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a b s t r a c t

It is well-known that the morphology of nanostructured networks is closely linked to network proper-
ties. However, controlling and characterizing the morphology of networks of 2D nanosheets has not been
explored. In this work, we use networks of liquid-exfoliated graphene nanosheets as a model system to
examine the relationship between network morphology and conductivity in nanosheet networks. We
use a combination of heat and pressure to controllably alter the morphology of the network, resulting in
the annihilation of large pores (>40 nm) and improved nanosheet alignment within the sample. Such
compression can result in a tenfold increase in network conductivity. Analysis shows both in-plane and
out-of-plane conductivities to scale with porosity in line with percolation theory. The conductivity
anisotropy was ~3000 at low-porosity and was projected to fall to 1 in the limit of high porosity.
Computational studies link the conductivity increase to an increase in network connectivity and a
reduction in junction resistance as the porosity is decreased.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, liquid phase exfoliation (LPE) has become a
relatively common method for producing nanosheets of both gra-
phene and a range of other 2D materials [1e3]. This method in-
volves the sonicating or shearing of layered crystals in solvents or
aqueous surfactant solutions resulting in the formation of disper-
sions of stabilized nanosheets. It is a flexible [4e7] and scalable [8]
method that has been used to produce a large variety of 2D ma-
terials including graphene, BN, MoS2, GaS and phosphorene
[3,9e13]. The main disadvantage of this technique is that the
resultant nanosheets tend to be polydisperse and can have rela-
tively low aspect ratio [14].

One of the main practical applications of liquid-dispersed
nanosheets is the ease with which they can be formed into
ics, School of Physics, CRANN
vanced Materials and BioEn-
composites [15] or nanosheet networks [16] which can then be
used for a number of applications from sensors to electronic de-
vices [16e27]. Such networks can be formed in a variety of ways,
from drop-casting [28], to filtration [13,29], or printing
[16,26,27,30e33]. The range of such applications is quite broad,
simply because of the diversity of the 2D materials which can be
produced by liquid exfoliation. For example, due to its electronic
conductivity, networks of liquid-exfoliated graphene nanosheets
can be used as printed electrodes [16,27,34,35]. Conversely, due to
their insulating nature BN networks can be used as ion conductors
[16,36] or dielectrics [37]. Alternatively, the semiconducting nature
of materials such as MoS2 orWSe2 has allowed their networks to be
used as the active material in transistors [16,34,38]. Finally, their
electrochemical properties has allowed networks of 2D materials
such as GeS and Ni(OH)2 to be used in applications such as battery
electrodes [39] or electrocatalysts [40].

In general, nanosheet networks consist of disordered arrays of
nanosheets which often have a partial degree of in-plane alignment
[26]. Such networks are always quite disordered and display a wide
range [41] of morphologies from highly porous [16] to closely
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packed [38,42]. The morphology tends to vary with deposition
method, the specific conditions during deposition and the prop-
erties of the nanosheets being deposited. For example, in printed
films, morphology can vary significantly with ink formulation [41],
particle size [43], spray droplet size [44,45] and drying conditions
[46e48].

The network morphology is particularly important because it
determines the nature of the junctions connecting nanosheets.
These junctions represent the locations where adjacent nanosheets
are in close proximity, separated only by a closely spaced van der
Waals (vdW) gap. Although their properties have not been closely
studied, one can imagine a number of junction types, for example:
plane-plane, plane-edge, plane-vertex, edge-edge etc. Charge
transport across these junctions is expected to be via quantum
tunneling or hopping across the vdW gap [16]. In the case of net-
works of graphene nanosheets the conductivity is limited by
charges moving across junctions via hopping processes with
temperature-dependent measurements showing evidence of vari-
able range hopping [49] or Arrhenius-like behavior [31].

We expect the exact details of the junctions to determine the
effective inter-nanosheet junction resistance which in turn limits
the network mobility. Previous work has shown the mobility of
networks of thick, rigid MoS2 nanosheets to be relatively low
(~10�3-10�2 cm2/Vs) [16,34,50,51]. This is probably because rigid
platelets become jammed during network formation [52], resulting
in low-area, point-like contacts. Temperature dependent mea-
surements in such samples show Arrhenius-like behavior, consis-
tent with inter-nanosheet hopping, with large (~0.2e0.3 eV)
activation energies [16]. Alternatively, it has been shown that very
thin, flexible MoS2 nanosheets, can form intimately connected,
large area junctions resulting in high network mobilities (>1 cm2/
Vs) [38]. Such high mobilities must be due to the low junction
resistance associated with the well-connected, large-area contacts.
We speculate that these systems are still limited by hopping be-
tween nanosheets but that the closely spaced nanosheets yield a
much-reduced activation energy.

Similarly, morphology is known to play a role in the conductivity
of graphene nanosheet networks [41]. In the case of films of high-
aspect ratio graphene sheets, annealing and densification from 1.2
to 1.8 g/cm3 resulted in a large conductivity increase from
1.7 � 104 S/m to 2.2 � 105 S/m, probably as a result of increased
junction overlap area [53]. However, beyond these basic facts, very
little is known about nanosheet network morphology, meaning we
have very limited understanding of the factors linking network
structure to conductivity.

In this work we use liquid-exfoliated graphene nanosheets as a
model system to explore the effects of nanosheet network
morphology on electrical conductivity. To do this, we produce
porous nanosheet networks which we then controllably compress,
changing the porosity, leading to variations in networkmorphology
and ultimately conductivity. We then use a combination of exper-
imental characterization and theoretical modeling to shed light on
the relationship between conductivity and morphology in nano-
sheet networks.

2. Experimental section

Experimental methods: Graphite was sourced from Asbury
Graphite grade 3763. N-methyl-pyrolidone (NMP) was purchased
from Sigma Aldrich (>99% purity) and used as received. Shear
exfoliation [8] of graphite in NMP at 50 g/L was performed at
6000 rpm for 6 h using a Silverson high-shearmixer (model L5M-A,
746W) using the as-supplied standard large rotor-stator mixing
assembly. Dispersions were centrifuged 1000 rpm for 90 min using
a Haraeus Megafuge 16 using a TX-400 swinging bucket rotor (max
307
5000 rpm). Graphene suspensions were obtained from the super-
natant by decantationwhile the sediment was recycled as a starting
material for further exfoliation batches.

TEM samples were prepared via drop casting of the liquid
exfoliated sample onto holey carbon grids and the micrographs
were obtained using a JEOL 2100. For SEM and Raman samples were
prepared by vacuum filtration through a porous nylon membrane
(pore size 0.1 mm). The films were dried overnight under vacuum at
70 �C and were free standing from the membrane. Raman was
performed using a Horiba Jobin LabRAM equipped with a
100� objective lens and a 633 nm laser excitation. An average of 10
spots were measured across the sample surface, the baseline was
removed and the spectra averaged.

In order to form the nanosheet networks, the graphene
dispersion was filtered through a nano-porous nylon membrane
(Whatman 0.2-mm pore size) and the film removed from the
membrane and dried overnight in a vacuum oven at 60 �C. Strips of
film of ~18 cm2 area were then compressed in a hydraulic press at
various pressures between ~6 and ~40 MPa and held under
compression for 10 min at 150 �C. We note that preliminary mea-
surements showed the resistance obtained after pressing at 150 �C
to be roughly 30% lower than that achieved at room temperature, a
factor which we attribute to the removal of residual solvent (either
NMP or adsorbed water). Film dimensions and weight were
measured before and after compression.

Porosity was calculated with respect to the density of solid
graphite (2200 kg/m3). SEM micrographs were obtained using a
Zeiss Ultra with an accelerating voltage of 5 kV. Orientation dis-
tributions were obtained using the “OrientationJ” plugin for
“ImageJ” image analysis software. The SEM micrographs analysed
were all of equal magnification ( � 3 k) except for three thicker
uncompressed samples which had a slightly lower magnification.
Images were contrast-corrected and cropped to only include in-
focus areas of the fracture surface prior to extracting orientation
distributions. Multiple SEM micrographs were analysed, fitted us-
ing a structural tensor with a 20-pixel local window and a Gaussian
gradient. The resulting distribution was fitted to a Gaussian peak
and the FWHM extracted and averaged. Mercury porosimetry was
performed using an Autoscan-33 Porosimeter (Quantachrome, UK).
BET analysis performed using a Nova 2400e surface area and pore
size analyser (Quantachrome, UK). Conductivity measurements
were performed by cutting strips from the compressed and un-
compressed films, painting on silver contacts and measuring cur-
rent/voltage sweeps using a Keithly 2400. A minimum quantity of
silver paint was used to minimize the effects of silver infiltration
into the pores but yield a reliable contact. However, we note that, in
porous samples it is very hard to completely eliminate such infil-
tration. However, the thickness of the samples (always >100 mm)
was such that the effects of silver infiltration should be minimal. In
addition, the most porous samples are also the thickest samples
(thickness of ~300 mm). In such highly porous sample, while the
absolute degree of infiltration would be greatest, the fractional
distance over which silver can infiltratemay be comparable or even
lower than less porous samples.

Deposition simulation: The deposition simulations were runwith
the Open Dynamic Engine (ODE) library [SMITH, R., 2006. Open
dynamics engine (ODE); http://www.ode.org], which describes the
motion of classical objects under the relevant force fields. It enables
us to simulate rigid body dynamics of 3D objects using advanced
joint types and integrated collision detection including friction.
During the simulation, collisions between moving bodies or be-
tween bodies and the static environment are performed and
calculated for a series of time steps. Full information about the
locations of all objects is fully available throughout the simulation.
Deposition is complete when all platelets are in their resting

http://www.ode.org
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positions which are uniquely defined by positioning their individ-
ual centres of mass together with the coordinates of a vector that is
normal to the squared face of each platelet. From these data a series
of subsequent calculations can be carried out.

Porosity calculation: a box of volume Vbox ¼ 100 � 100 � 1.6
units3 used as a reference for all calculations. The computational
units are arbitrary. From the position of each platelet it is
straightforward to obtain the porosity by simply calculating the
volume fraction taken by the platelets that fall inside the reference
box.

Platelet orientation: The orientation is obtained from the angle
formed by the normal vector of the platelet with respective to the
transverse direction of the box. A distribution of such angles de-
scribes the degree of alignment between platelets.

Platelet Contacts: To identify if two platelets are in contact, it is
sufficient to test whether any one of the six vertices of a platelet lies
inside a cuboid defined by the six vertices of another block. In other
words, the objects are allowed a minute amount of interpenetra-
tion, which is controllable in the ODE library. To avoid extensive
calculations, we only perform this verification if two blocks are
close enough.

Contact area: Contact area between two platelets is found by
projecting the interpenetration volume on the faces of the platelets.
First, we identify if two platelets are in contact (see above) and then
Fig. 1. Characterization of liquid exfoliated graphene. A) TEM images of typical graphene n
data measured from TEM images such as A. C) SEM images of the top surface of a vacuum fi

the surface of a filtered graphene film with the D, G and 2D modes indicated.
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project the corresponding interpenetrated volume on the larger
face of either platelet. The maximum contact area, in this way, will
be the area of the larger face.

Conductivity calculation: The network formed by junction re-
sistances is transformed into a mathematical graph [54,55] that is
subsequently used to write Kirchhoff’s laws in terms of the Lap-
lacian matrix describing the connectivity of the network. Minimum
residual iteration is used to solve a system of linear circuit equa-
tions to obtain the conductance betweenany two voltage nodal
points of the network, which also enables us to find the corre-
sponding conductivity.
3. Results and discussion

3.1. Basic characterization

The graphene nanosheets used in this work were produced by
shear-assisted liquid phase exfoliation (LPE), a commonly used
technique for producing nanosheets in large quantities [8]. A TEM
image of a typical nanosheet is shown in Fig. 1A with a flake length
histogram shown in Fig.1B. The distribution is relatively broad with
nanosheet of up to 1200 nm long observed and a mean nanosheet
length of 260 nm. We note that shear exfoliation under conditions
such as these tends to yield graphene nanosheets with mean
anosheets produced by shear exfoliation. B) Histogram showing lateral nanosheet size
ltered film of liquid exfoliated graphene nanosheets. D) Raman spectrum measured on
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thickness of ~6e9 monolayers [8]. Liquid exfoliated nanosheets can
easily be formed into films by vacuum filtration (Fig. 1C). Such films
consist of highly disordered networks of nanosheets which are
somewhat aligned in the plane of the film. A Raman spectrum of a
film of graphene nanosheets is shown in Fig. 1D. This spectrum is
typical of liquid exfoliated graphene and displays the fingerprint D,
G and 2D bands. We note that it has been shown in a number of
papers [8,56] that the relatively small D-band displayed by LPE
graphene is not evidence of basal plane defects but rather is asso-
ciated with edge defects.

Here we are interested in the properties of nanosheet networks
such as that in Fig. 1C. Although it is possible to controllably vary
network porosity during film formation for nanosheet networks
[41], here we decided to use a post-treatment technique to modify
the porosity of existing films via pressure and heat. To achieve this,
we first prepared relatively thick (~300 mm) vacuum-filtered films
of liquid exfoliated [57] graphene nanosheets (see methods) which
naturally contain a porosity of ~70%. These films were then hot-
pressed at a variety of pressures, reducing the film thickness by
an amount, Dt, relative to the initial thickness, t0. The most highly
compressed films were ~100 mm thick. The resultant compression
ratio, expressed as -Dt/t0, is shown as a function of pressure in
Fig. 2A and reached ~70% for 65 kN. Measurements of filmmass and
Fig. 2. A) Compression ratio of graphene films as a function of applied pressure. B) Film p
function of pressure. C and D) SEM micrographs for 66% porous and 14% porous films respec
using OrientationJ, as a function of film porosity, inset showing representative orientation d
can be viewed online.)
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dimensions after pressing yielded the density, rNet, which can be
used to estimate the film porosity, P, via P ¼ 1� rNet=rNS, where
rNS¼ 2200 kg/m3 is the nanosheet density. As shown in Fig. 2B, this
yielded films with porosity in the range 70%e14%.

We note that pressure treatments have been performed before
[26,27], for example on films of graphene oxide nanosheets [58].
That work used high pressures of up to 300 MPa to achieve
pressure-assisted thermal graphitization of the nanosheets thus
converting graphene oxide to a much more graphene-like material.
These structural changes resulted in a significant conductivity
enhancement. However, in that case, the major effect of pressure
and temperature was probably the chemical alteration of the in-
dividual nanosheets with structural arrangements of the network a
secondary effect. Here, we used lower pressures of <50 MPa. In
addition, the LPE graphene nanosheets are already free of basal
plane defect and oxides (see Raman spectrum in Fig.1D) and should
display the full mechanical properties of graphene. Thus, we
believe the nanosheets themselves are unlikely to be damaged
significantly by the pressing procedure. However, it is likely that
the networkmorphology will be significantly changed, and this will
dominate any change to conductivity.

In order to investigate the effects of compression, SEM was
performed on fracture surfaces with examples of high and low
orosity, measured from film dimensions and mass compared to that of graphite, as a
tively. E) FWHM of graphene platelet orientation from SEM micrographs, as measured
istributions for 66% (red) and 13% (black) porous films. (A colour version of this figure
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porosity films shown in Fig. 2C and D. Here, the effects of
compression can be seenwith the uncompressed samples showing
a greater range of platelet orientation whereas the compressed
samples appear to exhibit more in-plane alignment. To characterize
Fig. 3. A) BET adsorption/desorption isotherms for both high (73%) and low (32%) porosity g
of pore diameter from BET data showing relative contribution to volume adsorbed by small
function of pore diameter measured using mercury porisimetry (MP) showing clear decrease
a function of pore diameter for MP showing elimination of pores >30 nm while pores 5-3
nominal division between meso- and macro-pores. E) Pore volume normalized to total sam
volume (black) is separated into D > 40 nm (red) and D < 40 nm the preferential removal of
both BET and MP, BET measuring greater surface area than MP at lower porosity is consisten
online.)
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the effect of pressing on nanosheet orientationmore quantitatively,
image analysis was performed using OrientationJ, a plugin for
ImageJ image analysis software. Here the apparent orientation of
the platelet was measured relative to the horizontal. This allowed
raphene nanosheet films showing similar mesoporous behavior. B) dV/dD as a function
pores increasing as porosity of sample decreases. C) Intruded volume of mercury as a
in intruded volume as films become less porous. D) Pore size distribution (dVHg/dD) as
nm are retained as porosity of sample decreases. The vertical dashed line shows the
ple volume as a function of sample porosity as measured using MP; once total pore

large pores can be clearly seen. F) Surface area as a function of porosity as measured by
t with smaller pores inaccessible to MP. (A colour version of this figure can be viewed



Fig. 4. A) Sheet resistance of graphene nanosheet films annealed at different tem-
peratures. B) In-Plane film conductivity, sIP, as a function of film porosity, P. Inset:
Percolation plot of sIP vs. Pc-P fitted by percolation theory. The percolation fit has been
reproduced in the main figure. C) In-plane/Out-of-plane conductivity ratio as a func-
tion of film porosity (blue squares). The data can be seen to be in agreement with that
of Celzard et al. [62] for expanded graphite at different degrees of compression (open
circles) as well as Balandin’s data [72] for thermal conductivity anisotropy in graphene
networks. The dashed line is an empirical curve which matches both data sets (see
text). D) Schematic showing idealized layout of a zero-porosity network. (A colour
version of this figure can be viewed online.)
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the orientation distribution of the platelets to be estimated as
illustrated in the inset of Fig. 2E. However, we note that the wavi-
ness of the nanosheets may result in an over-estimation of the
orientation distribution as measured in this way. In all cases the
distributions were Gaussian in shape (solid lines) with the widths
(FWHM) plotted versus porosity in Fig. 2E. Although the data is
scattered it is clear that the distribution width increases with
increasing porosity. This is consistent with a pressure-induced
transformation from a relatively open structure to a more closed
structure characterized by a greater degree of nanosheet orienta-
tion in the plane of the film.

3.2. Porosimetry

In addition to the porosity, it would be of interest to know more
about the distribution of pore sizes in the network and how this
distribution is affected by compression. To investigate this, we turn
to the nitrogen adsorption/desorption isotherms (i.e. BET analysis)
and mercury intrusion porosimetry (MP). Both BET and MP mea-
surements were made on 4 graphene nanosheet films with po-
rosities, P, of 0.32, 0.35, 0.45 and 0.73. Shown in Fig. 3A are
examples of nitrogen adsorption and desorption isotherms for the
highest and lowest porosity films. In all cases, the isothermswere of
type IV, characterized by considerable hysteresis, consistent with
the occurrence of nitrogen condensation in mesopores (i.e. those
pores with size in the range 2e50 nm) [59]. In addition, the shape
of the hysteresis loop is consistent with the type H3 loop. Such
loops are known to occur for materials consisting of aggregates of
platelets which yield slit-like pores, as would be expected for
nanosheet networks [59]. Shown in Fig. 3B are pore-size distribu-
tions estimated from the BET curves. These clearly show the pres-
ence of mesopores but do not show any significant difference
between the different porosity films.

However, the mesopores observed by nitrogen absorption
(Fig. 2B) could not represent the entire pore volume within these
nanosheet networks. Integrating the curves in Fig. 3B gives a pore
volume of ~0.07 cc/g which is equivalent to porosity of ~13%, well
below the measured value for most of the films under study.

In fact, it is likely that much larger pores are present which are
not observable using nitrogen adsorption measurements. To
address this, we use mercury intrusion porosimetry which can
characterize pores up to 400 mm in size [60]. Shown in Fig. 2C are
graphs of intruded mercury volume as a function of pore size for
graphene nanosheet films with four different porosities and clearly
shows a significant trend as the porosity is decreased. The data in
Fig. 3C can be converted to give a pore size distribution by differ-
entiation [59,61] as shown in Fig. 3D. This graph clearly shows all
films to contain significant volumes of mesopores, irrespective of
porosity. However, it also shows the P ¼ 0.73 film to have a large
volume of macropores (pores with size above 50 nm). The contri-
bution of macropores appears to fall with decreasing porosity with
the P ¼ 0.32 film having a relatively small fraction of macropores.

This can be seenmore clearly by quantitative analysis of the data
in Fig. 3 C-D. Integrating the pore size distributions (Fig. 3D) over
pore diameter yields the total pore volume in cc/g (equivalent to
the low-D plateaus in Fig. 2C). This is a measure of the pore volume
divided by the samplemass (VP/M) which can be related to the total
film volume, VT, using: VP=M ¼ ðVP =VT Þ=rNet . This allows us to
calculate the fractional pore volume VP=VT (which should be
equivalent to the porosity) using the measured film densities.
Shown in Fig. 3E is data (black squares) for VP=VT plotted versus P
(estimated from measured film mass and volume). This graph
shows good agreement supporting the accuracy of the MP data.
Indeed, the agreement between porosity-values from porosimeter
and density measurements would imply the pore structure to be
311
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predominately openwith very little contribution from closed pores.
Using a similar procedure we can estimate the contributions to

VP=VT from both meso- and macro-pores (for the former by inte-
grating the distribution curve in the range below D¼ 50 nm and for
the latter by integrating in the range above D ¼ 50 nm). These data
are also plotted versus P in Fig. 3E. This clearly shows the contri-
bution of themesopores to be roughly constant at ~20%. However, it
clearly shows the contribution of macropores to fall significantly
with decreasing porosity. This data clearly shows that reducing the
overall porosity by compression involves the annihilation of mac-
ropores while mesopores are hardly affected.

This conclusion is supported by data in Fig. 3E which shows the
calculated sample surface area (both from BET and MP) as a func-
tion of porosity. The surface area falls only slightly as the porosity is
decreased. This is as expected because the annihilation of the pore
volume associated withmacropores should not result in a large loss
in surface area as small pores should have a much greater contri-
bution of surface area per pore volume.

3.3. Measurement of electrical properties

Before assessing the effect of compression on the electrical
properties of the films, it is worth briefly touching on the effect of
temperature. To test this, we measured the sheet resistance of
graphene films pressed at fixed pressure but at annealing tem-
peratures of 0, 50 and 150 �C. We found a non-trivial decrease in
sheet resistance with increased pressing temperature (Fig. 4A),
with sheet resistance falling from ~1.5 U/sq to ~1 U/sq over the
accessible temperature range. We believe that this resistance
Fig. 5. A) Schematic showing the simulation of network formation. Each dot represents the c
conduction simulation shown in red. The black dots represent platelets acting as contacts. Th
a function of timestep in the simulation. C) Examples of cross sections of networks generate
differentiation of different nanosheets. D) porosity, projected to infinite time, plotted versus
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reduction is associated with the displacement of residual solvent
(either NMP or water) during annealing, leading to the reduction of
the inter-nanosheet junction resistance. All subsequent measure-
ments were made at a temperature of 150 �C.

It is clear from the data in Fig. 3 that the reduction of porosity
achieved via compressing the films leads to significant morpho-
logical changes. We would expect such structural differences to
result in a significant dependence of electrical conductivity on
porosity. Shown in Fig. 4B are data for the electrical conductivity,
measured in the plane of the films (sIP), plotted as a function of
porosity. As the porosity was decreased, the conductivity increased
from 2.3 kS/m for P ¼ 70% to 18.5 kS/m for the P ¼ 14% sample. This
increase in conductivity with increasing pressure during
compression is important as it indicates that the predominate
changes in the film on compression are those associated with
network morphology. If, for example, compression resulted in the
fracture of the graphene nanosheets themselves, we would expect
extra inter-nanosheet junctions to be introduced into the current
paths which would likely reduce the conductivity.

It has previously been suggested that the conductivity of porous
graphitic samples can be analysed using percolation theory [62].
This theory is usually used to analyze the conductivity of
conductor-insulator composites as a function of conductor volume
fraction, 4. In porous samples, the pores play the role of the insu-
lator allowing the volume fraction of conductor to be found from
4 ¼ 1-P. In percolation theory, the overall conductivity is written as
[63].
entre of mass of a platelet. The internal box is shownwith the platelets involved in the
e horizontal and vertical directions are not to scale. B) Evolution of network porosity as
d at low (upper) and high (lower) g. Here the different colors are to facilitate the visual
gravity used in the simulation. (A colour version of this figure can be viewed online.)
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s¼ s0

�
4� 4c

1� 4c

�n

(1a)

where s0 is the conductivity of a zero-porosity network, 4c is the
minimum volume fraction where the network remains electrically
connected (often termed the percolation threshold) and n is the
percolation exponent. When 4c is small, the denominator within
the brackets is often neglected. However, this may not be the case
here.

We can rewrite Eq. (1a) in terms of porosity using 4 ¼ 1-P,
obtaining:

s¼ s0

�
Pc � P
Pc

�n

(1b)

where Pc is the critical porosity, that is the maximum porosity
where a conducting path throughout the network exists. As shown
in Fig. 4B, Eq. (1b) provides a reasonable fit to the data, yielding
s0 ¼ 2.8 � 104 S/m, Pc ¼ 0.75 and n ¼ 1.0. The zero-porosity con-
ductivity (s0) is well below the in-plane conductivity of graphite
(>106 S/m) [62] indicating that the network conductivity is limited
by inter-nanosheet junctions. In addition, the critical porosity (Pc) is
quite low. In comparison, aero-graphite has shown non-zero con-
ductivity at much higher porosities (1-P~10�4) [64]. However, we
note that such networks show randomly oriented sheets which
allow electrical connectivity even at very high porosities. In
contrast, partially aligned networks such as those here are known
to have relatively high percolation thresholds [63] and so relatively
low critical porosities. The percolation exponent is reasonably close
to the universal value of 1.3 expected for 2-dimensional percolation
(i.e. in a thin film) consistent with the sample geometry (NB the
universal percolation exponent for transport in three dimensions is
2.0) [65]. We note that percolation exponents tend to approach
their universal values for nanoparticle networks where the parti-
cles are in close contact such that inter-particle junctions are vdW
gaps [15]. In contrast, polymer-based composites tend to have
junctions containing thin polymer layers of varying thickness [66].
Such polymer layers result in a wide range of junction resistances
which manifests itself as a percolation exponent which is consid-
erably higher than the universal one [66e68]. Thus, the low
percolation exponent observed here implies that the distribution of
junction resistances is quite narrow in these samples.

It is possible to estimate a lower limit for the mean junction
resistance for these networks. The low-porosity network conduc-
tivity is 2 � 104 S/m, a factor of ~100 lower than the in-plane
conductivity of graphite, a difference which we associated with
inter-nanosheet junctions. If we assume that: firstly, in the limit of
zero junction resistance, the in-plane network conductivity would
approach that of graphite; and secondly, that the junction resis-
tance (RJ) is much larger than the nanosheet resistance, it should be
approximately true that: sgraphite=snetwork � RJ=Rnanosheet . Modeling
the nanosheet as square with thickness, t, yields: Rnanosheet � 1=
sgraphite � t. Combining and rearranging gives: RJ � 1= snetwork � t.
Taking a typical nanosheet thickness of a few nmyields an estimate
of RJ~10 kU, valid at low porosity and very close to values measured
by Nirmalraj et al. using conductive AFM (1e10 kU) [69].
The ~ tenfold reduction in in-plane conductivity associated with
increasing porosity (Fig. 4B) implies that, depending on network
morphology, this junction resistance can rise to at least 100 kU for
high-resistance junctions. Interestingly, this is close to the mean
value of 98 kU, reported for junctions between individual single-
walled nanotubes [70], which would be expected to be of low
area and so high resistance.
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3.4. Conductivity anisotropy

Wewould expect the compression-induced alignment to lead to
significant conductivity anisotropy in these films. To explore this,
we measured the out-of-plane conductivity (i.e. in the direction of
compression, sOOP) for a subset of films, finding considerable
scatter with values between 8 and 95 S/m, much lower than the in-
plane measurements quoted above. We can quantify the conduc-
tivity anisotropy via the ratio sIP=sOOP, which is plotted versus
porosity in Fig. 4C. We find a significant change in conductivity
anisotropy with porosity, increasing from ~25 at P~0.7 to >1000 at
very low porosity, with the latter value in line with that expected
for HOPG [71]. This increase in anisotropy as porosity is decreased
is, of course, a direct result of the platelet alignment observed in
Fig. 3E.

An upper bound for the conductivity anisotropy sIP=sOOP can be
estimated in a simple and elegant way. As shown in Figs. 1D, 4C and
5, low porosity leads to nanosheets that tend to be stacked on top of
one another. Taking this to the extreme limit of vanishing porosity,
the systemwould correspond to perfectly stacked platelets that are
juxtaposed side by side such that there is no void space left in the
network (Fig. 3D). In this limit, in-plane and out-of-plane re-
sistances can be easily obtained by simply counting the number of
parallel paths, each one of them made of a number of resistors
arranged in series. If the film is of dimensions L � L � H and the
individual nanosheets are l� l� h in size, the number of resistors in
a conducting path is L/l for in-plane conduction and H/h for out-of-
plane conduction. Similarly, the number of in-plane parallel paths
is HL/hl while the number of out-of-plane parallel paths is L2/l2. If
the in-plane and out-of-plane junction resistances are the same
(RJ), then it is simple to show that the conductivities are sIP ¼ 1=RJh

and sOOP ¼ h=RJl2 yielding a conductivity anisotropy of:

sIP
sOOP

¼
�
l
h

�2

(2)

The low-porosity conductivity anisotropywas ~2000, implying a
nanosheet aspect ratio of ~50 which is reasonably close to the ex-
pected aspect ratio of ~260/(0.35 � 7)~100. Taking the low-
porosity, in-plane conductivity to be ~3� 104 S/m and using RJ ¼ 1=
sIPh gives RJ~13 kU, in reasonable agreement with the estimate
above. We can compare this result with the low-porosity films of
high-aspect ratio graphene reported by Teng et al. [53] These films
had a conductivity of 2.2� 105 S/m for a mean nanosheet thickness
of 4.4 layers yielding RJ~3 kU. This demonstrates that further re-
ductions in contact resistance might be obtained, for example via
annealing.

We can compare this anisotropy data with that of Celzard et al.
who performed in plane and out of plane conductivity measure-
ments on expanded graphite-based monoliths, although at
considerably higher porosities than those achieved in this work
[62]. Plotting Celzard’s anisotropy data on Fig. 4C shows it follows
the same trend as that for our graphene networks. While very few
reports exist on conductivity anisotropy in platelet networks, we
did find a paper by Balandin et al. on the anisotropy of thermal
conductivity in networks of reduced graphene oxide [72]. This ratio
of in plane and out of plane thermal conductivity is plotted as the
open triangle and sits reasonably near the main trend line. It is
possible that the overall trend observed in Fig. 4C represents a
general trend for networks of conducting platelets. If this were the
case, it would be possible to use the data in Fig. 4C to approximately
estimate conductivity for a given porosity or conversely to estimate
porosity from the ratio of in plane to out of plane conductivity. To
facilitate this, we have fitted an empirical curve to the data in
Fig. 4B finding sIP=sOOP ¼ 10ð3:1�3:2P2:5Þ .



Fig. 6. Orientation of nanosheets in simulated network. A-B) Orientation distributions for networks simulated at low (A) and high (B) gravity. C-D) Root-mean-square orientation
angle plotted versus C) gravity used in the simulation and D) porosity of the resultant network.
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3.5. Simulating nanoplatelet networks

Simulations have been carried out to test how the conductivity
of a network of conducting platelets changes with the network
porosity. One way to account for the effect of the porosity-reducing
compression is to implement a deposition simulation in which
gravity, g, is a controllable variable. A number of rigid platelets
(~8000) of constant size (100 � 100 � 0.1 units3) were released
from an arbitrary initial height and were allowed to deposit on top
of a 2-dimensional square substrate of size 1000 � 1000 units2

(Fig. 5A). After hitting the substrate, the platelets come to rest. Over
time, the system relaxes with the platelets eventually reaching
their equilibrium positions, a process which we track by calculating
the instantaneous porosity at each time step (Fig. 5B). We note that
this simulated network formation, driven by gravity alone can only
ever be a crude approximation of network formation. In reality,
solution processing means that fluid mechanics-effects will have a
very significant impact on network formation. In addition, at the
nanoscale van der Waals interactions (which the simulation ne-
glects) cannot be ignored and will certainly have an important in-
fluence on network formation.

Within the resultant pile of platelets, we define an internal box
(shown as a green rectangle in Fig. 5A) of dimensions
100 � 100 � 1.6 units3 for further analysis. From the equilibrium
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positions of all the platelets within the box, we can calculate a
number of parameters. Simplest is the porosity but, as we will see
below, we can also obtain information about the platelet orienta-
tion, their connectivity and the conductance of the network as a
whole. The simulation was performed for 7 different gravity values
and was repeated 8 times for each gravity value to reduce fluctu-
ations and improve the statistical significance of our results.

Two cross-section images of internal boxes are shown in Fig. 5C,
one for a low- and another for a high-gravity values. These clearly
show the networks formed under high gravity to be more aligned
and less porous compared to low gravity. As expected, calculated
values of network porosity do decrease with gravity as seen in
Fig. 5D. As this porosity decrease is clearly linked to the increased
alignment at high g, it is worth looking more closely at the platelet
orientation.

We calculated the orientation of each platelet via the angle
between its normal and the vertical direction. Shown in Fig. 6A and
B are platelet orientation distributions for networks formed at low
(g ¼ 0.5 m/s2) and high (g ¼ 80 m/s2) gravity. The high gravity
distribution is clearly narrower and shifted to lower angles. The
root-mean-square (RMS) angle decays quickly with gravity
(Fig. 6C), consistent with large numbers of horizontal platelets in
the high-g samples. Alternatively, we find the RMS platelet angle to
increase significantly with porosity as shown in Fig. 6D. Although



Fig. 7. Connectivity of nanosheets in simulated network. A-B) Distributions of number of inter-platelet junctions per platelet in networks simulated at low (A) and high (B) gravity.
C-D) Mean number of junctions per platelet plotted versus C) gravity used in the simulation and D) porosity of the resultant network.
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this data is in qualitative agreement with the experimental data in
Fig. 2E, there are some differences. Firstly, the distributions in
Fig. 2E are Gaussian distributions centered around zero angle while
the distributions in Fig. 6D are lognormal-type distributions with
maxima at non-zero angles. This is simply a consequence of how
they are measured, with the experimental data measuring the
apparent angle between the platelet and the horizontal and the
calculated data taking the angle between the normal and the ver-
tical. In addition, we note that while both experimental and
simulated angles increase with P, the experimental ones are
considerably larger. This disagreement may also partially arise
because the simulation assumes rigid platelets whereas the
experimental images in Fig. 1C and D clearly show bending in the
platelets. In addition, it may indicate that the real system contains
much more disorder than is captured in the simulation, partly
because the simulation treats inter-platelet interactions rather
crudely.

The simulation can also give information about the connectivity
of the network, information that is very difficult to obtain experi-
mentally. To achieve this, we count the number of adjacent plate-
lets each platelet is in contact with. We define this value as the
number of junctions per platelet. Shown in Fig. 7A and B are dis-
tributions of number of junctions per platelet for networks formed
at low (g ¼ 0.5 m/s2) and high (g ¼ 80 m/s2) gravity. This clearly
shows the network formed at higher g to have more junctions per
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platelet, indicating higher connectivity. The mean number of
junctions per platelet is plotted versus g in Fig. 7C and network
porosity in Fig. 7D. This data shows a clear falloff from >5 junctions
per platelet at P~0.1 to ~3 junctions per platelet at P~0.5. Clearly, the
number of junctions per platelet cannot fall much farther without
destabilizing the network mechanically. Indeed it has been pro-
posed that ellipsoid particles in jammed systems require at least 4
contacts per particle to be mechanically stable [73]. It is important
to emphasize that while the measurements are carried out in
specific samples, the simulation consists of averaging over several
deposition configurations in order to achieve statistical signifi-
cance. In other words, while the comparison between simulated
and experimental samples is never over networks that have exactly
the same connectivity matrix, they are statistically equivalent.

In addition to the number of contacts, we expect their nature to
be important. For example, recent work on networks of thick rigid
MoS2 nanosheets which interact poorly at junctions, resulting in
low-area contacts showed carrier mobilities of ~0.01 cm2/Vs [16].
However, networks of very thin MoS2 nanosheets, which were
flexible enough to conform to each other to give large area, planar
junctions displayed mobilities of >5 cm2/Vs [38]. Thus, the nature
of the junctions will have a significant impact on inter-nanosheet
charge transfer and so carrier mobility and so conductivity. Here,
we use contact area, AJ, as a proxy for junction resistance, making
the assumption that RJf1=AJ .



Fig. 8. Area of inter-platelet junctions in simulated network. A-B) Distributions of junction areas in networks simulated at low (A) and high (B) gravity. Areas are represented as a
fraction of the platelet area, AJ/AT. C-D) Mean junctions area plotted versus C) gravity used in the simulation and D) porosity of the resultant network.
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Fig. 8A and B show the simulated contact area distributions for
low- and high-gravity values, respectively (see methods for calcu-
lation details). In all cases the contact areas are normalized to the
basal plane area of the platelet (i.e. ANS ¼ 100 � 100 unit2). In both
cases there is a sharp peak in contacts with very small areas. These
represent small-area vertex-plane, vertex-edge, edge-edge or edge-
plane contacts. In addition, in both cases there is a tail of larger
contact areas (AJ/ANS>0.1). We associate these larger area contacts
with plane-plane junctions, where two closely spaced platelets lie
parallel over a reasonable area (see Fig. 2C). Such large area contacts
(AJ/ANS>0.1) contribute ~25% of the total contact area for the low g
sample but ~52% for the high gravity sample. The mean fractional
contact area per platelet is plotted versus g in Fig. 8C and network
porosity in Fig. 8D. We see a considerable increase in AJ/ANS with
increasing g corresponding to a roughly three-fold decrease going
from P ¼ 0.1 to P ¼ 0.5.

In essence, the data above shows that increasing the effective
gravity during network formation effects both the orientation
distribution and the network porosity. Those parameters in turn
impact the network connectivity andmean junction area. However,
most important for practical applications, these final two proper-
ties would be expected to impact the network conductivity.

Here we calculate the conductance of the deposited film from
the simulations. From the resting positions of the platelets we have
full information about the number of contacts that each platelet has
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with its neighbors, as shown in Fig. 7. Moreover, we can also obtain
the junction resistance between touching platelets via RJf1=AJ . For
example, for two parallel platelets lying on top of one another the
junction resistance is much smaller than if they are in contact
through their edges or through their vertices. Once the contact area
of all junctions are taken into account, we can obtain the conduc-
tance of a network made of platelets of intrinsic resistance RP
connected to multiple neighbors with respective junction re-
sistances RJ ¼ C=AJ , where C is a constant. Again, we assume that
RJ > >Rnanosheet , which means that the transport across the struc-
ture is completely dominated by the network of junction re-
sistances formed between contacting platelets. For the sake of
comparison, the parameter C is adjusted so that there is a good
agreement between the simulated and experimental in-plane
conductivities in the low-porosity limit. Once this is established
no further adjustments are needed. For more information, see
Methods.

Fig. 9A displays how the calculated in-plane conductivity of the
network changes with porosity. We find good qualitative agree-
ment with the overall trend of the conductivity with porosity being
well captured by the simulations. However, the simulated con-
ductivity drop with increasing porosity is much larger than that
observed in experiments (Fig. 4B). We will return to this below. In
addition, out-of-plane conductivity values were also calculated as
shown in Fig. 9B and show a significant fall off with porosity. The



Fig. 9. Conductivity of simulated networks. A-B) In-plane (A) and out-of-plane (B) conductivity of simulated networks as a function of porosity. B) Ratio of simulated in-plane: out-
of-plane conductivities plotted versus porosity. The dashed line is the empirical curve from Fig. 4C. D) Percolation plots of both in-plane and out-of-plane conductivities plotted
versus Pc-P. The lines are fits to Eq. (1b) with fit parameters given in the panel.
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calculated porosity anisotropy, sIP/sOOP, is plotted in Fig. 9C and
shows values of ~103 as observed experimentally. In fact, we have
reproduced the empirical trend-line plotted in Fig. 4C in Fig. 9C.
Surprisingly, we find very good agreement with the simulation
data.

In principle, the simulation data should be described by perco-
lation theory in a manner similar to the experimental data. Shown
in Fig. 9D are percolation plots of both simulated in-plane and out-
of-plane conductivities versus Pc-P. In each case, we find reasonably
good agreement for Pc¼ 0.6. Themain difference between these fits
and the experimental fit in Fig. 4B is the fact that the percolation
exponents associated with the fits in Fig. 9D have considerably
higher exponents compared to the experimental fit. As mentioned
above, higher percolation exponents generally indicate broader
distributions of junction resistances [67,68]. This may indicate that
the junction area distributions in Fig. 8 A-B are broader than would
be the case in real systems. We ascribe this to the assumption of
non-flexible platelets in the simulations.
4. Conclusions

In order to fully characterize and understand the effects of
changing morphology on nanosheet networks, a method for con-
trolling and characterizing network porosity has been investigated
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and outlined allowing access to a porosity range from ~70% to ~14%.
It has been shown that compression of these networks results in
two key changes: as porosity decreases, the platelets within the
network begin to align perpendicularly to the direction of
compression and the large pores (>40 nm) are eliminated while the
small pores (<40 nm) remain. Computational studies show that, on
the nanoscale, compressed networks tend to have higher degrees of
connectivity and lower resistance junctions. These changes result
in a significant increase in conductivity as the networks are com-
pressed and the porosity decreases.

From this study it has been clearly demonstrated that the con-
ductivity of a nanosheet sheet network of graphene can be
improved by an order of magnitude simply via compression. This
improvement in conductivity can be attributed to the removal of
large pores from within the network, reducing the inter-flake
junction distance. In addition to this it can be seen the film sur-
face areas remain unaffected by the compression treatment,
allowing this treatment to be applicable to catalysis applications.
Finally, the compression treatment has been shown to further align
the platelets as seen with a combination of SEM orientation dis-
tributions in addition to IP/OOP conductivity changes. This align-
ment within the nanosheet network as well as the removal of large
pores is responsible for the increase in the IP conductivity of the
network.
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