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ABSTRACT: Non-van der Waals (non-vdW) solids are emerging CrB
sources of two-dimensional (2D) nanosheets that can be produced via X
liquid-phase exfoliation (LPE), and are beginning to expand our o
understanding of 2D and quasi-2D materials. Recently, nanosheets L:(:;Ti:;?:: €
formed by LPE processing of bulk metal diborides, a diverse family of ——
layered non-vdW ceramic materials, have been reported. However, MoB
detailed knowledge of the exfoliation efficiency of these nanomaterials
is lacking, and is important for their effective solution-phase
processing and for understanding their fundamental surface
chemistry, since they have significant differences from more
conventional nanosheets produced from layered vdW compounds.
Here in this paper we use Hansen solubility theory to investigate nanosheets of the metal borides CrB, and MgB, derived from LPE.
By preparing dispersions in 33 different solvents, we determine Hansen solubility parameters (5p, 8p, 8y) for both these metal
diborides. We find that they exhibit notably higher 6, and Jy values compared to conventional vdW materials such as graphene and
MoS,, likely as a result of the types of bonds broken in such materials from exfoliation which allows for more favorable interactions
with more polar and hydrogen-bonding solvents. We apply the solubility parameters to identify cosolvent blends suitable for CrB,
and MgB, that produce dispersions with concentrations that match or exceed those of the top-performing individual solvents for
each material and that have markedly higher stability compared to the constituent solvents of the blends alone. This work provides
insight into the exfoliation effectiveness of different solvents for preparation of nanosheets from metal diborides and non-vdW
materials in general. Such knowledge will be crucial for developing liquid-phase exfoliation strategies for incorporating these
materials in applications such as nanocomposites, inks, and coatings.
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B INTRODUCTION successfully prepared using LPE and combined with titania
nanotubes to construct photocatalytic devices.”” Various
nonlayered earth-abundant materials have been exfoliated
and used as electrocatalysts for the oxygen evolution
reaction.'’

Recently, we have shown that a class of non-vdW materials,
the metal diborides, can be processed into dispersions of quasi-
2D nanosheets by LPE in organic solvents.'' These materials
have the general formula MB,, where M is a metal and B is
boron, and have a layered structure as shown in the schematic
in Figure la. However, the bonding in the metal diborides has
some ionic character, and is stronger than vdW interactions. In
our earlier work, we produced metal diboride nanosheets that
served as effective fillers in polymer nanocomposites,

Two-dimensional (2D) nanosheets prepared by liquid-phase
exfoliation (LPE) have been extensively studied due to their
ease of synthesis, solution-phase processability, and excellent
materials properties. Many well-known 2D nanomaterials
prepared by LPE,' such as graphene, transition metal
dichalcogenides (TMDCs), and hexagonal boron nitride
(hBN), have been used in applications including printable
electronics, polymer nanocomposites, and solution-phase
catalysis.”~* Most 2D nanosheets are generated from parent
materials that have layered bulk crystal structures consisting of
sheets held together by van der Waals (vdW) forces that are
readily separated. Extensive work has been done in not only
applying the exceptional properties of vdW 2D nanomaterials
in the solution phase, but also in optimizing nanosheet
concentration, thickness selectivity, and diversity of available Received:  October 28, 2020
dispersing media.”~” In recent years quasi-2D nanosheets have Revised:  December 31, 2020
been prepared from materials that lack a layered vdW parent Published: January 11, 2021
structure, expanding the study of 2D exfoliation to a diverse

assortment of new materials. For example, the non-vdW

natural ore minerals hematite and ilmenite have been
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Figure 1. (a) Crystal structure of CrB, and MgB, showing both lateral (left) and z-axis (right) views. (b) Scheme for conducting solvent study on
metal diborides. Dispersions of CrB, and MgB, are prepared in triplicate by bath sonication and centrifugation of powders in different solvents to
remove large aggregates. The concentrations of the dispersions are then measured using UV—vis spectroscopy and the weighted averages of the
extinctions and solubility parameters of the solvents are used to estimate HSP values for each material.

demonstrating significant enhancement of the mechanical
strength."" In addition to mechanical rigidity, some members
of the metal diboride family also exhibit bulk properties such as
high temperature superconductivity and ultrahigh temperature
melting points.'”'* They have also been investigated for their
catalytic potential in the hydrogen evolution reaction,”'* and
more recently a member of the metal diboride family has been
shown to demonstrate unique sol—gel chemistry upon reaction
with H,0, as well as photocatalytic activity,'® suggesting many
diverse potential uses of their two-dimensional forms.

Since non-vdW materials are held together by stronger
covalent, ionic, and metallic bonds instead of comparably
weaker vdW interactions, one would expect unique surface
interactions with small molecules such as solvents upon
exfoliation. For example, because of stronger bonding, it is
likely that some surface reconstruction or functionalization
would occur to promote stability of the nanosheets against
aggregation in a given solvent. Consequently, developing an
understanding of how solvents interact with these non-vdW
nanosheets and assist in their exfoliation is critical to
developing effective solution-phase processing techniques and
facilitating their future applications.

However, despite growing interest in LPE nanomaterials
derived from non-vdW solids, to our knowledge there have
been no extensive experimental reports on the exfoliation
behavior of non-vdW structures across various solvents. One
way to elucidate the exfoliation behavior of LPE-processed
nanosheets is to apply Hansen solubility theory, which assigns
three parameters to each solvent to take into account different
components of noncovalent intermolecular interactions, based
on dispersive (Jp), polar (8p), and hydrogen-bonding (5y)
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interactions.'” These parameters, called Hansen solubility
parameters (HSPs), serve as a means to quantify the “like-
dissolves-like” concept in solution-phase chemistry, with two
species sharing similar HSP values being more likely to mix
with each other. In the case of LPE processing of 2D
nanomaterials, they can describe the ability of a solvent to
effectively stabilize a colloidal dispersion of nanosheets.
Previous work has demonstrated that values for the three
Hansen parameters can be experimentally estimated for 2D
nanomaterials like graphene and molybdenum disulfide
(MoS,) by dispersing the materials in a range of different
solvents and determining which set of Hansen values gives the
most concentrated dispersions of nanosheets.'®'? However,
this analysis has only been performed thus far with vdW-
derived 2D nanomaterials. Although one study predicted and
demonstrated the successful cosolvent exfoliation of titanium
diboride (TiB,) by calculating its surface tension components
and comparing them with various solvents, the work still did
not directly examine the exfoliation efficiency of the material in
a survey of individual solvents.”” Such broad experimental
solvent studies are important for understanding fundamental
surface interactions that LPE 2D nanomaterials have with their
environment during and after exfoliation, and also provide
useful predictive abilities for choosing effective solvents to
enhance scalability for research and industrial endeavors.
Herein we examine the exfoliation behavior of two
representative non-vdW structures from the class of metal
diborides—chromium diboride (CrB,) and magnesium dibor-
ide (MgB,)—and determine all three HSPs for these two
nanomaterials after quantifying the effectiveness of their
exfoliation in 33 different solvents. To demonstrate the
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applicability of the calculated HSPs for optimizing future
exfoliation experiments, we use them to choose and evaluate
binary cosolvent blends which can enhance the initial
concentration of the nanomaterial dispersions as well as
prolong their colloidal stability relative to either constituent
solvents alone. We expect that our results will help inform
exfoliation efforts other classes of 2D and quasi-2D nanoma-
terials derived from non-vdW solids and provide predictive
insight that can assist in utilizing quasi-2D metal diboride
nanosheets in new technologies.

B METHODS

Materials. Chromium diboride (99% metals basis, ~325 mesh,
Alfa Aesar 12570) and magnesium diboride (powder ~100 mesh
>99% trace metals basis, Sigma-Aldrich 553913) were used as
received.

Isopropanol (IPA, Sigma, 19030), ethanol (EtOH, Sigma, E7023),
acetone (ACT, VWR, BDH1101), quinoline (Sigma, 241571),
pyridine (Pyr, Sigma, 270970), 1l-methyl-2-pyrrolidinone (NMP,
Sigma, 270458), cyclopentanone (CPO, Sigma, W391018), ethyl
acetate (EtAc, Sigma, 270989), acetonitrile (ACN, Sigma, 271004),
dimethyl sulfoxide (DMSO, Sigma, D8418), N,N-dimethylformamide
(DMF, Sigma, 227056), chloroform (CF, Sigma, C2432), methanol
(MeOH, Sigma, 34860), N,N-dimethylacetamide (DMAc, Sigma,
D137510), dichloromethane (DCM, Sigma, 270997), dimethyl
phthalate (DMP, Sigma, WS508500), 1,2-dichlorobenzene (DCB,
Sigma, 270598), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(DMPU, Sigma, 251569), cyclohexanone (CHO, Sigma, 398241), 7-
butyolactone (GBL, Sigma, B103608), 1,4-dioxane (Sigma, 296309),
ethylene glycol, (EtGly, Sigma, 324558), 1-ethyl-2-pyrrolidone (1EP,
Sigma, 146358), heptane (Sigma, 246654), hexane (Sigma, 296090),
pentane (Sigma, 236705), formamide (FAm, Sigma, F9037),
benzonitrile (BN, Sigma, B8959), dibenzyl ether (DBE, Sigma,
33630), benzyl benzoate (BB, Sigma, B6630), benzaldehyde (BA,
Sigma, B1334), 1-vinyl-2-pyrrolidinone (1VP, Sigma, V3409) and 1,3-
dioxolane (Sigma, 184497) were all used as received.

Dispersion of 2D Metal Diboride Nanosheets. Four hundred
mg of either CrB, or MgB, powder were mixed with 6 mL of solvent
in 15 mL glass dram vials subjected to bath sonication (Branson
CPX2800H) for 1 h. The samples were sonicated in an ice—water
bath to maintain a consistent temperature and prevent overheating
during sonication. The sonicated mixtures were then placed into 1.75
mL microcentrifuge tubes and centrifuged at 5000 RCF (Eppendorf
Centrifuge 5424, FA-45—24—11 rotor). One mL of the supernatant
dispersion containing the metal diboride nanosheets was collected
from each tube. Since the solvents used had varying viscosities, a set of
centrifugation times adjusted for viscosity were determined by eq 1

t=—

c 2 (1)

which calculates a viscosity-corrected centrifugation (f.) based on the
viscosity of each solvent (77,) in mPa*s at 25 °C, normalized to a
standard 4 min centrifugation time for isopropanol (IPA), which has a
viscosity of 2 mPa*s. We have found in earlier experiments that
dispersions produced in IPA with a 4 min centrifugation time and
5000 RCF speed were effective for many different metal diboride
compositions. The calculated . values were rounded to the nearest
0.5 min for experiments. For example, a dispersion made with a
solvent with a calculated ¢, of 3.3 min would be centrifuged for 3.5
min.

For each metal diboride/solvent combination, dispersions were
generated under both viscosity-corrected centrifugation conditions as
described above and with a standard centrifugation time of 4 min.
Thus, half of each sonicated mixture was centrifuged for 5000 RCF
for a time determined based on solvent viscosity calculated using eq 1,
and the other half was centrifuged at 5000 RCF for 4 min,
independent of viscosity. Each metal diboride/solvent dispersion was
prepared in triplicate.
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The same viscosity correction was applied to solvent blends,
though for two solvents with significantly different viscosities, a
different viscosity representing that of the blend needed to be
determined. The viscosities for the MeOH and DCB blends were
calculated by using the Arrhenius equation for a binary mixture,*"
shown in eq 2 below:

In(i7,) = x)In(,) + x,In(n,) (2)

where 7, is the viscosity of the solvent blend, 7, and 7, are the
viscosities of the two pure solvents, and x; and x, are the solvents’
respective mole fractions.

Extinction and Concentration Measurements. Extinction
measurements were performed using ultraviolet—visible-near-infrared
(UV—vis-NIR) spectroscopy. Spectra for the metal diboride
dispersions in quartz cuvettes were collected using a Jasco V-670
spectrophotometer. The extinction values at 600 nm for CrB, and at
645 nm for MgB,, wavelengths at which the spectra are featureless,
were used to calculate the HSP values for each metal diboride. The
average extinctions from the triplicate measurements of each
dispersion were then used to calculate the Hansen solubility
parameters (8;) using eq 3.

Zs Cséi,s
26 ()

where ¢, represents the average extinction of a dispersion of
nanosheets in a particular solvent and (8,,) is the Hansen solubility
parameter value for the particular solvent s, and i is D, P, or H.

Concentration measurements used for calculating the extinction
coefficients for CrB, and MgB, in select solvents were determined
using inductively coupled plasma mass spectrometry (ICP-MS).
Concentrations of chromium and magnesium were collected using a
Thermo Fisher iCap Q Quadrupole instrument. Samples were
acidified overnight with HNO; and diluted to form an aqueous
solution of 2 wt % HNO; before being analyzed by the instrument.
Because the instrument is not able to measure boron quantitatively
enough for concentration determination, concentrations in mg/mL
for each metal diboride were inferred from the metal concentrations
by assuming stoichiometric amounts of boron were present, and
adding that to the metal concentration.

Transmission Electron Microscopy (TEM) and Atomic Force
Microscopy (AFM). Samples for TEM analysis were prepared by
drop casting CrB, and MgB, dispersions onto lacey carbon grids.
Imaging was performed using a Philips CM-12 TEM under an
accelerating voltage of 80 kV.

AFM samples were prepared by spin coating dispersions onto
SiO,/Si substrates. The substrates were first cleaned in ACT and IPA
prior to spin-coating, and after spin-coating the substrates were
annealed in a tube furnace at 400 °C with flowing argon to remove
any residual organic solvent or other contamination. AFM imaging
was performed with a Bruker Multimode V instrument in ScanAsyst
noncontact mode with ScanAsyst-Air tips (Bruker, tip diameter 2
nm). Images were processed using Gwyddion software v. 2.52.%*

<6i> =

B RESULTS AND DISCUSSION

Production and Concentration Measurements of
CrB, and MgB, Nanosheet Dispersions. CrB, and MgB,
belong to a class of metal diborides exhibiting a characteristic
layered hexagonal structure, as depicted in Figure la. The
structures consist of graphene-like boron sheets alternating
with layers of metal atoms. In our previous work, we
demonstrated the successful exfoliation via LPE of eight
different metal diboride compositions into dispersions of 2D
nanosheets."" In a small survey of six solvents, we found that
metal diborides with more ionic bonding character (e.g,
MgB,) tended to exfoliate more effectively than the other
compounds. For this study, we decided to focus on two metal
diboride compositions, MgB, and CrB,, to more thoroughly

https://dx.doi.org/10.1021/acs.langmuir.0c03138
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Figure 2. Average extinction measured for CrB, and MgB, dispersed by different solvents from three trials of measurement for each solvent. Circles

represent the data from individual measurements.

characterize their ability to be produced via LPE by
determining their HSP values. We chose MgB, due to its
industrial importance as a potential substitute for current high
temperature superconductor-based devices and also due to its
relevance in recent research efforts to produce various boron-
based 2D nanomaterial compositions via solution-phase
chemistry methods.””~>° We selected CrB, as a less ionic
counterpart to MgB, and also for its practical use as a nanofiller
for polymer nanocomposites, as demonstrated in our previous
work."" We also chose these two metal diborides to provide an
example of a compound that exfoliated relatively easily into
organic solvents, MgB,, and contrast it with one that was not
easily exfoliated, CrB,.

Figure 1b depicts the methodology used for determining the
exfoliation efficiency of the metal diborides in different
solvents. Dispersions of CrB, and MgB, were prepared by
mixing bulk powders with a solvent and subjecting the
mixtures to bath sonication for 1 h, followed by centrifugation
to remove unexfoliated aggregates and harvesting of the
supernatant. The full list of solvents used in this study is
included in Supporting Information (SI) Table S1, along with
their HSP values and viscosities. Although there have been
prior efforts to assess exfoliation efficiency by taking into

1197

account viscosity,”® previous reports discussing the use of
solubility parameters to predict nanosheet dispersions neglect
the viscosity of the solvent in their processing methods.
However, solvent viscosity directly impacts the centrifugation
process by reducing the sedimentation velocity of the
nanosheets and affecting the concentration of nanosheets
that remain in the supernatant following centrifugation.
Accordingly, we used viscosity-corrected centrifugation times
in this study to compensate for the effect of viscosity in the
determination of exfoliation efficacy (see Methods for
calculation of viscosity-corrected centrifugation time and SI
Table S1 for solvent viscosities and centrifugation times). We
note that the viscosity of the solvent can also influence the
sonication efficiency, but the power level is not as easily
precisely controlled in the bath sonication process and there
tends to be some batch-to-batch variation, so we chose to focus
on adjusting for the centrifugation time instead, which gave us
much more precise control.

The optical extinction of the supernatant was then measured
to assess the relative nanosheet concentrations of the
dispersions in different solvents. UV—vis-NIR spectra of each
material dispersed in their five most effective solvents are
shown in SI Figure S1. The dispersions of CrB, nanosheets

https://dx.doi.org/10.1021/acs.langmuir.0c03138
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http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03138?ref=pdf

Langmuir

pubs.acs.org/Langmuir

CrB

2

! . . o T
G

= - —

ACN ACT GBL IPA DMPU

50 nm

100 nm

100 nm

MgB

2

EtOH DMF PYR [IPA NMP

Figure 3. (a) Vials containing the top five most concentrated CrB, and MgB, dispersions under viscosity-corrected centrifugation conditions. (b)
TEM images of CrB, and MgB, nanosheets contained within the dispersions shown in the above vials.

exhibit relatively featureless spectra, and the extinction of each
CrB, nanosheet dispersion was evaluated at 600 nm to
determine the relative concentration. However, dispersions of
MgB, nanosheets display two characteristic peaks, one within
the range of 410—475 nm and the other within the range of
905—1050 nm. We observed that the peaks in the MgB,
spectra shift in relative intensity and position depending on the
solvent and the centrifugation time used. Since the region
between the two peaks at 645 nm was largely unaffected by the
two peaks, it was chosen to be the wavelength at which to
determine the relative concentration of MgB, dispersions. The
extinction values for the dispersions of both materials are
meant to substitute for absolute concentration measurements.
To show the linear relationship between the two for the two
representative materials, we calculated extinction coeflicients
for the most effective solvents for both materials. The
extinction coeflicients and the plots used to calculate them
are shown in SI Figure S2. We note that the optical extinction
method is used here in our HSP analysis because it allows us to
compare to other literature on LPE-derived nano-
sheets,”'®*”7*% and allows the colloidally stabilized nanosheets
to be measured rather than a compacted surface that would be
needed for alternative HSP analysis methods such as those
based on contact angle measurements.”’

Comparison of Dispersion Effectiveness between
Solvents. The mean extinction data for both materials
under viscosity-corrected centrifugation times and a standard
centrifugation time of 4 min are presented in Figure 2 (see SI
Tables S2 and S3 for listed extinction values of all dispersions
of CrB, and MgB,, respectively). Photographs of vials
containing the top five most concentrated dispersions under
viscosity-corrected conditions are shown in Figure 3a. We note
that there are some batch-to-batch variations, and the optical
appearance of these vials are only meant to show the uniform
dispersions and not the values of concentrations, which are
more accurately represented in the plots in Figure 2. There are
some trends in the best solvents for each metal diboride.
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Under standard centrifugation conditions, the most effective
solvent for dispersing CrB, was DMP, which is the most
viscous solvent used in the present study. However, when
adjusting centrifugation time for viscosity, DMP does not even
rank among the top five most effective solvents. The most
effective solvent is instead the low-boiling-point solvent ACN,
producing samples that range in concentration from 0.010 to
0.022 mg/mL. Additionally, ACT, which like ACN was not
present in the top five most effective solvents under standard
centrifugation conditions, produced dispersions with compa-
rable concentrations to the top solvent ACN. We found that
EtOH is the superior solvent for dispersing MgB, nanosheets
in this study and can produce dispersions with concentrations
of up to 0.502 mg/mL.

Although several of the other top solvents for both MgB,
and CrB, dispersions are common across centrifugation
conditions, the exfoliation effectiveness can be overestimated
for very viscous solvents (e.g, DMP) and can be under-
estimated for less viscous solvents (e.g, ACN and ACT). The
latter case is particularly noteworthy, as ACN and ACT are
low-boiling point solvents that can be valuable for solution-
processing applications. Their exceptional ability to exfoliate
metal diboride nanosheets would not be as noticeable without
taking into account their lower viscosities. Because of the
importance of viscosity in LPE experiments, the data obtained
under viscosity-corrected conditions will be discussed in the
following sections for comparison with other nanomaterials
and for predicting and evaluating solvent blends.

Although MeOH was the third best solvent for MgB, based
on extinction immediately after production, we observed that
the initially concentrated dispersion of nanosheets was highly
unstable, resulting in irreversible aggregation within only a few
hours of exfoliation. Thus, for additional analysis such as TEM,
we neglected MeOH in the top five solvent category for MgB,.
We only observed this behavior (i.e., strong initial dispersion
followed by rapid aggregation) in MeOH dispersions of MgB,.

https://dx.doi.org/10.1021/acs.langmuir.0c03138
Langmuir 2021, 37, 1194-1205


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03138/suppl_file/la0c03138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03138?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03138?ref=pdf

Langmuir pubs.acs.org/Langmuir
a 12 . 12 . 12 .
CrB, .| ' '
10 2 * 1.0 b 10 ‘o
. o o o
3 08 o8 08 o 8o 0.8 !
= . e *
5 06 [ 06 . 06 .
3 o' o ° ™ ° ! o
o [ ] ! [ ]
S 04 ! 0.4 e 8 . 0.4 | I .
L [ ] °
w 2o ¢ S
02 R 02 ;: 02 : «
$Peg. s;' s
0 0| 008BRP 'ge 0Ol ee ° °
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
8,(MPa'?) 5,(MPa'™) 5,(MPa'?)
b s . 8 , 8 .
7t MgB, = 7 . 7 e
1 1 1
1 1 1
5 °© 3 6 s 6 I |
8 5 : 5 I 5 l
c | ] e o'
S 4 ! 4 | 4 -
B %% oo ©° e °' o °
= 3 o' ® 3 LY 3 o i
i 5 ..: . 5 : :. 9 . : [ ] [ ]
o 8% Y of
1 o’ 1 $oo R e
[ 3
0 cadhe 0| eocwhedd @° ° o @ e8 Y ° s
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
8,(MPa'?) 5,(MPa™) 5,(MPa'?)

Figure 4. Standard HSP plots depicting the extinction of each metal diboride dispersion plotted against the solubility parameter value of its
respective solvent for CrB, and MgB,. Samples of each metal diboride/solvent combination were prepared in triplicate and shown as individual
points in plots. Dashed lines represent the calculated HSP value of the metal diboride nanosheets.

We observed the morphology of nanosheets in dispersions
produced with the top five most effective solvents by TEM
imaging, as shown in Figure 3b. Flake-like nanosheets were
observed for all solvent and metal diboride combinations. The
areas and thicknesses of CrB, and MgB, flakes in their
respective top solvents were also analyzed via TEM and AFM
analysis, as shown in the histograms in SI Figures S3—SS5.
Opverall, the average areas and thicknesses for each composition
are about 2—3 times larger than those of metal diboride
nanosheets investigated in our previous work. Such differences
are likely due to the fact that tip sonication was used to prepare
the dispersions subjected to size and thickness analysis in the
previous study, whereas solely bath sonication was used in this
work. The weaker forces associated with bath sonication
enable the production of larger and thicker flakes than those
produced via tip sonication.

Hansen Solubility Parameter Analysis. Figure 4 shows
plots of the extinction of the CrB, and MgB, dispersions versus
the HSP values of the solvent. Data from each solvent/metal
diboride combination are plotted for all three experimental
replicates used for each combination. Using these data, the
solubility parameters for CrB, and MgB, under viscosity-
corrected centrifugation conditions were calculated using eq 2.
Dashed lines represent the location of the calculated HSP
values for CrB, and MgB, viscosity-corrected conditions.
Despite the scatter, for each plot there appears to be a region
of HSP values that yields higher extinction, which corresponds
to the HSP parameters best for dispersing either CrB, or MgB,
nanosheets.

Figure S plots the HSP values for both metal diborides along
with previously reported HSP values for other liquid-phase
exfoliated 2D nanomaterials including graphene, molybdenum
disulfide (MoS,), germanane, silicane, and a layered double
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hydroxide (LDH) Mg;Al-NO;."*'*"7*’ For comparison,
HSPs for CrB, and MgB, under standard centrifugation
conditions (i.e., constant 4 min for each solvent) are also
included. The exact HSP values for all materials are included in
SI Table S4 for reference. We note that the axis ranges for all
three HSP values have been chosen to be the same so that they
can be more easily compared. From the results in Figure 5, it
appears that generally both CrB, and MgB, have similarities in
HSP values as more traditional 2D nanomaterials such as
graphene and MoS,, particularly in terms of op. However, the
values of both 6, and &y are higher in CrB, and MgB,
compared to nanosheets derived from vdW solids. The polar
Hansen parameter &) describes interactions dictated by dipole
moments, and a higher value thus suggests an affinity for more
polar solvents. A possible reason for a higher dp values for CrB,
and MgB, is the presence of oxygen-containing functional
groups on the nanosheet surfaces, which are reported to be
present in the germanane, silicane, and LDH 2D nanomateri-
als, whose Jp values depicted in Figure 5 were also found to be
higher than those of graphene and MoS,. In addition to
relatively high &, values, CrB, and MgB, also had quite high &y
values. Although the Hansen parameter dy does not strictly
represent only the hydrogen-bonding interactions, hydrogen
bonding is one of the interactions that can contribute to a high
Oy value. The high Jy values of hydride-terminated germanane
and silicane and the hydroxyl-terminated surfaces of Mg;Al-
NO; show the apparent correlation of H-bonding capability
and dy value, and thus also suggests that the high values of dy
for CrB, and MgB, indicate the presence of H-bonding
moieties such as hydroxyl groups on the nanosheet surfaces.
While the 6, and &y values of the two metal diborides are
both higher than those of graphene and MoS,, it is important
to note there are also differences that separate the two borides.
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Figure S. Comparison of HSP values for different nanosheet
compositions.

CrB, has a much higher &, value than MgB, (12.43 for CrB,
compared to 10.16 for MgB,), while MgB, has a much higher
8y value than CrB, (12.94 for MgB, compared to 9.03 for
CrB,). As MgB, exhibits more ionic bonding character than
CrB,,” it is reasonable to infer that it would be more easily
functionalized with surface hydroxyl groups upon exfoliation,
which would lead to a high 6y value and explain the
exceptional exfoliation efficiency of MgB, in protic solvents
like EtOH. Because of the stronger covalent bonding within
CrB,, exfoliation into nanosheets would likely require a greater
degree of oxidation of the compound in order for the
nanosheets to be stabilized. This behavior would result in
the presence of oxygen-containing functional groups on the
surface, giving CrB, a higher ), value and explain the
effectiveness of polar aprotic solvents like ACN and ACT in
exfoliating CrB,. Because the CrB, and MgB, nanosheets are
both derived from non-vdW solids, it is likely that the
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oxidation of their surfaces with hydroxyl and oxo-functional
groups assists in separation of the bulk materials into layers.
Thus, the collective functionalization leads to their higher dp
and &y values relative to nanosheets exfoliated from more
traditional vdW solids, and higher 8, and &y values could be
expected from nanomaterials produced from other non-vdW
solids. We note that in our earlier work,'' we have
experimentally detected the presence of boron oxide and
boron hydroxide groups, indicating that the boron atomic
layers are more likely to be found on the outside of the
nanosheets thus leading to some similarities in the HSP values
of CrB, and MgB,, but differences in metal—boron bond
breaking between CrB, and MgB, would lead to differences in
the polar and hydrogen-bonding values.

Hansen Space Cross Section Plots. The three HSPs of a
given solvent or the nanosheets can be thought of as
coordinates in a three-dimensional space called the Hansen
space. Figure 6 depicts 2D cross sections of Hansen space
containing the locations and exfoliation effectiveness of all
solvents used in this study along with the calculated
coordinates of the CrB, and MgB, nanosheets (red filled
circles). The mean extinction for each solvent is indicated by
its color determined from the color bar, with darker colored
points indicating more concentrated dispersions. To aid in the
identification of compatible solvents, we defined an ellipse for
each cross section centered at the coordinate of the metal
diboride. We set the semimajor and semiminor axes of the
ellipse to be twice the weighted standard deviation of the
calculated HSPs (see SI Equation S1 and Table SS for the
weighted standard deviations). These cross-section plots can
also help to visualize the solvents that most contributed to the
calculated HSPs of the two nanomaterials, and also help to
highlight the overall differences in effective solvents between
the two nanomaterials. We note that the axes of all three HSP
values have been chosen to be the same, so that the data can be
visualized in a scaled 3D Hansen space and more easily
compared.

The 8p-8p cross section (Figure 6a) shows that while &y
varies only slightly between the two materials, ) is noticeably
higher in CrB,, owing to the highly effective solvents with &
values greater than 15 that poorly exfoliate MgB, in
comparison. Likewise, for the &,-0y cross section (Figure
6b), there are more effective solvents with higher &y values for
MgB, than for CrB,, though it seems possible to exfoliate CrB,
to at least some extent with solvents possessing a wider range
of Oy values. This last point draws attention to a trend that is
best illustrated in Figure 6c, which shows the p-0y cross
section. While MgB, appears to be limited in exfoliation
effectiveness to solvents in a Jp range of 5—15 and a Jy range
of 5—25, CrB, can still be exfoliated reasonably well with
solvents possessing values of both parameters above 25 and
below 5. Overall, the greater area encompassed by the ellipse of
CrB, in each cross section suggests that although CrB, cannot
be dispersed in high concentrations, it can be exfoliated over a
much wider range of solvent properties than MgB,, which
might be able to guide further efforts into processing similarly
difficult-to-exfoliate materials. For example, even if a non-vdW-
derived material may not appear to exfoliate well in a solvent
that is commonly used in LPE experiments, it does not
necessarily mean that a material cannot be exfoliated at all, but
rather that the right solvents have not been chosen for that
specific material.
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Figure 6. Plots depicting the location in two-dimensional Hansen space for CrB, and MgB, along with solvents for (a) 55-p, (b) 6p-6y, and (c) 5p-
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colored spots indicating solvents that produced higher concentrations. The red ellipses are centered at the metal diboride HSPs values and have
semimajor and semiminor axes set at twice the weighted standard deviation of the HSPs. They define in Hansen space the HSPs for solvents most

likely to be suitable for exfoliating CrB, and MgB,.

Solvent Blends. Knowledge of the HSPs of nanomaterials
can be used to not only predict the exfoliation efficacy of
individual solvents, but also combinations of two solvents.
Other researchers have gone on to use these experimentally
determined Hansen values for 2D nanomaterials to predict
new solvents for successful LPE processing as well as to
formulate successful cosolvent blends enabling LPE processing
using more mild or low-boiling point solvent mixtures.*>**
Such solvent blends can vastly improve the flexibility of
exfoliating different nanomaterial compositions as they can
allow for two solvents with poor exfoliation performance alone
to give high concentrations of nanosheets together in certain
volume ratios. Since each solvent, solute, and blend of solvents
occupies a point in Hansen space, the distance between them,
R,, can be determined by eq 4 below. In principle, the closer
two species (e.g., solvent, solute, nanomaterial, etc.) are to
each other in Hansen space (i.e., the smaller the R,), the more
likely they are to mix.
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R, = \/4(5D1 = 0p)" + (Bpy = 6p)" + (Byyy — Gy’
(4)

To demonstrate an application of HSPs for expanding the list
of useable solvents for exfoliating CrB, and MgB, nanosheets,
we used the calculated HSPs of CrB, and MgB, to predict a
solvent blend for each material that can produce higher
concentrations of each of the metal diboride nanosheets than
either component solvent alone by testing solvent blends with
minimum R, values with the two metal diborides.

For the solvent blend analysis, we chose solvents that
showed both very poor exfoliation efficiency and that were
quite far apart in Hansen space from the calculated HSPs for
both materials. The solvents were also chosen such that blends
would result in a shortening of R, from the target nanomaterial.
For CrB,, the solvents chosen were MeOH with an R, of 14.12
and CF with an R, of 10.00, which led to a minimum R, of 6.62
near 40% MeOH, as shown in the plot of R, as a function of
solvent ratio (Figure 7a). For MgB,, the solvents chosen were
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MeOH with an R, of 10.59 and DCB with an R, of 13.08,
generating a minimal R, of ~1.6 near 55% MeOH, as shown in
Figure 7b.

The metal diboride extinctions for solvent blends in various
compositions are shown in Figure 7¢,d for measurements taken
immediately after exfoliation and the day after. For CrB,,
dispersions of CrB, nanosheets in MeOH or CF alone are
consistently poor, showing extinctions of almost zero (Figure
7¢). When mixed, however, the combination of solvents allows
for dispersions with extinctions of above 1.4 for the 40%
MeOH mixture, in agreement with the calculated minimal R,
value. We also observe a general increase in initial MgB,
nanosheet concentration for the mixtures of MeOH and DCB
relative to MeOH or DCB alone. In this case, the maximum
concentration occurs with a composition having an R, with
MgB, at 8.44 (20% MeOH), which is somewhat far from the
expected minimum R, at ~55% MeOH. Despite this, for both
blends, the highest initial concentration is obtained with a
composition having a lower R, with the target metal diboride
than either solvent alone.

Furthermore, the initial extinction values for the dispersions
from the solvent blends (i.e., CrB, in MeOH/CF and MgB, in
MeOH/DCB) matched or exceeded those for the best
individual solvents for these materials determined earlier in
the study (i.e., ACN and ACT for CrB, and EtOH for MgB,).
The 40% MeOH/CF blend attained an average extinction
value for CrB, of 1.42 au, almost doubling that of ACN and
ACT, having average extinctions of 0.84 and 0.80 au,
respectively. Meanwhile, the 20% MeOH/DCB blend
produced an MgB, dispersion having an extinction value of
6.92 au, exceeding the extinction of the best single-solvent
dispersion, MgB,/EtOH at 6.26 au. These results illustrate that
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cosolvent blends can be formulated for CrB, and MgB, that
can exfoliate nanosheets with similar or superior efficiency to
ideal individual solvents.

Since the MgB, dispersions in pure MeOH were only stable
for a few hours before aggregating, we also investigated the
stability of the dispersions of MeOH-containing solvent blends
the day after synthesis. More detailed stability data for
individual solvents were shown in our earlier study.'' For
both CrB, and MgB,, we found that there is a general increase
in stability for the solvent blends compared to dispersions
prepared with the constituent solvents alone (Figure 7e-f). For
MgB, in particular (Figure 7f), we observe that among the
compositions we studied, dispersions of MgB, that remain
stable after 1 day can be produced with compositions
comprising 10—70% MeOH, whereas with compositions of
80% MeOH or higher, the dispersions sediment out of solution
after 1 day with values close to zero. We also note that some of
the dispersions for MgB, in DCB/MeOH blends within the
10—70% MeOH range remain stable for several days or more.

Comparing the calculated R, values (Figure 7ab) to the
extinction values for the blends from experiment (Figure 7c,d),
we observe a reasonably good correlation between high initial
nanosheet concentration and a low R, in the MeOH/CF
system for CrB,, with the maximum achieved concentration
occurring at a composition very close to the minimum value on
the R, curve. For MgB,, the highly effective solvent
compositions occur at 20% to 30% MeOH rather than the
55% MeOH expected from the minimum R, value. We
attribute this difference to uncertainties in the HSP values for
MgB, and the solvent blends, as well as complexities that may
arise in mixtures of polar and nonpolar liquids and their
resulting viscosities that are not easily modeled with a simple
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equation. Nevertheless, these experiments demonstrate that
solvent blends can provide large increases in the concentration
and stability for LPE nanomaterials derived from non-vdW
solids, and that solvent blends informed by HSP analysis offer a
simple and effective way to improve dispersions. The
experimental results show that just decreasing the R, can
greatly improve the exfoliation performance, without neces-
sarily finding the optimal concentration with the lowest R,
suggesting, that this is a fairly forgiving phenomenon. Finally,
we note that it should be possible to achieve nanosheets of
different size and thickness distributions by optimizing the
sonication and centrifugation conditions®*>”® or by using
other size-sorting techniques such as density gradient ultra-
centrifugation and selective sedimentation”’~*' as has been
done for other 2D nanomaterials in the literature, although
there may be a trade-off between thickness and area,*” and that
the use of solvent blends should provide yet another tool for
tuning of the nanosheet distributions from liquid phase
exfoliation.

B CONCLUSION

We have analyzed the liquid-phase exfoliation effectiveness of
two representative metal diboride non-vdW materials, CrB,
and MgB,, using Hansen solubility theory. We found that the
viscosity of the solvents must be taken into account when
processing the dispersions. Our results showed that nanosheet
dispersions with concentrations exceeding 0.02 mg/mL for
CrB, were achieved in ACN and ACT, and 0.5 mg/mL for
MgB, in EtOH. The calculated HSP values for each material
can be used to suggest broad classes of solvents that should
efficiently exfoliate the two metal diborides, including protic
solvents for MgB, and aprotic polar solvents for CrB,, and help
determine the HSP values of solvents most likely to
successfully exfoliate each material. The higher 6, and 6y
values for both materials relative to more traditional vdW
nanomaterials suggests additional functionalization with oxy
and hydroxy functional groups, and this relationship may likely
carry over to other nanomaterials derived from non-vdW
solids. We also found that when it is evaluated by its own range
of extinction values, CrB, appears to be successfully exfoliated
with a wider range of solvent properties than MgB,. Such an
observation is important for future studies on non-vdW-
derived nanomaterials, as it suggests that even if a select few
solvents do not appear to readily exfoliate a particular material
composition in high concentrations, there may be a wide array
of solvents that can exfoliate it at least in marginal
concentrations, granting more options for processability of
non-vdW-derived nanomaterials. The calculated HSPs were
then applied toward successful exfoliation of both materials in
binary cosolvent blends containing constituent solvents that
alone had poor exfoliation effectiveness. We found that at
certain compositions of the blends, the initial concentrations of
nanosheets either match or exceed those produced by the best
pure solvents alone, and exhibit prolonged stability against
aggregation. Thus, we have shown the potential applicability of
HSPs and solvent blends for the optimization of LPE
exfoliation for non-vdW nanomaterials. This study provides a
crucial fundamental study of the LPE processing of metal
diborides, and will serve as a basis to ignite further research
into the solution-phase processing and applications of other
non-vdW materials.
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