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Two-dimensional layered materials have been used as matrices to study the structure and dynamics of

trapped water and ions. Here, we demonstrate unique features of proton transport in layered hexagonal
boron nitride membranes with edge-functionalization subject to hydration. The hydration-independent
interlayer spacing indicates the absence of water intercalation between the h-BN sheets. An 18-fold

increase in water sorption is observed upon amine functionalization of h-BN sheet edges. A 7-orders of
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magnitude increase in proton conductivity is observed with less than 5% water loading attributable to

edge-conduction channels. The extremely low percolation threshold and non-universal critical
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1 Introduction

The structure and dynamics of water and ions can significantly
differ in the proximity of two-dimensional (2D) materials. This
has enabled various applications in water filtration and indus-
trial lubrication besides serving as proto-typical structures that
capture the physics of complex biological systems. Water's
hydrogen bonding network is modified inside strongly
confining networks such as graphene oxide.* This results in
unusual flow properties such as single-file diffusion® and super-
permeation.’ Furthermore, the dielectric properties of water can
also be significantly different from those of bulk.** In the case
of ions, the sub-nanometer interlayer spaces of the layered 2D
materials provide an efficient control of the rate of molecular
and ionic transport,” and the hydrated diameter of ions play an
essential role in the same.® Temperature-dependent permeation
experiments have revealed the activated nature of ion transport
through these 2D membranes.® The barrier's strength is related
to the energetics of dehydration of the water shell surrounding
the ions since the sizes of the hydrated ions and the interlayer
spaced are comparable.” The high aspect ratio of individual
sheets is unique to 2D materials. The stacking of 2D sheets
creates continuous interstitial spaces, permeating the entire
material and maintaining a high uniformity in size and orien-
tation. This provides for two-dimensional connected pathways
for the propagation of water and proton materials such as gra-
phene oxide and clay materials such as vermiculite."*

Department of Physics, Indian Institute of Technology Madras, Chennai 600036, India.
E-mail: manu.jaiswal@iitm.ac.in; cvkm@iitm.ac.in
DOI:

+ Electronic  supplementary information available.  See

https://doi.org/10.1039/d3na00524k

(EST)

© 2023 The Author(s). Published by the Royal Society of Chemistry

exponents (290 = a = 4.43), are clear signatures of transport along the functionalized edges.
Anomalous thickness dependence of conductivity is observed and its plausible origin is discussed.

These previous reports have focused on the confinement of
water and ions by the sub-nanometer interlayer spaces of the 2D
materials. However, not all 2D materials easily allow the inter-
calation of water and ions. Systems such as hexagonal boron
nitride (h-BN) also form lamellar membranes that regulate
molecular and ionic transport. Crystalline h-BN is arranged in
a graphene-like layer structure composed of sp” hybridized
strong covalent and highly polarized B-N bonds along the
plane. These sheets combine to form stacks held with van der
Waals interactions. While water can enter h-BN membranes,
the sorption is restricted to void spaces between crystallites and
the peripheral or edge regions of the sheets.”” The sub-
nanometer interlayer spaces of h-BN do not expand to accom-
modate the water™ as they do with graphene oxide®® and in
MXenes." Thus a limited sub-space of the material is accessible
to water and ions, and the nature of pathways for conduction
can be expected to be remarkably different. h-BN is unique in
many ways. h-BN can be easily exfoliated in water through
physicochemical functionalization, which is much more benign
than the chemical exfoliation of graphene and other 2D mate-
rials. Furthermore, the chemical structure and Ilamellar
ordering of h-BN membranes are preserved under harsh
conditions or elevated temperatures.'>*®

Proton permeation across 2D materials has attracted a lot of
interest."”*° The understanding of the proton transport processes
through h-BN sheets is also helpful for energy applications.*
Protons can traverse through the central pores of a defect-free
monolayer h-BN sheet.”” This capability arises from the distinct
electronegativity values of boron (B) and nitrogen (N) in hBN.
This leads to less dense electron clouds and larger pore sizes
(approximately 3.0 A%) at the center of the hexagonal rings greater
than graphene.” However, this ability diminishes rapidly with
thickness, with the through-plane proton conductivity of trilayer
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h-BN being below the detection limit of experiments.>***. There-
fore, the mechanisms for proton transport in macroscopic h-BN
membranes are different. Proton transport has been reported at
the aqueous interface of h-BN crystals.”® It was found that the
solid: water interface provides a preferential pathway for lateral
proton transport with the optically active nearby surface defects.
The poor dispersibility of h-BN in water posed a significant
challenge for exfoliation and the preparation of colloidal solu-
tions. Amine and hydroxyl functionalization of h-BN have been
used to create stable dispersion.”®*” Urea-assisted exfoliation and
functionalization have been used to create stable colloidal
dispersions of few-layer BN in water, which was followed by the
development of macroscopic lamellar membranes.'**® Nano-
fluidic ion conduction channels are formed between the h-BN
crystallites. Small-angle X-ray scattering studies on hydrated
membranes reveal that water cannot penetrate the sub-
nanometer interlayer spacings, which can be attributed to
hydrophobic interactions. Transport experiments were per-
formed by immersing h-BN membranes in aqueous environ-
ments. They reveal two ionic transport regimes based on the high
or low ionic concentration. For the former case, bulk-like ionic
transport was reported with conductivity that scales linearly with
concentration. A plateau in conductivity was reported and
attributed to surface-charge effects at sparse ionic concentra-
tions.” The nanochannel network in amino-functionalized h-BN
membranes allows for size-based molecular separation.*

The aforementioned studies have shown the strong potential
of h-BN membranes in molecular and ionic filtration applica-
tions. All these studies have been performed with h-BN inter-
faced with aqueous environments by allowing the membrane to
contact ion-rich water reservoirs or by immersing the
membranes in aqueous solvents. The conduction pathways are
complex since intercalation between the h-BN sheets does not
happen. To get a deeper insight on the nature of ion conduction
pathways, it is pertinent to study the transport across the per-
colative threshold by gradually introducing small quantities of
water into the system. Monte Carlo simulations and MD
simulations have been performed on graphene oxide to study
water adsorption and dynamics on GO surfaces.** The percola-
tive dynamics in GO involve the interplay of oxygen-rich func-
tional groups decorating its basal plane, the surface water
clusters that collectively determine the formation of the
hydrogen bonding network, and associated Grotthuss trans-
port.**** In a recent experimental study, our group revealed the
percolative proton transport in GO that involved a 5-6 orders in
magnitude change in conductivity when the water loading is
varied from 15-25%.* As discussed, the conduction pathways in
h-BN membranes are expected to differ completely from those
in GO. With this motivation, we have studied the proton
transport in amine-functionalized hBN membranes subjected
to variable water loading. Exceptional tunability of proton
conductivity is observed and even at less than 5% water loading,
a 7-orders of magnitude increase in proton conductivity is
observed when compared to the dry state. Not only is the
percolation threshold extremely low, but non-universal critical
exponents are observed, which point to the nature of transport
channels in the system.
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2 Materials and methods

2.1 Synthesis and preparation of functionalized h-BN
membranes

Aqueous stable colloidal dispersions of h-BN were prepared by
milling h-BN powder with urea. h-BN powder (10 pm particle size)
of 99.5% pure content (Sigma-Aldrich) and urea (Sigma-Aldrich)
were mixed at the weight ratio 1:20 inside a steel milling
container. The total weight of 10.5 g was milled for 20 h using
a planetary ball mill (Pulverisette 5, Fritsch) at a rotation speed of
300 rpm at room temperature under a nitrogen gas atmosphere.
The milled powder was dispersed in water and dialyzed by dialysis
membrane (Hi-media) with membrane cutoff 14 kDa for 1 week in
distilled water to remove residual urea completely. Aqueous
dispersions were obtained after the unexfoliated h-BN particles
were removed via centrifugation at 4300 rpm for 30 min. The
white translucent and stable colloidal solution containing func-
tionalized h-BN was thus obtained. h-BN membranes were
assembled by vacuum filtration of the dispersion through an
anodisc membrane filter (47 mm diameter, 0.02 pm pore size,
Whatman) followed by 15 minutes of ultrasonication at 40 kHz.
The h-BN membrane was easily peeled off from the filter after
drying in the air. Less functionalized membranes were prepared
by 4 h milling with the same proportion (1 : 20) of h-BN and urea.
Vacuum-assisted filtration of the milled powder dispersion in
water was followed by 20 minutes of sonication without
centrifugation.

2.2 Characterization

XRD measurements were performed on a Malvern PANalytical
(Aeris Instruments) X-ray diffractometer apparatus with Cu Ko
radiation. Scanning electron microscopy (SEM) images were
acquired using a Quanta 3D FEG scanning electron microscope.
The h-BN solution was diluted and mildly sonicated in water,
and the dispersion was drop cast on a Si/SiO, substrate for
imaging. TEM and HRTEM imaging was performed on a JEOL
2100F microscope operated at 200 kV. Samples were prepared
by evaporating a drop of diluted aqueous suspension on
a carbon-coated copper grid. The atomic force microscopy
measurements were performed using non-contact mode AFM
(Park Systems NX 10). The FTIR transmittance spectra were
recorded using a Bruker Alpha spectrometer. XPS was per-
formed using an X-ray Photo Spectrometer with UPS Model
from Thermo Fisher Scientific UKESCALAB 250 instrument
equipped with a non-monochromatic Al-Ka X-ray source. The
thermal behavior was analyzed by TGA on a TA Instruments Q50
TGA thermal analyzer at a heating rate of 10 °C min~" from
room temperature to 800 °C under nitrogen gas flow. The zeta
potential was measured using a Zetasizer Nano ZS90 apparatus
from Malvern. Raman spectra were acquired with a Horiba HR-
800-UV spectrometer using a He-Ne laser of excitation wave-
length, 4 = 632.8 nm. Contact angle measurements were made
using a contact angle goniometer (Apex D3 model). Contact
angle results are presented as an average of five measurements
at different locations. Water adsorption in the h-BN membranes
was quantified using IGAsorp (Hiden Isochema) dynamic vapor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sorption analyzer. The sample was dried at 0% RH for 2 h at 25 °©
C and exposed to different RH% until it reached saturation
adsorption.

2.3 Conductivity measurements

h-BN membranes, having 10 um to 400 um thickness were
sandwiched between Cr/Au electrodes (7 mm?®) to prepare
devices. Impedance measurements were performed with Com-
pactstat from IVIUM technologies. A small ac bias voltage of
amplitude 100 mV (zero dc bias) was applied throughout the
experiment to avoid electrochemical reduction. In this geom-
etry, the electric field was perpendicular to the h-BN layers. The
impedance measurements were performed in the frequency
range from 1 Hz to 500 kHz. Conductivity measurements at low
RH% involved high impedance, and these were acquired using
an Andeen-Hagerling 2700A capacitance bridge in the
frequency interval from 55 Hz to 20 kHz.

A custom-made humidity cell was used to create variable
humidity environments for conductivity measurements. Rela-
tive humidity was varied from 2% to 95% upon mixing dry
nitrogen gas and water vapor saturated nitrogen gas in different
proportions. A capacitive humidity sensor (DHT22, RH resolu-
tion 0.1%, accuracy £+ 2%) and thermistor temperature sensor
(accuracy + 0.5 °C) were used to monitor the RH% and
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temperature, respectively. The RH% was also verified using salt
solution set-point calibrations.

3 Results and discussions
3.1 Deposition of h-BN membranes

To produce membranes with layered architecture and well-
defined thickness, it is necessary to disperse h-BN in a solvent.
h-BN crystallites do not form a stable colloidal dispersion due to
the large particle size, small zeta potential, and hydrophobic
nature, all of which favor aggregation. Amine functionalization
can be achieved by long-duration ball milling of h-BN powder
together with urea powder,* and the details can be found in ESI
S1.f Amine groups show a preferential tendency to bond at the
flake edges rather than with the basal plane, as illustrated in
Fig. 1(a). The enthalpy of reaction for bonding an amine group to
the edges was estimated using density functional theory (DFT)
techniques to be AH = —5 to —7 eV.”® In contrast, the bonding to
the basal plane is far less favored. The reaction enthalpy is AH =
—1 eV for amine bonded to basal-plane boron, while a slightly
positive AH was seen for amine bonded to basal-plane nitrogen.*®
Fig. 1(b) compares the photographs of unstable and stable
aqueous dispersions, which are realized by tuning the milling
duration. Stable dispersions are characterized by large negative
zeta potential® (see ESI S2t). Besides the functionalization of

(a) Schematic illustration of the chemical structure of amine-functionalized hexagonal boron nitride. (b) Photographs of the colloidal

dispersion of h-BN with less functionalization (left image) and adequate functionalization (right image). (c) FESEM image of the few-layer BN
sheets drop-casted on Si/SiO, substrate with scale bar 2 um. (d) Non-contact mode AFM image of few-layer BN nanosheets on a Si/SiO;
substrate. Inset shows the height profile along the red line indicated in the figure. (€) HRTEM images of partially-folded few-layer BN sheets with
a scale bar of 5 nm. Inset shows a representative fast Fourier transform image from another region that lacks folding. (f) Cross-sectional SEM
image of h-BN revealing the microstructure of the membrane. The scale bar is 1 um. Inset shows a photograph of the macroscopic membrane
assembled with vacuum filtration technique.
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edges, the milling also reduced the lateral crystallite size from
several microns to 100-200 nm. The SEM image in Fig. 1(c) shows
the crystallites of h-BN cast on SiO,/Si substrate after diluting the
dispersion; further details are provided in ESI S3.1 The height of
the h-BN crystallites is measured using non-contact mode AFM by
considering the smallest non-aggregated particles, and a value of
6.5 nm is obtained, as shown in Fig. 1(d). Thus several sheets of h-
BN combine to form crystallites. Each crystallite of h-BN
comprised =19 layers of h-BN stacked with van der Waals
bonding, and each layer had an average lateral size of 156 nm. The
HRTEM image in Fig. 1(e) shows regions where the layered
material has folded over, revealing the intersheet spacing of 3.34
A. Fig. 1(f) inset shows a macroscopic h-BN membrane of diameter
47 mm deposited on anodic aluminum oxide (AAO) filter paper
using a vacuum filtration technique. The membrane has a hier-
archical microstructure, as revealed by the cross-section SEM
image in Fig. 1(f). The macroscopic h-BN membrane consists of
stacks of flat crystallites in a lamellar configuration.*® The micro-
structure of this membrane resembles a slightly imperfect stack-
ing of paper sheets, albeit on a much smaller length scale.®

3.2 Evidence of amine functionalization

Spectroscopic techniques provide insight into the functionali-
zation of h-BN. XPS was performed to reveal the functionaliza-
tion of h-BN.**** The B-1s spectrum shown in Fig. 2(a) indicates
the dominant B-N bonding (190.4 eV) related to the covalent
bonds in the basal plane of h-BN. A small fraction of B-O (191.5
eV) is also observed, which carries forward from the pristine h-
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BN. This peak is attributed to B,O; impurities.”® The N-1s
spectrum is shown in Fig. 2(b). The amine functionalization is
confirmed by an N-H peak (399.6 eV).?*** This peak is absent in
the XPS spectrum of pristine h-BN (see ESI S47). Deconvolution
of the spectrum provides the fraction of N-H bonds over N-B
bonds, which is found to be =0.08. For less-functionalized h-
BN membranes synthesized with shorter milling times, the
corresponding ratio is =0.03 (see ESI S47). The population of
amine groups at the edges and the basal plane is governed by
the Boltzmann factor, e /%", Since AH values for the edges are
highly negative, most amine groups can be expected to be
present at the edges with a diffuse population in the basal
plane.

The Fourier-transform Infrared Spectroscopy (FTIR) plot of
pristine and functionalized h-BN is compared in Fig. 2(c). The
most important peaks in both samples are B-N stretching
modes corresponding to out-of-plane vibrations at 748 cm™*
and in-plane vibrations at 1334 cm™~". The important difference
is the onset of N-H stretching mode at 3220 cm™ " observed in
the amine-functionalized sample;*****” the zoomed spectrum is
shown in Fig. 2(d). The degree of functionalization was deter-
mined by thermogravimetric analysis (TGA), which suggests
~1.3% content of NH, groups present in the functionalized h-
BN sheets (see ESI S57).

3.3 Distribution of water in membranes

The FTIR spectra discussed above were recorded for dry
membranes. We next consider the susceptibility of amine-
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functionalized h-BN membranes to water sorption. FTIR spectra
of water loaded h-BN membranes are shown in ESI S6,1 which
reveals the broad —-OH stretching modes and in-plane defor-
mation modes at 3410 cm ™%, both related to water.>*3%3° Contact
angle measurements of pristine and amine-functionalized h-BN
membranes are shown in Fig. 3(a) and (b), respectively. Pristine
h-BN is hydrophobic with a contact angle of 110°, while amine
functionalization results in a hydrophilic membrane with
a contact angle of 10°. These results further corroborate the
observations made with FTIR. FTIR and contact angle
measurements indicate that the amine groups attract water
molecules.

h-BN is a layered material with an interlayer spacing of 3.34 A.
Can the adsorbed water intercalate these interlayer spaces? In
systems such as graphene oxide (GO), which have a large density
of oxygen-rich functional groups in the basal plane, water inter-
calation is thermodynamically favored.® The dry-state interlayer
spacing is small in both systems. The interlayer spacing of func-
tionalized h-BN was obtained from HRTEM as discussed in
Fig. 1(e) above. The same interlayer spacing of 3.34 A is obtained
from X-ray diffraction for pristine and functionalized h-BN, as
shown in ESI S7.f The increase in FWHM is consistent with
a lower number of h-BN layers in each crystallite.** In GO
membranes, which are well-studied in literature, water interca-
lation progressively increases the spacing to 1 nm.*® To explore
whether water intercalates h-BN membranes, we performed X-ray
diffraction studies on these membranes prepared in different
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humidity environments. h-BN membranes were encapsulated
with an water-impermeable epoxy binder after being stored in
relative humidity ranging from 2% RH and 90% RH for long
duration. The results are shown in Fig. 3(c). The interlayer spacing
is obtained from the position of the (001) peak and found to be
independent of the humidity. This contrasts with GO membranes
behavior (for comparison, see Fig. 3(d) and ESI, Fig. S7(b)).t This
reflects the inability of water to intercalate between the h-BN
sheets of a crystallite. We conclude that the adsorbed water
exists in the peripheral regions of h-BN sheets where hydrogen
bonding with the amine groups helps stabilize the water.

3.4 Water sorption-desorption isotherms and kinetics

This paragraph discusses the extent of water sorption and the
associated dynamics. Fig. 4(a) shows the kinetics of water
adsorption-desorption of h-BN samples exposed to different
relative humidity values. The vertical-axis is normalized with
the saturation mass uptake. The samples are exposed to the
high RH% value from a base value of 0% RH. Water sorption is
rapid for an intermediate value of 55% RH but notably slower at
10% RH and 85% RH. The slow sorption processes at low RH%
can be attributed to water trapping by defects such as edge-
amine groups. Once these trap sites have been filled, subse-
quent sorption is comparatively faster for the relatively mobile
water.* The sorption rate decreases again at very high RH%,
which may indicate slower diffusion of water when it likely
forms small clusters. On the other hand, water desorption
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Fig. 3 Contact angle measurement on h-BN membranes: (a) pristine and (b) functionalized. (c) X-ray diffraction spectrum of functionalized h-
BN membranes in the dry state (2% RH, red curve) and with water loading (90% RH, black curve). (d) Interlayer spacing of h-BN (red) and GO (blue)

for low (2% RH) and high (100% RH) humidities.
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Fig. 4

(a) Normalized water uptake versus time at three RH% conditions: 10 (red), 55 (blue), and 85% RH (green). (b) Normalized water uptake

versus RH% for functionalized h-BN membranes of thickness varying from 10 to 400 pm. Also shown is the data for 230 um membrane with less

functionalization.

follows a monotonic dependence on RH%, with rapid desorp-
tion for 85% RH. The relatively slow dynamics of desorption is
related to the detrapping process.*

Fig. 4(b) shows the isotherm of water uptake normalized to
dry weight of the membrane. The membranes show an absolute
sorption of 25-30% at 95 RH%. Membranes of 400 pm thick-
ness can take the same density of water as 10 um thick
membranes. This indicates that the hierarchical microstructure
or presence of voids in the lamellar structure does not affect the
water sorption properties for the thickness range considered,
which is unlike the case for GO membranes.* More importantly,
the water sorption of amine-functionalized h-BN membranes
averaged across different thicknesses is 18 times the sorption
observed in less functionalized h-BN membranes at a water
loading of 1.4 wt%. The water uptake for functionalized h-BN
membranes at 95% RH was 25%, while it was only 1.4 wt%
for less functionalized membranes. This comparison between
functionalized and control samples quantifies the role of edge
amine groups in water uptake.

3.5 Proton transport in water-loaded membranes

We next discuss impedance measurement results for h-BN
membranes under variable humidity environments. Fig. 5(a)
shows a representative Nyquist plot obtained from impedance
spectroscopy measurements on a 230 pm h-BN membrane
sandwiched between Au/Cr electrodes. The broad features
include a semi-circle at high frequencies with a straight line at
low frequencies. The semi-circle corresponds to the Debye
response, while the straight line feature can be attributed to the
interfacial electric-double layer associated with the proton-
blocking metal electrodes.”” Equivalent circuit fits were per-
formed on the impedance data over the entire frequency range
from 1 Hz to 500 kHz, a representative fit is shown in the inset of
Fig. 5(a). A parallel combination of resistance and a constant
phase element (CPE) replaces the ideal Debye response.* In
series to this is another parallel combination of resistance and

4906 | Nanoscale Adv, 2023, 5, 4901-4910

CPE that models the low-frequency interfacial response. The
Warburg element is also included for a smooth transition
between these two regimes.** At low water loading (<50% RH),
the resistance of the sample is quite high and lies outside the
measurement range of the EIS apparatus. For these cases, the
impedance data were acquired with the AH-bridge. Only
a section of the semicircle feature representing the bulk
response is observed for low water loading, and the data are
fitted with the Debye response. The conductivity of these
samples as a function of RH% was thus obtained over a wide
conductivity interval. Functional groups on the basal plane
thermodynamically favor water intercalation between the sub-
nanometer interlayer spaces in systems like graphene oxide.
In GO, this also results in the expansion of the interlayer
spacing. As discussed above, water does not intercalate the
interlayer spaces of h-BN, so the capacitive part of the response
cannot be directly related to the dielectric property of confined
water. Rather, conductivity forms interesting data, as discussed
in the following paragraph.

3.6 Percolative transport

We now discuss the conductivity of h-BN samples as a function
of water loading. Results from three devices of 230 um thick h-
BN membranes are plotted in Fig. 5(b) and show consistent
dependence on the water loading. The conductivity of the
membranes varies from =10° nS ecm™ ' to values exceeding
107 nS em . This represents a variation in conductivity by
a factor of more than 10'°. Of this huge variation, a 7-orders
magnitude change is observed for water loading, @, < 5%. The
less functionalized 250 pm hBN membrane has a conductivity
of 4.25 x 107* nS ecm ™' at 95% RH, which is 9-orders of
magnitude lower than well-functionalized membranes of
a similar thickness at the same RH condition (4.75 x 10°
nS cm™'). The average density of amine groups in the well-
functionalized h-BN membrane is estimated from the decon-
volution of XPS N-1s spectrum (Fig. 2(b)), and found to be 4.41/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Representative Nyquist plot for impedance of functionalized h-BN membrane at 65 RH%. The equivalent circuit is illustrated in the

inset. Data are shown as black spheres and the fit is shown with the red curve. (b) Conductivity versus water wt% fraction for three devices of 230
um thick functionalized h-BN. Note that the vertical axis is on a logarithmic scale. (c) Arrhenius plot together with linear fit (dashed line). (d)
Conductivity versus water wt% fraction for functionalized h-BN membranes of thickness varying from 10 to 400 um. Also shown is the data for
230 um membrane with less functionalization. Note that the vertical axis is on a logarithmic scale. (e) Schematic illustration (not to scale) of the
interconnected proton-conduction pathways along the edges of h-BN sheets. h-BN crystallite stacks at different depths are denoted with
different colors only for clarity. (f) Conductivity vs. water wt% fraction fitted with the power-law, ¢ < (&,, — ®.)*.

nm . The corresponding value for the less functionalized
membrane is 1.65/nm*, while the signal corresponding to
amine groups is not detected in the electrically insulating
pristine h-BN films (see ESI S47). It is significant to note that
a relatively small increase (=2.7x) in the density of amine
groups results in several orders of magnitude increase in the
conductivity of water-loaded h-BN membranes. We suggest
that this percolative process happens when the threshold
density of edge functionalization has been achieved. The
observed sharp transition may be understood as arising from
a contiguous pathway of edge amine groups enabling water
sorption (see Fig. 4(b)) and percolation of protons (see
Fig. 5(b)). This further confirms the significant role of func-
tionalization in proton transport for this system. A steady
increase for @,, > 5% is also observed. The water loading range
over which these conductivity changes occur may seem
surprisingly small for a three-dimensional material.** The low
value of water loading indicates that the percolative pathways
constitute a diminished subspace of the overall physical space
of the membrane. This observation is consistent with the
dense edge-functionalization of h-BN membranes, where the
amine groups form the percolative pathways. Protons disso-
ciated from the adsorbed water can use these rapid conduction
pathways provided by the network of edge amine groups.
Temperature dependence of conductivity was studied at the
highest water loading. A plot of In(g) versus inverse temperature
is shown in Fig. 5(c) over the temperature interval 25-50 °C. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nyquist plots are shown in ESI S8.1 A linear fit to the data gives
the activation energy of E5, = 0.18 eV. This low value is indic-
ative of Grotthuss mechanism of transport for protons along the
hydrogen-bonded networks. The alternative vehicle mechanism
that involves diffusion of water molecules or hydrated protons.
The vehicle mechanism is hindered by the presence of hydrogen
bonded network*® and involves a much higher value of activa-
tion energy, E, > 0.50 eV, which is clearly not the case for our
data.*™*

Conductivity was measured as a function of membrane
thickness varying from 10 to 400 um, and the data is plotted in
Fig. 5(d). A clear trend is observed in the thickness dependence
once the water loading @, > 2%. Near @, = 20%, which is the
highest water loading in our experiments, the conductivity of 10
pum h-BN membrane was 8.417 x 10° nS cm™*, while for the 400
pum membrane, it was 1.3 x 10° nS em™*. Thus, more than two-
orders in magnitude increase in conductivity is observed with
the increase in thickness. This behavior is counter-intuitive, as
explained below. To note, the conductivity measurements are
performed in the sandwich geometry. If the system is highly
conductive and electrically well beyond the percolation
threshold, additional layers in the membrane would primarily
not affect the conductivity. On the other hand, closer to the
percolation threshold, the conductivity is expected to decrease
with increasing thickness. The size-dependent behavior is gov-
erned by a power law dependence, ¢ o L™, with a, » > 0 and
depending on the dimensionality.*> Thus thicker membranes
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are thus expected to be less conductive. This is understood
since, for thicker membranes, the charge carrier has to go
through additional pathways that appear in series.*® These
observations have been reported for various isotropic systems
near the percolation threshold, such as lithium borate glasses.**
An increase in conductivity with thickness has been reported
only for 3D systems where the electrodes are placed on one
membrane surface in the in-plane geometry.> In that case, the
additional percolative pathways are added parallel to the exist-
ing ones. In light of the above discussion, the thickness
dependence of conductivity observed for our h-BN membranes
in the sandwich geometry is anomalous. However, these
experimental observations can be reconciled by noting the
anisotropic nature of transport pathways and the hierarchical
microstructure of the membranes. As discussed, individual
150 nm size h-BN sheets stack with van der Waals interactions
to form flat crystallites of thickness =6 nm. The process of
vacuum filtration favors stacking these crystallites against each
other such that the macroscopic membrane has individual
sheets of h-BN that are approximately aligned with each other
and with the deposition substrate (see Fig. 1(f) and related
discussion).® In conductivity studies, the electric field is
applied perpendicular to the h-BN membrane. Due to the
lamellar arrangement of the sheets in the membrane, the
applied field is also mainly perpendicular to the individual flat
h-BN sheets. The electric field cannot easily drive the protons
since the percolative pathways are dominantly in-plane.
However, due to slight misalignment of the sheets, protons
are driven along the edge of the sheets. On the other hand,
a strong electric field drives them vertically at points of overlap
of the stacked sheets, as depicted in the schematic diagram in
Fig. 5(e). This allows the proton to propagate to successive layers
between the electrodes using a winding ladder whose steps are
constituted from the edges of h-BN sheets (see another sche-
matic depiction in ESI S91). The hierarchical microstructure of
the membranes is associated with voids in the lamellar struc-
ture. Thicker membranes can thus be expected to have
increased average misalignment of h-BN sheets from the
lamellar arrangement. Indeed, the roughness of the
membranes significantly increases with thickness. The average
surface roughness of 10 pm membrane was 14.2 nm, corre-
sponding to the thickness of 2-3 flat crystallites stacked in
lamellar arrangement. On the other hand, the roughness of 400
pm membrane was 148.2 nm (see surface profilometry data in
ESI S107).The increased roughness for thicker film indicates an
increased departure from the ideal lamellar structure. The
increased misalignment is expected to enhance the component
of the electric field along the edges of the h-BN sheet and
thereby, increase the conductivity of the membrane with
thickness. This qualitatively explains the observed thickness
dependence.

Finally, we quantitatively analyze the data within the perco-
lation theory for deeper insight into the underlying processes.
For random resistor networks near the percolation threshold,
conductivity depends on the loading with a power law, ¢ o« |®,, —
@.|*.* A log-log plot of conductivity with |®,, — ®| is shown in
Fig. 5(f), and a linear trend is observed for each thickness. The
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slope gives the related exponent for different thicknesses, a =
4.43 (10 pm), 3.99 (30 pm), 3.21 (100 pm), 3.19 (200 pum), 2.87
(230 pm), and 2.90 (400 pum). The value of the exponent that
characterizes the conducting regions close to the percolation
threshold is typically determined only by dimensionality.
Universal values of the exponent have been obtained, both in
simulation (lattice models) and in experiments (continuum
composites), with a,, = 1.3 and asp = 2.00, for two- and three-
dimensional systems, respectively.*>*"* Nevertheless, the liter-
ature has also reported non-universal values of critical expo-
nents, with 2 = a = 6 across different systems.* In particular,
non-universal critical exponents have been observed in
composites of graphite-boron nitride, where graphite formed
the conducting part and h-BN the insulating part of the
system.>* Milled graphite loaded in an insulating matrix is an
example of a system comprising elongated or flattened
anisotropic-oriented particles in random contact with each
other.”® For these systems, the transition to a non-universal
large « value was realized for a large aspect ratio. A wide
range of systems demonstrated non-universal critical expo-
nents, with « > 2, and the common characteristic of such
systems was a cellular microstructure involving insulating
islands decorated with conducting particles on the edges.”®
These systems possess a low percolation threshold, @¢ < 6.5%.
Our system also shares these characteristics of large o value and
low percolation threshold. This confirms the percolative proton
transport along the amine-functionalized edges of flattened
crystallites constituting the h-BN membrane. The decrease in
the « value with the increasing thickness of the membrane is
then associated with departure from the lamellar arrangement
of the crystallites. More theoretical work is needed to model
these subtle variations in the non-universal percolation
exponent.

4 Summary and conclusions

Hexagonal boron nitride (h-BN) sheets are known to possess
ionic conductive pathways, and applications have utilized these
for size-dependent particle filtration.">**** However, the nature
of these pathways has not been sufficiently understood. The
present investigations have established that water does not
intercalate the sub-nanometer intersheet spaces of h-BN. From
our earlier studies in another 2D system, graphene oxide, it is
clear that the conduction process is very different in the h-BN
system. Previous experiments have been performed in
aqueous environments at large water loading.*>**** By incre-
mentally adding water to the system, our work reveals the
unique percolative process in edge-functionalized h-BN. Even
without water uptake, the overlapping network of amine-
functionalized h-BN edges ensures the system lies close to the
percolation threshold. Adding less than 5 wt% water increases
the conductivity by 7 orders in magnitude, which is much larger
than reported in other proton conducting systems.*® The low
percolation threshold indicates that the conduction pathways
occupy a small sub-space of the material, namely, the added
protons propagating along the dense network of edge amine
groups. Since the system lies close to the percolation threshold

© 2023 The Author(s). Published by the Royal Society of Chemistry
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even before any water loading, significant conductivity varia-
tions governed by power-law dependence are realized upon
water loading. As potential applications, this is promising for
ultra-sensitive humidity sensing and our study provides a broad
strategy for realizing very large proton conductivity variations
through materials engineering of percolative pathways. The
non-universal conductivity critical exponent determined from
our study further establishes the transport along the over-
lapping edges of flattened h-BN crystallites in the membrane
revealing subtle features of proton permeation pathways in
amine-functionalized h-BN. Future studies could look at the
ability of percolative pathways created with other functional
groups, such as hydroxyls, to rapidly conduct protons through
the system. Such engineered systems can also be prototypes for
complex bio-systems since proton conduction is a fundamental
biological process.
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