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Phosphorene nanoribbons (PNRs) can be synthesised in intrinsically scalable methods from intercalation
of black phosphorus (BP), however, the mechanism of ribbonisation remains unclear. Herein, to investi-
gate the point at which nanoribbons form, we decouple the two key synthesis steps: first, the formation
of the BP intercalation compound, and second, the dissolution into a polar aprotic solvent. We find that
both the lithium intercalant and the negative charge on the phosphorus host framework can be effectively

Received 26th October 2023,
Accepted 27th December 2023

DOI: 10.1039/d3nr05416k

removed by addition of phenyl cyanide to return BP and investigate whether fracturing to ribbons
occurred after the first step. Further efforts to exfoliate mechanically with or without solvent reveal that
the intercalation step does not form ribbons, indicating that an interaction between the amidic solvent
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and the intercalated phosphorus compound plays an important role in the formation of nanoribbons.

Introduction

Predictions of phosphorene nanoribbons (PNRs) as a promis-
ing functional material for energy harvesting and storage
devices preceded their experimental bulk synthesis in 2019."”
PNRs retain 2D phosphorene’s high specific capacity*®
(433 mA h g for Li;y,,)P), and high carrier mobilities,” which
are on the order of 10° cm® V™' s7'. Additional to their 2D
phosphorene counterpart, PNRs’ lateral electronic confine-
ment, edge states,®’® and quasi-1D dimensionality could
enable greater tunability in properties and emergent exotic
phenomena have been predicted.'* For this reason, the width
of nanoribbons is an important characteristic to distinguish
between properties exclusive to nanoribbon-like phosphorene
instead of sheet-like 2D phosphorene, with the most compel-
ling PNR properties thought to require significant lateral con-
finement (i.e., narrow widths of <100 nm) and well understood
edges (e.g. crystallographically straight).

The additional routes to modify the intrinsic optoelectronic
properties open applications beyond traditional phosphorene
devices, such as water splitting photocatalysts, where edge-con-
trolled chemistries provide a route to devices with a high
theoretical maximum efficiency’ of 20%, as well as charge
transport layers in perovskite solar cells.'"® Experimentally,
PNRs have already shown promise, including as hole carrier
layers in MAPbI;-based inverted perovskite solar cells, with
improved efficiencies'® from ~19.6% to >21%, and in lithium-
metal batteries, for which thin PNR coatings on Li anodes

This journal is © The Royal Society of Chemistry 2024
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were found to suppress lithium dendrite formation more
efficiently than 2D phosphorene.”> Phosphorene-based
materials are particularly promising for Li-ion batteries, due to
the moderate Li atom binding energy (2.0 eV) and low aniso-
tropic barrier to Li diffusion (0.10 eV) in the zigzag (ZZ) direc-
tion (i.e. along the a axis, Fig. 1a).”

For use in lab-scale microdevices, tape exfoliation of black
phosphorus (BP, Fig. 1a) followed by electron beam lithogra-
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Fig. 1 (a) Structure of BP along crystallographic axes, from left to right
‘a’ (zig-zag, ZZ), ‘b’ (out of plane, OP), ‘c’ (armchair, AC). (b) Schematic of
reaction pathway of BP intercalation to Liys)P (forming either stacked
PNRs from cutting during intercalation, or returning stacked phosphor-
ene sheets) followed by discharging to P-PhCN and exfoliation to PNRs/
phosphorene respectively, providing insight into P-framework structure
after intercalation.
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phy has been a popular route to PNRs of well-defined length
and a high degree of width uniformity along the length of the
ribbons.>'*"® More recently, tape exfoliation has been shown
to directly yield PNRs by partially ripping the surface layer of
few-layer BP with widths down to 14 nm via partial tape exfo-
liation, which can be subsequently extracted with polydi-
methylsiloxane."” However, routes that use tape-exfoliation
and electron beam lithography are difficult to scale, with the
latter requiring challenging synthesis for each individual PNR.

Chemical vapour transport to grow narrow, high aspect
ratio BP columns out of BP crystals (later exfoliated through
sonication in amidic solvent) could be a promising route to
scalable PNR synthesis.'® However, at present the thinnest
reported species grown in this manner are multiple layers
thick and have widths “around 1 pm”*® (referred to as ‘nano-
belts’), which is insufficient for the lateral confinement of
PNRs and are thus expected to have similar properties to few-
layer 2D phosphorene.

Alternatively, intrinsically scalable approaches have
unzipped zigzag-edged nanoribbons (ZZ-PNRs) from interca-
lated BP, either via electrochemical charging or intercalation
of group 1 metals with highly reducing metal electride solu-
tions followed by exfoliation in amidic solvents.”*'*?° These
reduction-based techniques rely on the relative stability of
orthorhombic phosphorus, which can form stable anionic
frameworks.*! The exclusive formation of ZZ-PNRs as opposed
to armchair (AC) nanoribbons through these intercalation-
based syntheses indicates breaking of the longer, partially out-
of-plane P-P bonds. All methods involving intercalation of BP
followed by sonication produce nanoribbons with high aspect
ratio (>20), however the distributions of nanoribbon width,
number of layers, and the morphology at the edges of the
nanoribbons vary between syntheses. The solvent chosen also
appears to impact the yield and layer number of produced
PNRs, e.g., dimethylformamide (DMF) provides high yield,
while N-methyl-2-pyrrolidone (NMP) produces fewer, but
mostly monolayer, species.”® The Watts et al. method involves
a two-step process, with separate steps for formation of the BP
intercalation compound and subsequent spontaneous dis-
solution in amidic solvent, as well as being technically challen-
ging as it involves manipulation of ammonia over the substrate
inside a sealed gas manifold. However, significant proportion
of the formed nanoribbons have narrow widths, are predomi-
nately monolayer species, and, in contrast to other approaches,
have an extremely high degree of width uniformity. Even nar-
rower nanoribbons (~10 nm) are accessible through electro-
chemical Na intercalation of BP, although these nanoribbons
lack uniformity of width along the length of the ribbon, attrib-
uted to etching of phosphorene to amorphous phosphides pre-
ferentially (but not exclusively) down the zig-zag axis either
side of residual PNRs.?* Although different characteristics of
nanoribbons are apparent from different reported syntheses,
the causal link between synthesis method and nanoribbon
properties remains unclear.

Insights into the mechanism of nanoribbon formation is
pivotal for improving PNR synthesis to increase yield, as well
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as to diversify and control nanoribbon structure (width,
length, edge chemistry, chirality, etc.) and thus control their
properties.

Here, we decouple the two steps of the lithium electride
PNR synthesis by reducing BP, and subsequently chemically
discharging the Li(y/5)P material by addition of phenyl cyanide
(PhCN, Fig. 1b), in a reaction analogous to that performed by
Hirsch for graphite intercalation compounds.>> We show
through X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy analysis that the negative charge introduced to
the phosphorus framework on formation of Li(5)P via lithium
electride solutions can be removed by addition of PhCN. For
clarity, the resulting deintercalated material is termed P-PhCN
in the subsequent discussion of the paper. Density functional
theory (DFT) calculations, transmission electron microscopy
(TEM), and atomic force microscopy (AFM) of mechanically
exfoliated P-PhCN crystals are used to postulate the role of
solvent interaction with the phosphorus intercalation com-
pound in the formation of nanoribbons.

Results

The potential formation of discrete ZZ-PNRs during lithium
intercalation is predicated on the weakening of the out-of-
plane P-P bonds. These bonds have previously been shown to
elongate upon intercalation of Na or K by Abellan et al.,>* and
have been computationally predicted to eventually rupture
upon further sodiation to Na(Nl/Z)P.ZS However, while the
electrochemical intercalation route (involving lateral etching to
leave less-reacted residual PNRs) is most effective with sodium
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intercalation,> the electride synthesis of Watts et al.>® involves
lithium (1/8 equivalent) with no notable difference found
using sodium. However, the structure of BP intercalated with
lithium at the required stoichiometry has not been explored
computationally to date.

To study the behaviour of lithium intercalation in comparison
to the heavier group 1 metals, we investigated the lithium doping
of BP with first principles calculations (B3LYP functional with D3
correction). A BP supercell of 32 phosphorus atoms consisting of
two phosphorene sheets/galleries was modelled with 0, 1, 2, 4,
and 8 lithium atoms present, for Li,P stoichiometries of x = 0,
1/32, 1/16, 1/8, and 1/4. The 1/16 system was modelled with the
two Li atoms initially placed in both the same and in different
interlayer galleries (Fig. 2f and g).

With increasing Li content up to Liys)P, the interlayer
b-axis dramatically increased (Fig. 2a), predominantly to
accommodate the lithium ions, but also due to lengthening of
the out-of-plane P-P bonds (Fig. 2b), as seen for Na/K interca-
lation.”* Concurrently, the in-plane bonds shorten, decreasing
the zig-zag parallel a-axis, indicative of bond strengthening.
The initial AA stacking of BP (Fig. 2d) changes upon Li interca-
lation with layers appearing to shear, giving an AB structure,
leading to the corrugations of adjacent sheets forming pockets
where Li ions reside (Fig. 2e and g-i). The exception is the
Li(1/16) model with both ions in the same layer (Fig. 2f) which
better retains the AA stacking. However, as the difference in
energy of both Li(;/16P models is very small (<1 kJ molp™ "), it
appears that forming Li pockets is comparable in energy to
retaining AA stacking of neutral sheets. The lack of a driving
force for evenly distributing Li across layers suggests that
ordered staging is unlikely and Li will be intercalated stochas-
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Fig. 2 DFT modelling of BP upon intercalation of Li at different stoichiometries. (a) Unit cell axes lengths and unit cell volume of modelled super-
cells. (b) Lengths of out-of-plane P—P bonds, with error bars representing one standard deviation from the mean. (c) Enthalpy of formation of Li-BP
intercalation compound normalised per P atom. Full data tabulated in ESI.f (d—i) supercell structures after relaxation with increasing Li content.
Schematic axes assignments provided on the left. Visualizations along crystallographic axes provided in ESI.{
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tically. Multiple initial configurations are also possible for
Li(y/gP which also show negligible energy differences, further
supporting this conclusion (ESI discussion & Fig. S16t1). When
increasing the lithium fraction further to Li(1,4)P, there is an
increase in the mean interatomic length alongside a very dra-
matic increase in the standard deviation, due to a notable frac-
tion of out-of-plane P-P distances increasing significantly,
indicating the breaking of bonds (Fig. 2i). This behaviour
implies formation of molecular lithium phosphides at the
expense of discrete phosphorene sheets, as seen previously***®
experimentally for K(<;/4)P and the related Li(/4.5)(AS0.45P0.55)-
Notably, intercalation becomes increasingly thermo-
dynamically favourable for increasing Li content, akin to the
behaviour of the sodiation of BP.>® Taken together, these data
support the possible formation of PNRs during the inter-
calation step of the synthesis, prior to contact with, and
dissolution in, solvent. Although, while the P-P bonds are
lengthened in the Li(ygP model, which is known to form
PNRs (and is the targeted stoichiometry for the experimental
part of this study), total bond cleavage to nanoribbons was
not seen in the computation at the degrees of lithiation
explored.

To investigate whether ribbons are present in significant
concentration in the phosphorous intercalation compound
after reaction with 1/8 molar equivalent of lithium electride
and prior to any amidic solvent interaction, we characterised
tape-exfoliated material with AFM. Attempts to apply tape exfo-
liation on the intermediate lithium intercalation compound
was unsuccessful, attributed to the replacement of BP’s rela-
tively weak interlayer van der Waals bonding with strong ionic
bonds between the anionic phosphorus layers and the interca-
lated lithium cations.

Instead, the Li(g)P was discharged to return a phosphorus
framework and remove the interlayer ionic bonding. If inter-
calation alone had fractured the constituent crystalline phos-
phorene sheets to PNRs, then subsequent exfoliation through
traditional methods would be expected to lead to the presence
of ribbons and/or poorly crystalline sheets if the ribbons
reformed P-P bonds upon discharging. For the discharging,
an oxidant is necessary with redox potential comparable with
the neutral Fermi level,”””® must involve species unreactive
with the neutral species,® and ideally is simple to separate
after reaction. Fitting these criteria, we selected PhCN which
has previously been shown to be capable of discharging graph-
ite intercalation compounds to return neutral graphene by
extraction of molar equivalent electrons (as PhCN radical
anions) and Li counter-ions.*®

Here, intercalated Li(,5P was mildly deintercalated through
introduction of PhCNto form a delithiated compound termed
hereafter P-PhCN (Fig. 1b). The reaction formed a solution of
PhCN7/Li" with a characteristic visible red colour that could be
seen to diffuse from the LiygP crystal on addition of PhCN.
The effect appears to match that seen by Vecera®® for PhCN
with KCg, and is consistent with an increased absorption in
the blue region (450-495 nm) of the UV-Vis absorption spec-
trum compared to unreacted PhCN, and is indicative of for-

9
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mation of a stabilised radical anion from charge extraction
from the anionic phosphorene (ESI Fig. S17).

Analysis of the chemistry at the surface of the pristine BP,
intercalated Li(y/g)P, and P-PhCN, as analysed by XPS further
supports the chemical changes inferred from the UV-vis data.
The most intense P 2p3,, component observed in the P 2p high
resolution XPS spectrum of BP is centred at 130.1 eV (Fig. 3).
This component is observed to shift by ~1 eV to lower binding
energy (129.2 eV) for the intercalated Li(;,5)P sample, attributed
to the donation of electrons to the phosphorus framework
upon intercalation of lithium. After reaction between Li(g)P
and PhCN, the neutral P 2p;, component is restored (130.2
eV). The comparable binding energies observed for both BP
and P-PhCN, and the lower Li content (ESI Table S21) is attrib-
uted to successful removal of electrons and lithium from the
phosphorus framework.

An additional low energy shoulder peak (P(—x)) observable
for Li(/5)P between 128-128.5 eV is assigned to P with higher
fractional negative charge and increased Li content; this
shoulder remains in P-PhCN, suggesting a fraction of the phos-
phide with higher fractional negative charge (and associated
lithium) remains.

The Raman spectrum of pristine BP is typified by three
characteristic peaks arising from the Ay, Bag, and A3 phonon

BP (P 2p)

Li1/5)P (P 2p)
P(LiPg)128.9

Offset Intensity

136 134 132 130 128 126
Binding energy (eV)

Fig. 3 Analysis of surface phosphorus chemical states for BP, Lix/g)P,
and P-PhCN. High-resolution X-ray photoelectron spectroscopy (XPS)
phosphorus 2p spectra fitted with several P-bonding environments. The
sample identity is annotated with the fitted centres of the P 2pz,, com-
ponent of each assigned bonding environment (data, black/red/blue
solid; fitted P environments, orange/blue/red solid; total fit, green
dotted; background, grey dashed).
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modes at 361, 438, and 467 cm™ ', respectively (Fig. 4a).”%>*3°
On intercalation to Li(y)P, the air-free Raman spectrum shows
the characteristic three peaks of BP are convoluted by multiple
contributions (Fig. 4b), which have been attributed to the
introduction of new “intercalation modes” in previous
work.?%?** One of these intercalation modes is observed in the
spectrum of the Li(y/gP sample at ~390 em™', which has been
previously experimentally observed in potassium and sodium
intercalation of black phosphorous.*® On addition of the
PhCN, the three characteristic peaks of BP are again deconvo-
luted, suggesting successful deintercalation. Consistent with
previous experimental observations of Li(y5P material dis-
charged in air,”® the intercalation mode at 390 cm™" is not
present after treatment with PhCN.

The integrated intensity ratio of 4, to A7 (L1 /1) of P-PhCN
is 0.3 (compared to BP = 0.7, Liy5P = 0.3), consistent with
numbers reported for few-layer phosphorene and PNRs in
other syntheses.””* It is noted that the I, /I;; is dependent on
multiple factors, including the number of BP layers, degra-
dation from exposure in air, the orientation of the BP crystal,*
and other affects that increase the disorder of the material or
otherwise break the long P-P bonds in the BP layers.*” The
observation that the integrated intensity ratio of Ay/AZ of the
de-intercalated material doesn’t return to that observed in the
BP could be contributed to by an increased degree of disorder
in the material after the chemical intercalation/deintercalation
process, potentially linked to the formation of a fraction of
amorphous material. In addition, we postulate that shearing
of the P-atom planes as indicated by DFT calculations could
also be a contributing factor, which is not reversed upon
deintercalation.

The FWHM is related to the lifetime of the phonon, where
a broader FWHM indicates a shorter lifetime, which can be a
result of scattering events, such as interaction with an electron
or with defects in the crystal. The Raman modes of Li()P
show a significant broadening of the FWHM versus BP which
is partially recovered on discharging by addition of PhCN. Due
to the lack of broad Raman active modes indicative of amor-
phous phosphorus in P-PhCN, it is more likely that the
residual negative charge indicated by XPS is due to a fraction
of residual Li intercalant, as opposed to amorphous lithium
phosphides.>** Given the expansion/layer shearing of the BP
framework upon charging, it is assumed that some of the
strain effects on the BP crystal from intercalation of Li remain
after the crystal is discharged with PhCN, which would be con-
current with some P-P bond weakening, consistent with work
by Karki et al.,** and shown recently from ex situ Raman spec-
troscopy of BP electrodes electrochemically intercalated and
de-intercalated with Na.**

It is noted that there is a large standard deviation in the
Li(y/g)P data (Fig. 4b). Our values are extracted from the dis-
tribution of fitted modes of 100 spectra taken at different
locations on the sample (5 pm spacings across a 50 pm x
50 um area), and the large standard deviations are indica-
tive of varying local signals across a heterogeneous sample.
Based on our DFT calculations, we attribute this wide vari-
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Fig. 4 Raman spectroscopy of BP, Liy/gP, and P-PhCN samples. (a)
Averaged 100-point Raman spectra. (b) Plots the mean fitted (u) FWHM
versus the mean fitted peak centres for Al, Bag, AS of BP (black), Lig/g)P
(orange) and P-PhCN (blue) from 100-point spectra taken of each
sample over an area of 2500 pm?2. The error bars represent one standard
deviation from the mean value of peak centre and FWHM extracted from
the distribution of fitted peak positions and FWHMs of the 100-point
spectra (sampling area = 2500 pm?). The instrument resolution has a

FWHM of approximately 1.5 cm™.
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Fig. 5 TEM characterisation of exfoliated P-PhCN. (a—e) TEM micrographs; (f) Selected area electron diffraction of Fig. 5e. Scalebars: (a—c) =
500 nm, (d and ) = 100 nm, (f) = 10 nm™, (f)-inset = 2 nm™.
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c 2.0nm ¢
e f
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3 800 200 = 80
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b 5678910 § 20 L 16.5
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Height (nm) Area (um?)
Fig. 6 AFM characterisation of tape exfoliated P-PhCN on HOPG substrate. Images with scalebars representing (a) 1 pm, (b and c) 500 nm, and (d)

100 nm. (e) Height distribution of 5184 pixels above a 2 nm threshold from (a) (bin size = 100), with inset zoomed in on 4.5-10 nm. (f) Median
height against individual flake area showing a positive correlation, with inset displaying anomaly corresponding to the largest flake in (a).
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ation of fitted modes to local variation in the degree of
intercalation across the Li(gP sample (ESI, Fig. S21)." We
note that the heterogeneity is lost upon deintercalation with
PhCN.

These trends were further supported by powder XRD of the
initial, intercalated, and discharged material (ESI, Fig. S57).
The intercalation of lithium leads to a slight broadening of all
peaks, an upshift of the in-plane peaks (e.g. 2 6(002) = 41.2°
from initial 40.7°), although the significant downshift of the
inter-plane reflections expected from DFT were not seen;
similar to the XRD of K;,5P measured by Abellan.** In agree-
ment with this prior work, we also saw the emergence of a new
peak at ~32° and further low-angle peaks centred at 6.0° and
12.5°. The discharging reaction led to a removal of these new
peaks and a restoration of the in-plane modes (26(002) =
40.5°), however, all peaks with an out of plane b component
were significantly upshifted implying a layer separation not
present in the intercalation compound. We tentatively assign
this to a consequence of the layer shearing upon intercalation
seen by DFT, whereby the P lone pairs in the AB configuration
point towards the lithium pockets in Li(s)P, but point towards
each other upon the removal of Li" ions, leading to significant
repulsion.

To investigate whether the BP had been cleaved into PNRs
after undertaking a Li-charging/PhCN discharging cycle (ie.,
ribbonised during intercalation, before addition of solvent),
exfoliation attempts were undertaken. Samples were sonicated
in NMP and deposited by drop-casting for study with trans-
mission electron microscopy (TEM), and mechanically
exfoliated with nitto tape for atomic force microscopy
(AFM). The same exfoliation method and subsequent charac-
terisation by AFM and TEM was also applied to pristine BP
for comparison (ESI, Fig. S4 and S5T). We note that unlike
Li(y/)P which spontaneously forms solutions of PNRs upon
addition to tertiary amide solvents, driven by the charged
nature of the phosphorus framework, here the P-PhCN
did not dissolve in NMP, further supporting successful
discharging.

TEM data of sonicated P-PhCN clearly demonstrates the for-
mation of 2D phosphorene sheets and small fragments
lacking the high aspect ratio of PNRs (Fig. 5). The presence of
large (>1 pm) crystalline phosphorene flakes, as confirmed in
selected area electron diffraction, implies that P-P bonds are
unlikely to have been first broken during intercalation and
then reformed during PhCN treatment, as a notable degree of
disorder would be expected during reformation. AFM of tape
exfoliated P-PhCN also primarily showed small 2D species,
which were mostly <10 phosphorene layers thick (Fig. 6).>>
A few high aspect ratio species were also observed (Fig. 6¢
and d), however, we note that recent work has shown that
tape exfoliation may in some cases intrinsically form low
quality PNRs from BP, similar to what is observed here.*
The behaviours observed in this work are notably distinct
from PNR synthesis from dissolution of Li(gP, which
shows near-exclusive formation of >1 pm PNRs in both
AFM and TEM.
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Conclusion

In conclusion, this study indicates that the interaction of the
phosphorus intercalation compound with the amidic solvent
is important for the formation of PNRs via the lithium elec-
tride synthesis, and that they are not formed purely from bond
cleavage during intercalation, nor from anisotropic etching to
amorphous phosphides between formed PNRs, as reported for
Na electrochemical intercalation.?” This conclusion goes some
way to rationalising the previously observed solvent-dependent
yield of PNRs and their AsP alloy counterparts.®®2®

Application of PhCN can be used to de-intercalate lithium from
intercalated black phosphorus (Lig5P), and the extent of deinter-
calation and discharging can be monitored using XPS and Raman
spectroscopy. The deintercalated crystal appears to recover long
range order, but retain some of the strain induced by occupation
of lithium in the interlayer galleries, analogous to that seen by
Wen et al. when expanding graphite with Hummers’ method.*® It
is concluded therefore that P-P bonds are weakened, but not
broken, during intercalation with lithium at this stoichiometry.

The specific role of the solvent in the formation of nano-
ribbons is yet to be elucidated, but may be related to providing
edge passivation, e.g., as an H-atom source for hydrogenation, or
stabilising anionic edge sites via solvation. It could also be that
on contact of the Li(ygP crystal with amidic solvent, some solvent
is pulled into the BP framework to co-intercalate with the Li, and
seeds the breakage of the out-of-plane P-P bonds and subsequent
unzipping of the nanoribbons. Future studies could seek to
model the solvation of BP intercalation compounds with various
amidic solvents to gain further insights to the mechanism.

Experimental

All sample handling was conducted inside an argon filled
glovebox (O,, H,0, less than 0.1 ppm), unless otherwise stated.

Intercalation of black phosphorus

Intercalation of BP was performed using lithium electride solu-
tions adapted from a method reported previously.”°
Macroscopic BP crystals (99.998% purity; Smart Elements)
were outgassed at 100 °C under dynamic vacuum until the
pressure dropped to less than 10~® mbar. Without exposure to
air, the outgassed crystals were loaded along with lithium
metal (99.9% purity; Sigma Aldrich) at a stoichiometric ratio of
Li/P = 1/8 into a fused silica reaction tube and attached via a
glass-metal transition to a leak-tight, custom, gas-handling
manifold. The argon headspace above the sample is first evac-
uated to a pressure less than 10™° mbar and cooled to less
than —45 °C using an isopropanol bath and Julabo FT902.
High-purity ammonia gas (greater than 99.99% purity; Sigma
Aldrich) was then condensed onto the black phosphorus and
lithium, dissolving the alkali metal, until the black phos-
phorus is fully submerged in liquid ammonia and left sub-
merged for at least 12 h, during which time intercalation
occurred. Following this process, the ammonia was slowly
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removed by cryo-pumping, and the intercalated black phos-
phorus crystal was then further dried by vacuum treatment
(<107° mbar for 1 h).

Deintercalation of Li(y/5)P by addition of PhCN

Neat PhCN (anhydrous, >99%, Sigma Aldrich) was added in
excess to intercalated black phosphorus crystals (Liy/5)P) in a
glass vial. Small electron acceptors like PhCN can form stable
negatively charged radicals, which can be represented through
resonance structures. These react via single electron transfer
(SET) reactions to form negatively charged radicals, and have
been utilized to remove charge from 2D materials.’” Red
colour can be seen to diffuse from the crystal as the PhCN
reacts to form a stabilized negatively charged radical. After at
least 1 h, the excess PhCN was decanted off the crystal using a
micropipette and retained for UV-vis analysis. A hotplate at
65 °C was used to evaporate off the remaining PhCN to leave a
dry, deintercalated Li(y/sP + PhCN crystal.

AFM characterisation

Atomic force microscopy (AFM) was used to measure the height
and lateral size of the flakes. AFM was performed using Bruker
Dimension Icon in “PeakForce” tapping mode. ScanAsyst-Air
mode was used at a scan rate of 2 Hz, 256 samples per line, with
Bruker probes of k = 0.4 N m™" and tip radius of 2 nm. Nitto tape
was used to exfoliate the solid samples by peeling several times
and transferred onto freshly cleaved highly ordered pyrolytic
graphite (HOPG). All samples were prepared and maintained
inside a high-purity argon glovebox environment. Samples were
exposed to air only immediately before imaging under AFM.
Image and data processing were executed in NanoScope Analysis
(2.0) software and Gwyddion (2.56). Further AFM analysis pro-
vided in ESI, Fig. S8 and S9.}

XPS characterisation

X-ray photoelectron spectroscopy (XPS) was used to determine
the surface elemental composition using K-ALPHA Surface
Analysis spectrometer (Thermo Scientific) with monochro-
matic Al Ko radiation of 1486.6 eV as an excitation source,
using a spot size of 400 pm. Small pieces of the samples were
adhered to the sample holder using indium foil (99.999%,
Sigma Aldrich). The sample holder was introduced into a load-
lock chamber using a transfer vessel (Thermo Scientific 831-
57-100-2) without air exposure. Further XPS Spectra (Li 1s, C
1s, O1s, Survey) provided in ESI, Fig. S4 & Table S2.}

TEM characterisation

Transmission electron microscopy were performed using a JEOL
2100F microscope with a W source filament and operated at 200
kV. The samples were prepared first by sonication of the crystal in
NMP (1 mg mL~" concentration) for 30 minutes, and subsequent
centrifugation (~100g, 15 minutes, Hettich EBA 20). The super-
natant was dropcast (20 puL) onto lacey carbon copper TEM grids
(Agar Scientific) supported on Whatman cellulose filter paper in
an Ar glovebox and left to dry at room temperature overnight.
Further TEM analysis provided in ESI, Fig. S6 and S7.}
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Raman spectroscopy characterisation

Samples were loaded in a custom-made leak-tight glass cell in
an argon environment. Raman spectroscopy was collected
using a Renishaw inVia Raman microscope fitted with a
488 nm laser through a %20 objective. Laser power at the
sample was kept <150 mW. Raman spectra were acquired over
a 50 um x 50 pm sample area over 100 grid points. Spectra
were fitted with a linear background and Lorentzian functions.
For BP and PhCN, three Lorentzian peaks for the Aé, B,g, and
Ag modes were fitted. The convolution of peaks for Li /)P was
fitted with the minimum number of Lorentzian functions (five
are used) to avoid over-fitting, and the peaks with fitted
centres closest to those A;, By, and Ai, modes detected in the
spectrum of BP were likewise assigned to these modes in
Li(y/g)P. Further Raman analysis including xy-maps of peak
centres, optical microscopy of measured regions, and full
fitted population details provided in ESI, Fig. S2, S3 and
Table S1.7

Powder X-ray diffraction

Samples were loaded in 0.5 mm glass capillaries sealed with
wax in an argon glovebox. Measurements were performed on a
STOE XRD using a Cu ka X-ray source, on a rotating sample
(~5 Hz) in 26 0.2° steps for 10s at each step. Peak assignment
was performed using VESTA to predict peaks from structures
derived from DFT calculations.

Computational DFT

Density functional theory (DFT) calculations were performed
with CRYSTAL17 using the B3LYP hybrid exchange functional
with D3 dispersion correction and a triple zeta valence plus
polarisation basis set for all atoms,*® assuming a closed shell
configuration. A [2 x 1 x 2] supercell of black phosphorus con-
sisting of 32 phosphorus atoms in two atomic layers was used,
with 1, 2, 4, and 8 lithium inserted into the interlayer gallery
(s). For Li,Ps,, two configurations were tested to allow for
lithium atoms to reside in different/the same gallery, as a
stage-1/stage-2 intercalation compounds respectively. Input
scripts are provided in the ESLT Intercalation energies were
calculated as the difference in energy between the relaxed
structure, and the sum of the constituent separate initial BP
cell and lithium metal. Due to the established errors associ-
ated with calculating lithium metal with hybrid exchange func-
tionals, its energy was calculated from the B3LYP energy of the
Li* cation using both the ionisation energy (—=1.963 x 10" KkJ
mol ™) and cohesive energy (—1.982 x 10* k] mol™"). DFT struc-
tures down all crystallographic axes for all models, extracted
energy values, input scripts, and further models provided in
ESI, Fig. S10-S16 and Table S3.f
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