supported by a study where the role of nitrogen was
studied during oxidation of TiB, leading to the formation of
TiN and BN.”"

To confirm the chemical state of bonded N,, we further col-
lected the N 1s spectra of nanosheets. The N 1s spectra of
nanosheets exhibit three peaks at 396.5 eV, 397.7 eV, and 398.3
eV (Fig. 4e). The peak at 396.5 eV is attributed to the Ti-N
bonds, whereas the peak at 397.6 eV corresponds to oxidized
TiN - this is also the peak with the highest intensity.”>””® The
third peak at 398.3 eV is attributed to the B-N bonds - this
peak is absent in the N 1s spectra of bulk TiB, (Fig. S20,
ESI$).””’® Similarly, the peak of B-N observed in the B 1s
spectra of TiB, nanosheets was absent in the B 1s spectra of
bulk TiB,. This insinuates the propensity of TiB, to chemisorb
N, at Ti or B sites when nanoscaled to its quasi-2D form.

To obtain some preliminary insights, we studied whether
the weight of TiB, (bulk and nanosheets) changes when
exposed to N, inside a TGA chamber - the increase in the

This journal is © The Royal Society of Chemistry 2023
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mass of nanosheets would validate the adsorption of N,. We
purged ultrapure N, at 20 ml min™" to exclude any possibility
of other gases interacting with nanosheets. To account for the
functionalization that we observed under ambient conditions,
we maintained a temperature of 25 °C for the first 15 minutes.
We observed a mass increase of 16.8% in TiB, nanosheets
indicating that nanosheets had inherent capability to adsorb
N, without the aid of any energy (Fig. 5a and Fig. S24, ESIf).
Bulk TiB,, on the other hand, did not exhibit any mass change
under the identical conditions. We then further increased the
temperature to 1000 °C to study if the TiB, nanosheets would
continue to adsorb N, at higher temperatures. When the temp-
erature was further increased to 1000 °C, we observed a 46%
mass increase in the TiB, nanosheets indicating the increased
adsorption of N, over the surface. We also observed a color
change in nanosheets from black to orange (Fig. 5b). In
addition, we observed a minor decrease in mass between 250
and 450 °C. This is attributed to increased degradation of
residual sodium cholate present in the nanosheets (endother-
mic reaction) than N, adsorption (exothermic reaction). As the
temperature increases, the rate of adsorption of N, becomes
larger than the rate of degradation of sodium cholate, result-
ing in the overall mass increase. The TGA curve for sodium
cholate is shown in Fig. S25, ESL.tf The DSC curve for TiB,
nanosheets shows two endothermic peaks at ~105 °C and
~200 °C, indicating degradation of the surfactant. However,
the overall curve represents exothermic reaction, indicating the
adsorption of N, over nanosheets which results in the net
mass gain. The mass of bulk TiB, remained practically con-
stant with no change in color (Fig. 5b), in line with its inherent
chemical inertness.

We performed further characterization on nanosheets
recovered from TGA. The XRD pattern confirms that the native
lattice structure of TiB, nanosheets was retained where the
major planes (001), (100), and (101) were still present (Fig. S26,
ESIt). We also found the presence of additional phases such
as BN, TiN,O,, TiBO;, and BNO. FTIR spectroscopy corrobo-
rated the phases that were observed in the XRD patterns
(Fig. S27, ESI}). XPS studies further confirmed the presence of
the Ti-B bond along with other bonds such as BN and TiN,O,
(Fig. $28, ESIY).

To obtain further insights into the N, adsorption over TiB,
nanosheets and the role played by defects/vacancies, we per-
formed DFT calculations using an optimized 3 x 3 x 3 slab struc-
ture of the TiB, unit cell generated with 15 A vacuum in the [0 0
1] direction (Fig. S29, ESIt). DFT simulations showed interesting
results on the role played by defects in the ease of adsorption of
N,. With respect to the N, adsorption, specific defects were
equivalent in terms of the lattice symmetry. Thus, there were 6
types of monovacant defects considered, namely T1 and T2 indi-
cating vacancies in a Ti site and B1, B2, B3 and B4 indicating
vacancies in B sites (Fig. S30, Tables S5 and S6, ESIf). In
addition, a divacant site for boron was also considered, labelled
B1B1, referring to two B vacancies in equivalent B1 sites.

It is to be noted that only monovacant Ti defects
were considered, as Ti has higher affinity towards N,
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Fig. 5 Nitrogen adsorption under ambient conditions. (a) TGA plot for bulk TiB, and TGA-DSC plot for TiB, nanosheets indicating the propensity of
TiB, nanosheets to chemisorb N, (b) optical image of TiB, nanosheets before and after TGA studies showing black and orange color respectively. (c)
Charge density difference calculated for the case of pristine TiB, with N, adsorbed on the Ti-(0 0 1) surface using the optimized charge density of
pristine TiB,, N, and TiB,N,. After adsorption of N, the red area (positive) denotes the accumulation of charge and the blue areas (negative)
denotes the depletion of charge. (d) Partial Density of States (PDOS) plots for pristine Ti and N, gas before adsorption (left) and after N, adsorption

(right). (e) Bader charge analysis’®~%2

of the TiB, and N, adsorbed TiB, structures. The final configuration of the adsorbed N, molecule is shown in

the inset. Circles drawn around Ti atoms refer to the atom IDs of relevant atoms that contribute to the charge transfer in the N, adsorption process.
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adsorption, whereas the role played by boron vacancies was Initially, to understand the overall charge transfer process
to expose the Ti layer underneath for enhanced N, during the adsorption of N,, we analysed the charge density
adsorption. distribution for three different systems, namely, pristine TiB,
Vacancies B (0 0 1) exposed surface Ti (0 0 1) exposed surface
Side View Top View Side View Top View
Pristine
Tl
T2
Bl
B2
B3
B4
SN AD
B1B1 B\

Fig. 6 Side view and top view of the final relaxed structures after N, adsorption for the B (0 0 1) — exposed surface and Ti (0 0 1) — exposed surface.
Panels represent (a) pristine, (b) T1 vacancy, (c) T2 vacancy, (d) B1 vacancy, (e) B2 vacancy, (f) B3 vacancy, (g) B4 vacancy, and (h) B1B1 (divacancy).
Divacant systems (B1B1) show the highest affinity for N, adsorption. Generally, a Ti-exposed layer has more affinity for N, adsorption than a
B-exposed layer with the pristine B-exposed layer with no defects having the lowest affinity.
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(with the Ti (0 0 1) surface exposed), a lone N, molecule, and
N, adsorbed on TiB,. The charge density difference plot
(Fig. 5¢) indicates charge depletion from the 4 Ti atoms under-
neath adsorbed N,. We obtained the partial density of states
(PDOS) plots before and after the N, adsorption on the TiB,-Ti
(0 0 1) surface (Fig. 5d). For Ti, we considered only the top
surface atoms to calculate the total DOS - this revealed that
there are less unoccupied states (right side of the dashed line).
From the DOS plots for N, it’s evident that the unoccupied
states are now occupied after adsorption. The DOS plot for B
exhibits negligible changes upon N, adsorption, and hence it
is not shown here. Furthermore, we performed PDOS calcu-
lations for pristine TiB,, N, gas, and N,-adsorbed-TiB,, and
found that the unoccupied states of N, disappear after adsorp-
tion. Therefore, the primary role played by B is to expose the Ti
surface for N, adsorption, mediated by the presence of defects.

Fig. 5e shows the Bader charges for various Ti, B and N
atoms in the pristine TiB,-N, system. The Bader charge ana-
lysis reveals that after the adsorption there is charge transfer
from Ti and B atoms to nitrogen. The calculation setup con-
siders Ti, B, and, N with 10, 3 and, 5 electrons respectively;
after optimization the Bader charges shows that Ti donates
electrons to B and N. The corresponding Bader charges are
shown in Table S7, ESL.f The Bader charge analysis further
indicates that 4 Ti atoms and 6 B atoms underneath the
adsorbed N, molecule are actively involved in the charge trans-
fer process.

We computed the adsorption energies of N, over various
exposed surfaces (with and without defects, and with the Ti-
exposed (0 0 1) and B-exposed (0 0 1) surfaces, Tables S7 and
S8, ESIt). It was observed that the system with the most nega-
tive average adsorption energy was the divacant system for
either case, where Ti (0 0 1) or B (0 0 1) is the exposed layer.
Amongst the two surfaces, the B (0 0 1) surface with divacant B
atoms (TiB; ¢,6-B1B1 system) showed the largest propensity for
N, adsorption. This analysis indicates that the vacancy-rich
TiB, nanosheets show an enhanced N, adsorption on the
surface. The final ground state structures of all the surfaces
(top view) after N, adsorption are shown in Fig. 6.

Finally, the two pristine surfaces (Ti and B exposed) and
their boron divacant counterparts (showing maximum affinity
for N, adsorption) were studied in order to get the average
adsorption energies according to eqn (1) (presented in
Table S8, ESIt). The results indicate that nanosheets with a Ti
exposed layer have higher affinity for N, adsorption than those
with a B exposed layer. Divacant systems with either a
B-exposed layer or a Ti-exposed layer have the highest affinity
for N, adsorption, while a configuration with a B-exposed layer
with no defects has the least affinity. These findings comp-
lement the XPS results, where N, bonding was observed in
both the B 1s and Ti 2p spectra of TiB, nanosheets, whereas
only the Ti 2p spectra of bulk TiB, show N bonding.

The chemisorption of N, on the nanosheets opens up un-
precedented opportunities to be utilized in various appli-
cations. The nanosheets could be used as a detector for
N-based contaminants with excellent sensitivity and selecti-
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vity.®> Moreover, the synergy of Ti and B can facilitate N,
adsorption by accepting lone pair electrons from N, to d-orbi-
tals as shown in Fig. 5d and N, activation by stabilizing inter-
mediate species through charge modulation.'®'®** Thus, TiB,
can act as an excellent catalyst for nitrogen reduction reaction.
In addition, TiB, nanosheets after N, adsorption can poten-
tially be used as an excellent H, storage material.®’

Conclusion

We have demonstrated that a surfactant-based approach can
be used to exfoliate TiB,, a layered ionic material, in high
yields with minimal functionalization. The implications of this
study go beyond TiB, as this approach can be extended to
exfoliate several other layered metal diborides while retaining
their inherent structure. The surfactant concentration can be
further used to tailor the stoichiometry of nanosheets based
on specific applications. The counter-intuitive finding of N,
chemisorption on these TiB, nanosheets under ambient con-
ditions provides a sneak peek into the rich potential of quasi-
2D metal diborides. DFT calculations elucidate the critical role
played by vacancies and the Ti-B synergy in TiB, nanosheets
for N, adsorption without requiring any energy input. It would
be promising to study the reversibility of N, adsorption and
the effect of external conditions in the future. The growing
body of literature on metal boride nanostructures indicates
that it would be promising to explore the candidacy of these
nanosheets in energy generation and storage. We anticipate
that this exfoliation approach will be a stepping stone to
obtain quasi-2D forms of several other layered metal diborides
for developing next-generation catalysts.
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