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Exotic Electronic Properties of 2D Nanosheets Isolated from
Liquid Phase Exfoliated Phyllosilicate Minerals

Cencen Wei, Abhijit Roy, Manoj Tripathi, Adel K.A. Aljarid, Jonathan P. Salvage,
S. Mark Roe, Raul Arenal, and Conor S. Boland*

Spectrally inactive, electrically insulating, and chemically inert are adjectives
broadly used to describe phyllosilicate minerals like mica and chlorite. Here,
the above is disproved by demonstrating aqueous suspensions of liquid
exfoliated nanosheets from five bulk mica types and chlorite schist.
Nanosheet quality is confirmed via transmission electron and X-ray
photoelectron spectroscopies, as well as electron diffraction. Through Raman
spectroscopy, a previously unreported size- and layer-dependent spectral
fingerprint is observed. When analyzing the high-yield suspensions
(≈1 mg mL−1) through UV–vis spectroscopy, all phyllosilicates present
bandgap (Eg) narrowing from ≈7 eV in the bulk to ≈4 eV for monolayers.
Unusually, the bandgap is inversely proportional to the areal size (A) of the
nanosheets, measured via atomic force microscopy. Due to an unrecorded
quantum confinement effect, nanosheet electronic properties scale toward
semiconducting behavior (bandgap ≈3 eV) as nanosheet area increases.
Furthermore, modeling X-ray diffraction spectra shows that the root cause of
the initial bandgap narrowing is lattice relaxation. Finally, with their broad
range of isomorphically substituted ions, phyllosilicate nanosheets show
remarkable catalytic properties for hydrogen production.

1. Introduction

Over the past two decades, 2D materials,[1] due to their unparal-
leled properties and high potential for application, have had a pro-
found influence on a wide range of research fields as far reaching
as bioengineering[2] to electrochemistry.[3] From graphene[4] to
transition metal dichalcogenides (TMDs),[5] layered hydroxides[6]
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to MXenes,[7] their unique structural com-
position, surface chemistry, and broad
range of electronic properties have been
vital to the acceleration of new-age elec-
tronic technologies. Of particular interest
are 2D materials in the liquid phase that
present morphology-dependent electronic
properties, giving rise to processable inks
with finely tuned parameters.[8]

Phyllosilicates are a family of naturally
occurring layered materials that consist of
stacked 2D silicate sheets held together
by van der Waals forces. One well-known
member of this family, mica, is widely
reported to be electrically insulating and
highly inert.[9] Historically, mica is one of
the oldest dielectric materials known and
possesses a large bandgap (Eg) of ≈7.85 eV
with a dielectric constant between 6 and
9.[10] However, proof-of-concept work via
mechanical exfoliation (ME)[11] and theoret-
ical calculations[11f,12] have shown that mica
presents an Eg that is highly dependent
on layer number due to an unquantified
lattice relaxation effect.[12b] Through the

deposition of ME nanosheets onto electrically conductive sub-
strates, current–voltage curves generated via Conductive Atomic
Force Microscopy (C-AFM) were applied to infer information
about Eg’s layer dependence. Previously, Kim et al. showed that
muscovite mica’s Eg decreased from ≈7 eV in the bulk to ≈2.5 eV
for a bilayer nanosheet.[11f] With values as low as ≈1.6 eV reported
for a monolayer of phlogopite mica in Islam et al.’s ME work.[11e]
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Figure 1. Chemical composition of phyllosilicate nanosheets. a) bulk micas (top) and aqueous suspensions (bottom) of muscovite, chlorite schist,
biotite, phlogopite, lepidolite, and fuchsite (left to right). b,c) Partial side on and top down view of basic micene and chlorene bilayer (b) and monolayer
(c) structure, respectively, with annotated ionic substitutions listed. d) Chemical composition of bulk and exfoliated phyllosilicates reported as atomic
ratio from XPS. e) XPS spectra of chlorite schist presented blue shifting due to the exfoliation step. f,g) Explicit look at shifting in 2p (f) and 2s (g)
atomic level spectral peaks associated with interlayer Mg2+ cations. Solid lines are peak fitting curves. h) XPS spectra of C 1s reference peak for bulk
and exfoliated chlorite schist. Dashed line is the expected value of the peak, EB ≈ 284.5 eV.

However, these experimental values greatly differ from those pre-
dicted by density functional theory (DFT). Through DFT, the Eg
of a monolayer of mica was predicted to be between ≈3.5 and
≈4.5 eV.[11f,12] To date, these discrepancies have continued to go
unexplained.

One issue hindering our understanding of these electronic
properties can be attributed to the limitations associated with
currently applied methods for the scalable production of phyl-
losilicate nanosheets. Many techniques utilize surface function-
alization, causing electron scattering, which would mask any
observation of band narrowing.[13] Furthermore, phyllosilicate
nanosheets are difficult to characterize as they appear to be spec-
trally inactive and are “invisible” when applying common tech-
niques like Raman spectroscopy.[14] Additionally, as phyllosili-
cates have similar structures, it is incorrectly assumed that all
material types have the same properties. As such, many stud-
ies that apply phyllosilicate materials do not generally differen-
tiate between what type was applied, using generic terms like
mica.[11b,c,13e–g,15] This is akin to labeling all TMDs as just a TMD.

Here, we show that by applying liquid phase exfoliation (LPE),
a more thorough investigation of phyllosilicate nanosheet prop-
erties was enabled. Through LPE, defect free suspensions of mica
and chlorite schist were applied to study these largely overlooked
materials. We found that due to the abundant range of ion substi-
tutions in phyllosilicates, specific material types inherently pre-
sented individualized properties. Applying a broad range of mi-
croscopy techniques, we confirmed the production of few lay-
ered nanosheets and explored the effect of centrifugation pro-
cedures on nanosheet dimensions. Through spectroscopy tech-
niques, we extrapolated information with regard to the bandgap
and its dependence on nanosheet dimension. Through model-
ing these results, we produced a full description of the mecha-
nisms that controlled bandgap variations. We thus demonstrated
that our method of investigation yielded fundamental informa-

tion with regards to both the structural and electronic properties
of this untapped family of 2D materials. Finally, we showed that
phyllosilicate nanosheet networks are in fact highly reactive and
can be applied as effective electrochemical catalysis for the hydro-
gen evolution reaction (HER). We report that the performances
of phyllosilicate nanosheets superseded many commonly applied
2D materials.

2. Results and Discussion

2.1. Liquid Exfoliation of Bulk Phyllosilicates

The phyllosilicate family encompasses four main subgroups of
naturally occurring layered materials: serpentines, clays, chlo-
rite, and micas. With the mica subgroup being made up of
five material types: muscovite, biotite, phlogopite, lepidolite, and
fuchsite.[16] Here, we take raw mica and chlorite minerals (six
total materials) and perform a series of cleaning steps to iso-
late powders. Taking these cleaned powders, we then performed
LPE on them to create nanosheet suspensions (Figure 1a). The
basic structure of all isolated mica and chlorite nanosheets is
summarized in Figure 1b,c, where individual sheets are com-
prised of three stacked atomic planes.[11a] The central plane is
an octahedral (O) layer consisting of O2−, F−, Cl−, or OH− an-
ions at the vertices of the octahedral. This plane can act as an
interstitial solid solution and can have a plethora of ions (i.e.,
Mg2+, Fe2+, Al3+, Ti2+, and Si4+) coordinated at the center of the
octahedral.[16,17]The two outermost planes are interconnected six-
member rings of SiO4

4− tetrahedrons (T). These planes can also
act as interstitial solid solutions, which allow for isomorphic sub-
stitutions of the Si4+ cations coordinated at each tetrahedron’s
center. These substitutions include cations such as Mg2+, Fe2+,
and Al3+.[16,17] With these substitutions, a net negative charge
in the tetrahedral layer can occur due to an imbalance in the
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Figure 2. Microscopic analysis of phyllosilicate nanosheets. Low-resolution TEM images of few layered phyllosilicate nanosheets (top row) with a zoomed
in view of the basal plane structure (second row). Electron diffraction and fast-Fourier transform (FFT) patterns (third row), with peaks labelled according
to their respective Miller indices, and high-resolution TEM and inverse FFT (IFFT) images of lattice structure (bottom row) were taken from a selected
area (red square) on each nanosheet. For each column, the scale bars are 200, 10, and 1 nm from the top to bottom, respectively.

oxidation states between the substituted ions and the ions they
replace.[11a,18] This charge is generally compensated by interca-
lated cations (M), such as Ca2+, K+, Na+, Rb+, Cr3+, Al3+, and
Mg2+, between the tri-plane sheets in their stacked heterostruc-
tures. We confirmed that the elemental composition of both the
cleaned bulk materials and the isolated nanosheets was consis-
tent with past works in Figure 1d through X-ray photoelectron
spectroscopy (XPS).[19] Furthermore, we note that the atomic%
of elements remains consistent between bulk and exfoliated ma-
terials. Thus, confirming that no modifications as a result of the
exfoliation step occurred. Examining the XPS spectra of our phyl-
losilicate materials (Figure 1e; Figures S1–S12, Supporting In-
formation), we note that binding energies (EB) associated with
the intercalated ions shifted toward higher values with exfolia-
tion. Specifically looking at chlorite schist in Figure 1f,g, we note
that EB associated with Mg 2p and Mg 2s peaks shifted by ≈0.6
and ≈0.4 eV, respectively, when compared to the bulk values. A
similar magnitude of intercalated ion EB shifting was reported
in ME muscovite, where a ≈0.3 and ≈0.4 eV shifting in the K
2p3/2 and K 2P1/2 peaks was observed, respectively. Though no
shifting in the Ni, Al, or Fe peaks associated with intra-sheet sub-
stitutions was observed in Figure 1e, we confirm that no artifi-
cial spectra shifting occurred by investigating the C 1s reference
peak. In Figure 1h, the EB of C 1s for both bulk and exfoliated
chlorite schist resided at the expected value of ≈284.5 eV. Thus
confirming delamination’s effect on the EB of intercalated ions.
Previously, upward shifting in an exfoliated phyllosilicate’s inter-
calated ion peaks was indictive of band tail states forming, which
inferred a decrease in bandgap.[11f]

2.2. Quantifying Exfoliation

Taking our phyllosilicate suspensions, we confirm through
low-resolution conventional transmission electron microscopy
(TEM) the production of nanosheets via LPE. In the top row of

Figure 2, we present representative images of a few layer micene
and chlorene nanosheets that confirm both the layered struc-
ture of the materials and their high quality. In the second row of
Figure 2, high-resolution TEM images show the uniform struc-
ture of the basal plane of our nanosheets, with the red boxes
denoting regions in which electron diffraction and fast Fourier
transform (FFT) patterns were extrapolated (third row), allow-
ing us to label the peaks with their Miller (hkl) indices. Lattice-
resolved high resolution TEM and inverse FFT (iFFT) images
in the bottom row of Figure 2 show that the basal planes of our
nanosheets have a well-ordered structure with no signs of physi-
cal defects or lattice distortion.

To examine the exfoliation mechanism, we applied cascade
centrifugation to produce suspensions containing quantized size
fractions of nanosheets.[20] By drop-casting our size-selected sus-
pensions onto a silicon substrate, Atomic Force Microscopy
(AFM) was applied to confirm the presence of a few layered
nanosheets (Figure 3a). As a function of relative centrifugal
force (RCF) in Figure 3b, we were able to isolate nanosheets
with decreasing mean dimensions (Figure S13, Supporting In-
formation). Through examining the line profiles of individual
nanosheets measured via AFM, information on mean lateral
length (<L>, the largest edge to edge distance), width (<W>, the
dimension perpendicular to length), and thickness (<t>, the line
profile height) was extrapolated (Figures S14–S25, Supporting In-
formation). In general, nanosheet<L> and<W> decreased from
≈50 to ≈10 nm as RCF increased from 0.12 to 0.48 g. For a sim-
ilar RCF range, nanosheet <t> decreased from ≈4 to ≈1.6 nm.
In terms of layer number, taking a previously reported value of
monolayer thickness being ≈1 nm,[13f] <t> values corresponded
to nanosheets being ≈4 to ≈1 layers when taking surfactant cov-
erage into consideration. Furthermore, in Figure 3c, nanosheet
area (<A>, described as <L × W>) decreased with RCF from
≈1000 to ≈200 nm2 for all nanosheet types. Like other liquid ex-
foliated nanosheet systems, in Figure 3d,e, both <L> and <W>

scaled proportionally with <t>.[21] When assuming that layer
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Figure 3. AFM statistical investigation of liquid exfoliated phyllosilicates. a) Representative AFM image of size selected biotite nanosheets. Scale bar
100 nm. b) Mean length (<L>), width (<W>) and thickness (<t>) of nanosheets decreasing as a function of relative centrifugal force (RCF). c) Mean
nanosheet area (<A>., that is, <L × W>) as a function of centrifugal force similarly decreased with increasing RCF. d,e) Mean length (d) and width (e)
versus mean thickness were directly proportional to one another (i.e., scaled according to a power law with exponent of 1 in both cases, dashed lines). f)
Mean nanosheet area as a function of mean thickness presented individualistic power-law scaling that provided insight into the exfoliation mechanism
associated with each nanosheet type. g) Scaling exponent 𝛽 from (f) as a function of the characteristic lateral size associated with each monolayer type
(DML) calculated from Equation 1. h) Aspect ratio (i.e., L/t) as a function of nanosheet thickness. Solid lines are fit to visually display slope of each
dataset.

number is roughly equal to t, a simple power-law scaling can be
applied that relates <A> to the projected monolayer length for a
nanosheet (DML) by[21]

A = D2
ML⟨t⟩

𝛽 (1)

where 𝛽 is a scaling exponent whose value is dictated by the
material being exfoliated and the mechanism of exfoliation. In
Figure 3f, fits for Equation 1 were found to closely overlay <A>
versus<t> data, with extrapolated values for the scaling exponent
𝛽 plotted as a function of calculated DML values in Figure 3g. For
our phyllosilicate nanosheets, 𝛽 was found to vary between ≈1.5
and ≈2.5, with values for DML between ≈9 and ≈13 nm. Both val-
ues here were consistent with graphene, TMDs, and layered hy-
droxides, which reported values of 𝛽 between ≈1.5 and ≈3, while
DML varied between ≈1 and ≈20 nm .[21] Specifically, we find
that the predicted DML values for our phyllosilicate nanosheets
matched L values measured for monolayers via AFM. For as-
pect ratio (<L>/<t>) plotted against <t> in Figure 3h, <L>/<t>
was generally >10 for all nanosheet thicknesses, confirming our
materials’ sheet-like shape. In comparison to LPE nanosheets of
graphene, TMDs, and layered hydroxides of a similar layer num-
ber range between 1 and 5, we find our values of <L>/<t> to be
quite high. For these common layered materials, <L>/<t> was
generally between ≈2 and ≈3.5.[21] We note that for phyllosili-
cates with 𝛽 > 2, as standard for LPE, <L>/<t> decreased with
<t>. However, when 𝛽 < 2, <L>/<t> instead increased with <t>.
This is reported to be a reflection of <L>𝛽 ∝ <t>𝛽 , meaning that
<L>/<t> ∝ <t>𝛽 /2-1.[21] This expression eludes to the observed

scaling of <L>/<t> with <t> when 𝛽 < 2. This unusual behav-
ior has been previously reported in non-layered[22] and electro-
chemically exfoliated[23] materials. The findings above, nonethe-
less, prove that phyllosilicate nanosheets do have unique prop-
erties, as the mechanisms of exfoliation differ between material
types.

2.3. Finding a Spectral Fingerprint

Previously, it was stated that Raman spectroscopy should be ex-
cluded from mica investigations due to the weak signal associ-
ated with nanosheets.[14] However, we believe that this was too
general of a statement, applying only to single nanosheets. By
drop-casting size-selected suspensions of phyllosilicates onto a
silicon substrate, thick (≈50 μm) Raman active networks were
formed. By examining networks as opposed to single nanosheets,
we obtained Raman spectra that shifted as a function of exfolia-
tion level for muscovite mica in Figure 4A and all other phyl-
losilicate types in Figures S26–S30 (Supporting Information).
Specifically for phyllosilicates, there are a large number of Ra-
man modes associated with the materials due to the diverse
range of ions and elements present. For the examined Raman
shift range here, generally there can be 17+ vibrational modes
present. All of which contribute to the appearance of perceived
background noise. However, we still report for every Raman spec-
trum that all characteristic peaks associated with phyllosilicates
were present at Raman shifts of ≈470, ≈690, and >800 cm−1.[24]

Wang et al.[24b] postulate that low temperature measurements
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Figure 4. Raman spectral fingerprint of phyllosilicate nanosheet networks. a) Raman spectra based on bulk, powdered and liquid exfoliated nanosheet
networks of muscovite show distinct basal plane (dashed lines at ≈470 and ≈700 cm−1) and edge (dashed line at ≈930 cm−1) dependent changes. b)
Raman spectral line scan of mechanically exfoliated (ME) quasi-nanosheet of muscovite presents no spectral evidence of mica, with only the characteristic
silicon substrate peak at ≈520 cm−1 noted. Left-hand side inset: AFM image of ME muscovite with red-dashed line representing beam path along sheet.
Point B denoting the basal plane dominate starting point and the end point E, the edge. Right-hand side inset: zoomed-in view of the Raman spectra as
a function of scan distance showed no variation and again was dominated by peaks associated with the silicon substrate. Black-dashed lines represent
where the basal plane and edge effect regions noted in mica nanosheet networks should have been observed. c) Raman shift change of characteristic Si-
O-Si mode as a function of exfoliation step for each phyllosilicate type. d) Intensity ratio of Si-O-Si mode with basal plane specific changes at ≈470 cm−1

versus mean nanosheet thickness (<t>) followed a power-law scaling with an exponent of 2. e) Intensity ratio of Si-O-Si mode and with nonbridging O
band associated with edge effects at ≈930 cm−1 against mean nanosheet area (<A>) scaled according to a power-law scaling with an exponent of 1.

could improve the clarity of the signals associated with these
critical modes. However, past work on graphene nanosheet net-
works has shown that temperature modulation will lead to po-
sition and width variations in modes.[25] In Figure 4b, when
measuring a large (>10 μm) bulk-like ME flake, we reconfirmed
that the individual material appears Raman inactive. Looking
at the Raman spectra as a function of beam location, when

moving the beam from the center of the flake to the edge, the
spectra remained unchanged and was dominated by the silicon
substrate.

For the nanosheet networks, however, when going from bulk
to exfoliated materials at the highest RCF rate of 0.48 g, we
report large shifts in the modes. The dominant Si-O-Si mode
between ≈660 and ≈720 cm−1,[24] which is associated with the
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basal plane of silicates, was found to redshifted by ≈10 cm−1 for
all materials (Figure 4c). The location of the Si-O-Si mode was
tracked by using the adjacent modes either side of this domi-
nant peak, which are reported to be invariant with chemical and
physical composition.[24b] With respect to intensity, the Si-O-Si
mode also saturated as the stage of exfoliation increased. Con-
sequently, the intensity of the modes at 470 cm−1 and at shifts
>800 cm−1 began to dominate the spectra. This is most likely
the root cause of the suppression of individual nanosheet sig-
nals. Few-layer nanosheets appear to have nearly no Si-O-Si sig-
nal, and the 470 and >800 cm−1 modes occur near dominant
silicon ones. For the 470 cm−1 mode, intensity changes are at-
tributed to tetrahedra rotation as the materials are cleaved, with
the structure trending toward a T-O-T-M fundamental smectite-
like composition (i.e., a silicate monolayer).[24b,c] Additionally, in-
creases in intensity for modes at shifts >800 cm−1 are associated
with the polymerization of the nanosheets and non-bridging oxy-
gen (i.e., edges).[24b,c] Looking at the normalized intensity (I) ra-
tio between the Si-O-Si and 470 cm−1 modes (ISi-O-Si / I470) as a
function of <t> in Figure 4d, across all phyllosilicates, a <t>2

scaling was observed. Similarly, in Figure 4e, the ratio between
the intensities of the Si-O-Si mode and a mode at ≈930 cm−1

(ISi-O-Si / I930) was found to be directly proportional to <A>. Es-
sentially, the scaling reported here demonstrates that Raman
spectroscopy can be applied to measure both the thickness (or
layer number) and areal size of phyllosilicate nanosheets in a
network.

2.4. Understanding Bandgap Variations

The use of UV–vis analysis, or specifically absorption spectra, is
useful for its demonstrated ability to yield in situ information
about material concentration and dimension.[26] When making
such measurements, what is believed to be absorption spectra
are generally extinction spectra. Whereby the extension spectra
(Ext) are the resultant of the combined effects associated with ab-
sorption (Abs) and scattering components (Sca).[20–26] Extinction
in this case when using a spectrometer in transmission mode
can be defined as T = 10−Ext, where T is transmission. This can
be rewritten as lnT = −Ext = −(Abs + Sca). Using the Beer–
Lampert law, the coefficients of each component can be related to
one another as 𝜖coeff = 𝛼coeff + 𝜎coeff, where 𝜖coeff, 𝛼coeff, and 𝜎coeff
are the extinction, absorption, and scattering coefficients, respec-
tively. With our nanosheets suspended in liquid, it facilitated the
use of UV–vis spectroscopy to measure the extinction spectra of
our phyllosilicates like fuchsite in Figure 5a as a function of RCF.
We observed the spectra of all materials to be highly dependent
on the level of exfoliation and allowed information on concentra-
tion, dimension, and structure to be obtained (Figures S31–S39,
Supporting Information).

For materials that have lateral lengths of L < 50 nm, like in
the case of our phyllosilicate nanosheets here, scattering was re-
ported to be minimized,[27] resulting in 𝜖coeff ≈ 𝛼coeff. Thus, for
our suspensions, due to the small lateral size of our nanosheets,
we could relate our extinction spectra directly to the absorption
properties of the materials. This allowed for the direct calcula-
tion of the optical bandgap via Tauc plots from the UV–vis spec-
tra (Figure S40, Supporting Information) without the need for

an integrating sphere to isolate the scattering component. Infor-
mation with regards to nanosheet Eg was then combined with
AFM statistics for different RCF samples to examine the effects
of nanosheet dimensions. For fuchsite in Figure 5b, Eg increased
from ≈3.1 to ≈3.75 eV as the dimensions of the nanosheets de-
creased. With both values being far below the bulk’s. Specifi-
cally, as a function of thickness in Figure 5c, for all phyllosili-
cates, Eg increased from ≈3 to ≈4.5 eV as t decreased according
to a power-law like scaling with an exponent of −0.16. A simi-
lar scaling was also seen in TMDs (Figure S41, Supporting In-
formation). The scaling here, however, incorrectly implies that
phyllosilicates in bulk would trend toward being a low Eg semi-
conductor. This apparent finding is in direct opposition to past
reports using DFT[11f,12b] and ME.[11e,f] In these studies, Eg de-
creased with layer number due to lattice relaxation. We believe it
has been wrongly assumed that lattice relaxation is the only con-
tributor to Eg variations in phyllosilicates. Particularly, as there is
no correlation between the values reported by the two modes of
study.

Plotting literary values from DFT and ME studies alongside
our data in Figure 5c, we first note that DFT predicts much larger
values for Eg than experimentally measured ones via ME. Sec-
ond, both datasets follow different power-laws, like scaling. For
DFT, values increased from ≈4 to ≈4.7 eV as t increased from 1
to 3 nm. With the data roughly sitting on a fit with an exponent of
0.16. We note that this power-law scaling mirrors our LPE data,
where we report an exponent of−0.16. For ME, Eg increased from
≈1.6 to ≈6.7 eV as t increased from 1 to 10 nm, following a t0.5

scaling. We believe that the discrepancy between the two modes
of investigation is due to a lack of consideration for quantum
confinement effects (QCE). Like nanoribbons of graphene,[28] as
the nanosheets narrow, an Eg is introduced. For the DFT studies,
nanosheets have a small (≈nm) areal size due to the limitations
associated with calculations. This means that QCE would be a
constant effect that raises Eg, with variations in its value due to
lattice relaxation. For the ME studies, the nanosheets had a large
(≈μm) areal size. Thus, no QCE occurs, and Eg is controlled only
by relaxation. This then gives rise to reported values being much
lower. We see that our data in Figure 5c bridges the gap between
the two modes of study due to the fine control LPE allows for
nanosheet dimension. Our t−0.16 scaling is reflective of QCE be-
ing minimized as A increased with t. This QCE data bridging
was exemplified by the observation that Eg values for LPE, ME,
and DFT with comparable nanosheet thicknesses presented sim-
ilar values. Specifically for t ≈ 2 nm, both LPE and DFT report Eg
to be ≈4 eV. When t ≈ 4 nm, LPE and ME agree that Eg ≈ 3.4 eV.
These findings further validate the utility associated with the di-
mensional control offered by liquid processing methods. Addi-
tionally, LPE approaches for phyllosilicates present a path toward
the large-scale production of a single nanosheet type with finely
tuned electronic properties that could vary between semi-metallic
and insulating behaviors.

For QCE, the effect of nanomaterial dimensions on Eg can be
generally written as Eg ∝ L−2.[29] However, for our nanosheets
we found through AFM that L ∝ W. Thus, our nanosheets, are
roughly square-shaped, and we can assume that L2 ∝ A. Leading
to the QCE relationship,

Eg ∝ A−1 (2)

Adv. Mater. 2023, 2303570 2303570 (6 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Optical and diffraction characterization of phyllosilicate nanosheets. a) Extinction spectra of fuchsite nanosheet suspensions as a function
of RCF rate. b) Tauc plot derived from UV–vis analysis of size selected fuchsite nanosheet suspensions showed bandgap increasing with decreasing
nanosheet dimensions. c) Bandgap (Eg) for LPE phyllosilicate materials versus mean nanosheet thickness (<t>) in the gray bubble increased with
diminishing values of <t> with a power-law exponent of −0.16 (gray-dashed line). In the blue and green bubbles, respectively, literary DFT[11f,12b]

and ME[11e,f] data also presented power-law scaling with exponents of 0.16 (blue-dashed line) and 0.5 (green-dashed line), respectively. d) Due to the
exfoliation mechanism dictated by Figure 3e–g, <L> ∝ <W> resulted in the mean nanosheet area (<A>, i.e., <L> × <W>) expectedly scaling as <A>−1

per Equation 2. e) Powder XRD spectra of powdered and exfoliated phlogopite. f) Williamson–Hall plot derived from the XRD data of phlogopite in
(e). Solid lines represent linear fits of Equation 3 to derive lattice microstrain (μ𝜖, fit slope) and crystallite size (d, fit intercept), with values for each
phyllosilicate type (powdered and exfoliated) plotted in (g) and (h), respectively.

We confirm this by plotting Eg as a function of A in Figure 5d,
where we find good agreement with Equation 2’s fit. We thus
have confirmation that QCE contributes greatly to the change in
Eg for small phyllosilicate nanosheets. Furthermore, the more
standard description of QCE still applied, with Eg proportional
to both L−2 and W−2 in Figure S42 (Supporting Information).

To quantitatively describe the lattice relaxation that caused the
initial drop in Eg between bulk and exfoliated phyllosilicates,
we modeled X-ray powder diffraction (XRD) spectra (Figure 5e;
Figure S43, Supporting Information) using Williamson–Hall
(W–H) analysis.[30] The total broadening (B) of XRD peaks can be
associated with two factors: microstrain (μ𝜖) and crystallite size
(d).[31] These contributions can be described using the linear W–
H expression.

B cos 𝜃 = 𝜇𝜀 (4 sin 𝜃) + K𝜆

d
(3)

where 𝜃 is the Bragg angle, K is the shape constant, which has
a value of ≈0.9, and 𝜆 is the X-ray wavelength. Plotting Bcos𝜃
as a function of 4sin𝜃 in Figure 5f for bulk and exfoliated phlo-
gopite, values for μ𝜖 and d for this and all phyllosilicate materials

(Figure S43, Supporting Information) could be extrapolated from
their respective Equation 3 fits. Plotting values for μ𝜖 as a func-
tion of bulk and exfoliated material type in Figure 5g, on average
we see values decreasing from ≈0.010 to ≈0.066 when going from
the bulk to exfoliated state. We can confirm that lattice strain is
the only factor contributing to peak broadening, as in Figure 5h
we see that d has a constant value of ≈10.58 nm across all ma-
terials and stages of exfoliation. Furthermore, the values for μ𝜖
and d reported here are consistent with previous studies on bulk
phyllosilicates.[32] We thus experimentally confirm that across all
phyllosilicates, lattice relaxation occurs during delamination. Ad-
ditionally, this relaxation resulted in band narrowing. However,
the band narrowing was strongly controlled by QCE when the
nanosheets were small.

2.5. Electrochemical Properties of Phyllosilicate Nanosheets

Past research has shown that smaller nanosheets are ideal for cat-
alytic applications due to the abundance of edge sites that prop-
agate reactions.[33] We believe that with the small areal size as-
sociated with our phyllosilicate nanosheets and a recent obser-
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Figure 6. Catalytic properties of phyllosilicate nanosheet electrodes. a) Polarization curves for each phyllosilicate nanosheet type. Inset: SEM image of a
lepidolite nanosheet electrode. b) Corresponding Tafel plots. c–e) Tafel slope (Ts), onset potential (Ponset), and exchange current density (J0) as a function
of micene and chlorene type, respectively, plotted alongside comparative liquid exfoliated transition metal dichalcogenides nanosheet electrodes.

vation that work function will decrease with layer number,[34]

micene and chlorene would be ideal candidates for highly ef-
fective HER electrochemical electrodes. By transferring filtered
networks of phyllosilicate nanosheets onto glassy carbon, we cre-
ated electrodes with constant density and thickness across all ma-
terials. This consistency is important for comparative analysis,
as an electrode’s electrochemical performance scales with both
parameters.[35] In Figure 6a, typical polarization curves for phyl-
losilicate nanosheet electrodes are shown, from which Tafel plots
are formed in Figure 6b. Using the Butler–Volmer equation, cur-
rent density (J) was related to exchange current density (J0) over-

potential (𝜂), and Tafel slope (Ts) through J = −J0 × 10
𝜂

Ts . Criti-
cal performance metrics Ts, onset potential (Ponset) and J0, for all
phyllosilicates were then extrapolated and plotted alongside TMD
literary data (Figure 6c–e). TMDs being arguably one of the most
effective families of 2D materials for HER, and for good compar-
ative analysis, we compare our work with TMD electrodes of sim-
ilar density and thickness.[35,36] For a material to be an effective
catalysis for HER, ideally Ts, and Ponset are minimized, while J0 is
maximized. In comparison to TMDs, we found the catalytic per-
formances of phyllosilicates like biotite, with its combination of
performance metrics Ts ≈ 95 mV dec−1, Ponset ≈ −0.234 V and J0
≈ 0.0035 mA cm−2, to far exceed those of other materials. In com-
parison, the most effective TMD, MoSe2,[36] presented values of
Ts ≈ 75 mV dec−1, Ponset ≈ −0.2 V, and J0 ≈ 0.002 mA cm−2. One
critical difference is the natural abundance of biotite and other
phyllosilicates, which lends well to both their low cost of produc-
tion and effectiveness as alternatives to artificially procured ma-
terials like many TMDs. Definitively, we disprove the narrative
that phyllosilicates are inert materials.

3. Conclusion

The LPE of phyllosilicate minerals presented nanosheets with
highly tuneable electronic properties and superlative catalytic
performances. These findings are in stark contrast to the com-
mon belief that the materials are insulating and inert. Through
rigorous characterization, we detail the mechanisms that control
nanosheet properties and believe that the work unlocks the po-
tential this broadly untapped family of 2D materials can have for
future optoelectronic, energy, and logic devices.

4. Experimental Section
Materials: Bulk phyllosilicates of chlorite schist (Scotland), biotite

(Norway), phlogopite (Norway), lepidolite (Brazil), and fuchsite (Norway)
mica materials were purchased from a commercial supplier (Geology Su-
perstore). The muscovite (Ireland) sample was procured by Matilda Mc-
Cabe at Glendalough, Co. Wicklow.

Processed Phyllosilicate Powders: Each phyllosilicate had a mass of ≈2 g
removed from the bulk crystal, which was then powdered using a commer-
cial coffee grinder (UUOUU 200 W Bowl Spice Grinder). The powder was
then shear mixed in deionized water (20 mg mL−1) at 5000 rpm for 1 h at
room temperature, after which the mixture was centrifuged at 5000 rpm.
The supernatant was discarded, and the sediment was redispersed in IPA
(20 mg mL−1) using an ultrasonic tip (Sonics Vibra-cell VCX130, flathead
probe) for 1 h at 60% amplitude and a configuration of 6 s on, 2 s off while
being chilled (≈5 °C). The mixture was centrifuged at 5000 rpm, with the
supernatant again discarded and the sediment kept. Sediment was dried
at 60 °C overnight and used as the starting material.

Liquid Phase Exfoliation of Phyllosilicates: The clean, powdered phyl-
losilicates were mixed into a sodium cholate solution (Sigma–Aldrich
BioXtra, ≥99%, 6 mg mL−1) at 2 mg mL−1 and ultrasonicated (Sonics
Vibra-cell VCX130, flathead probe) for 5 h at 60% amplitude in a configura-
tion of 6 s on, 2 s off while being chilled (≈5 °C). The resultant suspension
was cascade centrifuged at 0.12, 0.21, 0.34, and 0.48 g using a previously
developed method.[20]

X-Ray Photoelectron Spectroscopy: Measurements were done in a
Kratos Axis SUPRA spectrometer employing a monochromatic Al K𝛼
(1486.6 eV) X-ray source. Survey spectra were obtained with an energy
step of 1 and 160 eV analyzer pass energy. The spectra were analyzed us-
ing CASA XPS software. Shirley baselines were used to subtract the back-
ground for quantification purposes. The spectra were calibrated using the
B.E. of the C 1s peak at 284.5 eV due to the use of the charge neutralizer
during the spectra acquisition.

Transmission Electron Microscopy: Phyllosilicate powder samples (RCF
= 0.21 g) were dispersed in ethanol, drop-cast on 300-mesh carbon-coated
copper grids, and dried. TEM measurements were performed in an image-
corrected FEI (Thermo Fisher) Titan Cube with a spherical aberration cor-
rector at the objective lens and operating at 300 kV. The electron dose was
optimized to reduce any beam-induced damage to the samples during the
measurements.

Atomic Force Microscopy: Size-selected suspensions of each phyllosil-
icate were drop-cast onto a heated silicon wafer (≈70 °C). After deposi-
tion, wafers were washed with deionized water to remove residual surfac-
tant. For measurements, an atomic force microscope (AFM) Dimension®
icon Bruker positioned in an insulated box over an anti-vibrant stage to
minimize environmental noise and building vibrations was employed. The
probe used was a ScanAsyst Air tip with a spring constant of 0.4 N m−1,
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and a tip-sample contact force of 5.0 nN was used for all measurements.
For all samples, the scan size of 2 μm was used to collect thickness, width,
and length data for individual nanosheets. To obtain a good statistical av-
erage, 200 measurements for each sample were performed through line
profiles and ImageJ.

UV–Vis Spectroscopy: Measurements of dispersions were performed
using a Shimadzu UV-3600 Plus spectrophotometer from 200 to 800 nm
using a quartz cuvette (path length, 1 cm). The sample curves were an
average of five spectra.

Raman Spectroscopy: Suspensions of size selected nanosheets for
each phyllosilicate were drop-cast onto a glass slide. For the processed
starting powder, the material was heaped on a glass slide and patted
flat with a spatula. For the bulk materials, a large flake was removed
from the bulk crystal and laid flat on a glass slide. Measurements were
carried out using a Renishaw inVia confocal Raman microscope with
0.8 cm−1 spectral resolution and a 532 nm laser (type: solid state, model:
RL53250). The 2400 mm−1 grating at 100× magnification and 5 mW laser
power are used. For each sample curve, an average of ten spectra was
used.

Mechanical Exfoliation and Characterization: A small flake was taken
off each phylloclade bulk crystal using tweezers, and each was placed onto
the adhesion side of Nitto Deko SPV 224 tape. Using a previously devel-
oped method,[37] the flakes were repeatedly peeled, with subsequent de-
laminated flakes formed and transferred onto a silicon wafer. Using an op-
tical microscope (Olympus BX53M with a 4K digital CCD camera), flake
location was noted, and AFM was applied to measure morphological prop-
erties (thickness and lateral size). Raman was performed on each flake,
with spectra taken as a function of distance from the flake’s center. The
laser beam was moved in increments of 0.5 μm from the center to the
flake’s edge, with ten total measurement steps taken.

X-Ray Powder Diffraction: Suspensions of nanosheets (RCF = 0.21 g)
were filtered onto nitrocellulose membranes (25 nm pore size) and
washed with 1 L of deionized water to remove residual surfactant and cre-
ate a thin film of material. After which, the membrane was left in the oven
at 60 °C overnight to dry. Material was then scraped for the membranes
using a spatula, and the resultant nanosheet powder was collected in a
plastic capillary tube. The data were collected on a Rigaku Gemini Ultra
using the powder mode in the CrysAlisPro (version 171.42.75) software.
The data was collected using Cu radiation (1.5418A) over a range of 125°

in 2𝜃.
Electrochemical Electrode Formation and Analysis: Suspensions of phyl-

losilicate nanosheets (RCF = 0.34 g) of known concentration found via
vacuum filtration were filtered onto nitrocellulose membranes (25 nm pore
size) and washed with 1 L of deionized water to remove residual surfactant.
Nanosheet networks of density 0.1 mg cm−2 ± 0.03, measured through
network mass/area ratio, and thickness of 300 nm ± 100 nm, measured
via profilometry (Bruker DektakXT), were obtained. The membranes with
the deposition of the nanosheets were then cut into pieces and transferred
onto glassy carbon rods (3 mm diameter, BASi). Transfer was done by plac-
ing the membrane (network side down) on the substrate, wetting the film
with isopropanol, and applying pressure. Acetone vapor and baths were
used to dissolve the membrane, leaving the network on the substrate. Elec-
trochemical tests consisted of linear sweep voltammetry and electrochem-
ical impedance spectroscopy using a Gamry Reference 3000 potentiostat
in a three-electrode configuration. The glassy carbon electrode was used
as the working electrode, while a platinum wire and Ag/AgCl (3 m KCl)
were used as the counter and the reference electrode, respectively. Lin-
ear sweep voltammetry experiments were performed with a scan rate of
5 mV s−1 from 0 to −1.5 V (vs RHE) in 0.5 m H2SO4 to investigate the
hydrogen evolution performance. The measured potential was converted
to the RHE scale by adding +0.2 V, measured with respect to a Gaskatel
Hydroflex H2 reference electrode.

Scanning Electron Microscopy: Representative topological images of
electrochemical electrodes were attained by drop-casting a suspension
(RCF = 0.34 g) onto a silicon wafer. The wafer was then attached to a
scanning electron microscope (SEM) stub using a carbon tab and silver
paint. The topography of the nanosheet network was examined using a
Zeiss SIGMA field emission gun SEM (FEG-SEM) in SE2 mode at 10 kV.
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the author.
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