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SI1.1  Solvent Selection

It is well-known that successful LPE solvents have surface tension within a well-defined
range.?® Therefore, the concentration of the suspension is maximized when the energy
cost of the exfoliation process is minimized, i.e. when the surface energy of the solvent

matches with the surface energy of the layered crystals, as shown in eq. (1).

AH i 2 2
m,lx ~ (6layer - 6solvent) @ €q. (1)
Vmix Tlayer

Where §; = /EL,, is the square root of the component surface energy, Tiayer is the

thickness of an antimonene flake and @ is the volume fraction.

We calculated a value of surface energy for antimony equal to 148.8 mJ-m2 (Figure S4
and “Theoretical Surface Energy Calculations” section, see below). Obviously, this
theoretical value does not consider the dynamics of the liquid-phase process, so we expect
it to be reasonably higher compared to the one reported experimentally.* For this reason,
in our initial survey we have selected solvents with a wide variety of surface tensions (the
surface energy of the solvents can be calculated from y = ESOL — TSS0L, using an
universal value for surface entropy of ~0.1 mJ-m2.K%),2 but intentionally we also

included some solvents known to be good dispersants for layered materials (Table S1).

Every experiment was run by triplicate and the concentration values represent the mean
value of the three results. Samples prepared with SDS and SC were discarded from the

initial survey because we do not observe Tyndall effect in their colorless suspensions.

To choose the most suitable solvent from the initial survey, we focused at first in the final
FL antimonene concentration obtained after centrifuging the samples. Figure S5a shows
the values of concentration, using turbidity measurements (Figure S1), as a function of

the surface tension of each solvent.



Table S1. Solvents used in the study and their surface tension (at 20 °C).

Solvent Surface tension (mJ/m?) Solvent Surface tension (mJ/m?)
IPA/H,O (4/1) 22.62 NMP/H,0 (2/1) 44,01
IPA/H,O (2/1) 24.1 NMP/H,0 (1/1) 45.26
IPA/H,O (1/1) 24.25 NMP/H,0 (1/4) 48.05
IPA/H,0 (1/2) 27.92 SC/H,0 (2 g/L) 57.5
IPA/H,O (1/4) 32.26 SC/H,0 (4 g/L) 53.1

H,O 72.7 SCIH,0 (6 g/L) 51.24

IPA 21.15 DMF 37.1
2-Butanol 22.6 DMSO 42.9
Ethanol 221 Hexane 18.43
Acetone 25.2 Ethyl acetate 23.2
CHCl, 27.5 PEG/H,0 (0.5%) 71.8
THF 26.4 PEG/H,0 (5%) 62.37
NMP 41.26 SDS/H,0 (0.5%) 38.3
NMP/H,O (4/1) 42.78 SDS/H,0 (5%) 38.3

*IPA: 2-propanol, THF: Tetrahydrofuran, NMP: N-Methyl-2-pyrrolidone, SC: Sodium cholate, DMF:
Dimethylformamide, DMSQ: Dimethyl sulfoxide, PEG: Polyethylene glycol and SDS: Sodium dodecyl

sulfate.

First, we observe that almost all the solvents tested can disperse some amount of Sb.

However, the concentration of the dispersions increases for solvents with surface tensions

in the range of 23-42 mJ-m, what means surface energy values in the range of 52-71

mJ-m2. These values are reasonably close to the surface energy value that we calculated

for Sb (ca.148.8 mJ-m2). On the other hand, it is well-known that surface energy

calculations overestimate the surface energy of layered materials due to the assumptions

of ideality in a heterogeneous process, what is our case. This could be easily seen in the

large spread of surface energy values for graphite reported in bibliography.>®




Even though the analysis of the suspension concentration as a function of the surface
tension is a good starting point, there is an evident problem with the data from Figure
S5a, many solvents are included with apparently correct surface tension value but low
concentration. This issue is something commonly observed in LPE of other layered
materials.”® To further investigate the mechanism of the exfoliation/dispersion process,
IS necessary to take a look into the solute-solvents interactions, by calculating the Hansen
solubility parameters (oH, op, and dp), and also calculating the best well-known solubility

parameter, the Hildebrand parameter (67). Both group of parameters are related as shown

in eg. (2).
8p2 = 8% + 8p° 4 6p° eq. (2)

Where 87 is the Hildebrand parameter, on iS the H-bonding contribution, dp is the polar
contribution and &p is the non-polar or dispersive contribution to the Hansen solubility
parameters. We calculate these parameters for the initial survey of solvents and plotted

them against the concentration values (Figure S5b-e).

If we take a look to Figure S5b, it can be easily seen that there is almost a defined peak
between 22-30 MPa*? for the &t parameter, but this result has the same problem of the
surface tension, some solvents with a calculated value of 67 within this range have low
concentration. This problem could be answered saying that, as well as with the surface
tension, the Hildebrand parameter is too rough to fully describe the exfoliation/dispersion
process. However, we can easily observe how according to the Hansen’s model, there is
a defined peak for 8p parameter close to 17 MPa'’2, and for the other parameters it could
also be found a peak between 7-22 MPa¥?. This results clearly show that the best solvents
to enhance the concentration of FL antimonene suspensions should match with this set of

Hansen solubility parameters (Table S2).



Table S2. Range of Hansen solubility parameters for promising solvents to obtain FL

antimonene suspensions.

Range of &p (MPa/?) Range of &p (MPa'’?) Range of 4 (MPa/?)

16-18 7-13 7-22

SI.2  Theoretical Surface Energy Calculations.

First-principles calculations within the density functional theory (DFT) formalism are
carried out using the Quantum-ESPRESSO package.® The Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation (GGA\) is used.° For the
Brillouin-zone integration, we use a Monkhorst-Pack set of special k-points.!! A norm-
conserving pseudopotential is used for Sb with electrons in a 5s?5p®4di%5d-t
configuration. The kinetic energy cutoff for the plane wave basis are 40 Ry for the wave
function and 400 Ry for the charge density. Surfaces were constructed using a supercell
with a thin slab of Sb(111) separated from its periodic images by a layer of vacuum. The
size of this region is such that there are always ~ 20 of vacuum between the surfaces. For
the Sb(111) surface a hexagonal cell with a base defined by ag[110] and a stacking of

ABCABC is used, where ap is the equilibrium lattice parameter.

The surface energy is defined as the energy required to create a new surface. In our
calculations the surface energy can be determined by taking the energy difference

between the total energy of a slab and an equivalent bulk reference amount:

total ref
)4 Estap — Ebulk

=ﬂ(



Where EZ5 and Ej</, the total energy of the slab and the total energy of the bulk
reference, respectively. A is the surface unit area, and the factor 1/2 is used because the

EL25! has two surfaces.

S1.3  XPS results and data analysis

XPS data on the samples prepared using 2-butanol and NMP appear in Figures S9 and
S10, respectively. The figures show the deconvolution in different components of the
same data presented in Figure 5, corresponding to the O 1s and Sb 3d region. A weak
signal coming from Sb 3d5/2.in oxidation state zero is seen near 582.5 eV. Oxidized Sb
3d5/2 appears at 530.9 eV. The main O 1s peak is seen at 532.5 eV, and secondary peak

attributed to the presence of hydroxide species appears at 534 eV.



S1.4 Figures
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Figure S1. Calculated surface energies for Sb(111) slabs in both unrelaxed and fully
relaxed geometries.
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Figure S2. Concentration of FL-antimonene in suspension after tip sonication and
centrifugation, [Sb] (g/L), plotted as a function of: a) surface tension of the solvents
(mJ/m?), b) Hildebrand’s solubility parameter, 8t (MPa?), c) dispersive or non-polar
contribution to the Hansen parameters, 5p (MPa*?), d) polar contribution to the Hansen
parameters, &p (MPa'?) and H-bonding contribution to the Hansen parameter, o
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Figure S3. Length histogram of the Sb nanolayers contained in the different samples
obtained using: a) 2-butanol, b) IPA, c) IPA/H20 (1:1), d) IPA/H.0 (2:1), e) IPA/H20

(4:1), ) NMP, g) NMP/H20 (1:1), h) NMP/H20 (2:1) and i) NMP/H.0 (4:1). <L>

represents the mean length value in nm.
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Figure S4. Height histogram of the nanolayers contained in the different samples

obtained using: a) 2-butanol, b) IPA, c) IPA/H20 (1:1), d) IPA/H.0 (2:1), e) IPA/H20
(4:1), ) NMP, g) NMP/H20 (1:1), h) NMP/H20 (2:1) and i) NMP/H.0 (4:1). <H>

represents the mean height value in nm.
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Figure S5. Plot of the length as a function of the height, of the nanolayers contained in
the different samples obtained using: a) 2-butanol, b) IPA, ¢) IPA/H20 (1:1), d) IPA/H20
(2:1), e) IPA/H20 (4:1), f) NMP, g) NMP/H20 (1:1), h) NMP/H20 (2:1) and i) NMP/H20
(4:1).
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Figure S6. Height histogram, length histogram and plot of the length as a function of the
height of the nanolayers contained in the samples prepared using different wave
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Figure S7. a), b) TEM image of FL-antimonene obtained using 2-butanol as solvent, c)
X-Ray Energy Dispersive Spectroscopy (XEDS) microanalysis of FL antimonene.
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Figure S9. XPS Sb 3d and O 1s region of the FL antimonene sample prepared using 2-
butanol, deconvoluted in different components (see text for identification). Dots are
experimental points and the red line is the results of fit. Dashed lines correspond to the
split components for 3d peaks (3ds and 3ds2) and solid lines are used for the Shirley
background and for the sum of the individual components of 3d peaks and the single
component of 1s peaks.
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Figure S10. XPS Sb 3d and O 1s region of the FL antimonene samples prepared using
NMP, deconvoluted in different components (see text for identification). Dots are
experimental points and the red line is the results of fit. Dashed lines correspond to the
split components for 3d peaks (3ds2 and 3ds2) and solid lines are used for the Shirley
background and for the sum of the individual components of 3d peaks and the single
component of 1s peaks.
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