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ABSTRACT: Although many electrochemical properties of 2D materials depend sensitively
on the nanosheet dimensions, there are no systematic, quantitative studies which analyse the
effect of nanosheet size and thickness on electrochemical parameters. Here we use size-selected
WS: nanosheets as a model system to determine the effect of nanosheet dimensions in two
representative areas — hydrogen evolution electrocatalytic electrodes and electrochemical
double layer capacitor electrodes. We chose these applications as they depend on the
interaction of ions with the nanosheet edge and basal plane, respectively, and so would be
expected to be nanosheet-size-dependent. The data shows the catalytic current density to scale
inversely with mean nanosheet length while the volumetric double layer capacitance scales
inversely with mean nanosheet thickness. Both of these results are consistent with simple
models allowing use to extract intrinsic quantities, namely the turnover frequency and the

double layer thickness respectively.



INTRODUCTION

Over the last few years, it has become clear that nanoscience will play an important role
in future technology for the generation and storage of energy.! Just two examples are the use
of silicon nano-particles in lithium ion battery anodes? and the incorporation of carbon
nanotubes in efficient solar thermophotovoltaic devices.® In the last few years, there has been
a huge amount of interest in 2-dimensional (2D) nanomaterials for use in a range of applications
related to energy generation and storage.*® There are many types of 2D materials with well-
known examples being graphene, BN, transition metal dichalcogenides (TMDs - MoSez, WS:
etc), transition metal oxides (TMOs — MnO2z, MoOs etc), layered double hydroxides (Co(OH)z,
Ni(OH): etc) and a range of others including black phosphorous, silicene and germanane.®°

These materials consist of covalently bonded monolayers which can stack via weak
inter-sheet interactions to form layered crystals.® 1! In the context of energy applications, 2D
nanomaterials are generally used in the form of nanosheets — tiny platelets with lateral size
ranging from 10s of nm to microns and thickness of ~nm.*! Such nanosheets generally consist
of ~1-10 stacked monolayers and are usually prepared by liquid-based exfoliation or synthesis
techniques.® *2* Such production methods are important, as the availability of nanosheets
dispersed in a liquid allows the production of the films and coatings which are required for

many energy-related applications.

To date, nanosheets have been used in many such applications, mainly in the
electrochemical arena, in areas from photocatalysis'® to proton transport membranes.'® A range
of 2D materials including graphene and MoS2 have been used in electrochemical energy
storage applications,® 17 typically as electrodes in batteries!®2° and supercapacitors? 22,
Nanosheets have also been used to generate fuel (this can also be considered energy storage)
via the catalysis of gas evolution reactions. For example, TMDs such as MoS2 and WS2 have
been widely used as electrocatalysts for the hydrogen evolution reaction (HER) and water
splitting.?® 24 Similarly, a number of LDHs have been used successfully to catalyze the oxygen
evolution reaction (OER).? %6 Alternatively, graphene and MoS: find applications to generate
solar energy, notably by replacing platinum in catalytic counter electrodes in dye sensitized
solar cells (DSSCs).?" 28

However, one basic factor that has not been comprehensively or quantitatively explored
is how the performance of nanosheet-containing electrodes depends on the geometry of the

nanosheets within. Nanosheet size is known to strongly affect properties such as



amphiphilicity?® and optical behaviour®® 3! simply because of the relationships between sheet
dimensions and parameters such as the fraction of edge atoms. As such, we expect nanosheet
geometry to be a critical factor in all the applications described above. This is due to the specific
roles nanosheets play in electrochemical devices which tend to involve either reactions or
adsorption of species which preferentially occur at specific sites on the nanosheet. We can
crudely divide these into two classes of events: those which occur at the nanosheet edge and
those which occur at the basal plane. In either case, the electrode performance can be enhanced
by tuning the nanosheet geometry to increase the number of active sites, i.e. either by increasing
the total perimeter length or the total accessible surface area within the electrode. Examples of
processes where nanosheet edge sites are important include catalysis of the HER®? and the tri-
iodide reaction in DSSCs?” 2 while interaction sites on the basal plane are involved for
supercapacitor®® and battery electrodes'® as well as electrocatalysis involving the metallic 1T
form of WS,.343°

We can examine the use of TMDs to catalyse the HER as an example of a process where
edge sites are important. In HER, electrons from the external circuit combine with protons from
an electrolyte at a catalytic site resulting in the formation of Hz molecules. For the
semiconducting 2H polytype of many TMDs, it is known that the catalytic active sites reside
on the nanosheet edge®%-#* and are probably terminal disulphide groups.®® 4142 Because laterally
smaller nanosheets have a greater edge length per volume, changing nanosheet size has a
significant impact on catalytic activity. For example, both Wang®® et al. and Benson®? et al.
reported using MoS2 nanosheets of different sizes to catalyse the HER. They found
improvements in both exchange current density and Tafel slope as the nanosheet size was
reduced. However, they did not quantitatively analyze the dependence of either parameter on
size. Very recently, we published a simple theoretical model which predicts that for edge-active
nanosheet catalysts, the gas evolution rate should scale inversely with nanosheet length.**

However, this model has not yet been tested experimentally.

Alternatively, supercapacitor electrodes fabricated from nanosheets are a good example
of an electrochemical application which involves interactions which are localised at the basal
plane. In a supercapacitor electrode, charge is stored at an electrode/electrolyte interface with
the close proximity between charges in the electrode and ions in the electrolyte resulting in
large storage capacity.*® Supercapacitors can be either electric double layer capacitors (EDLC)
where the energy is stored electrostatically or pseudocapacitors where the charge storage

process involves redox reactions between ions and electrode.* However, in both cases, when
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the electrode consists of a nanosheet network, the charge is predominately stored at the
nanosheet basal plane.®* #6 This means that the capacitance, and so the achievable energy
density, can be increased by increasing the total accessible surface area within the electrode.*’
In principle, this can be done by reducing the thickness of the nanosheets. However, to our
knowledge, no papers have appeared which explicitly plot capacitance versus nanosheet
thickness to quantitatively analyse this behaviour.

Part of the reason why the effect of nanosheet geometry has not been quantitatively
characterised for either edge or basal-plane sensitive processes is the difficulty of first
controlling nanosheet dimensions and then accurately measuring either nanosheet thickness or
lateral size. Without the ability to achieve both these tasks, quantifying the geometrical effects
is very difficult. However, recently, advances® “® in the processing and characterising of
nanosheets produced by liquid phase exfoliation (LPE) has made both these tasks more

straightforward.

LPE is a simple, scalable process which can be used to exfoliate layered crystals by
sonication or shearing to give large quantities of nanosheets stabilised in certain liquids.t3 4% 50
Recently, we have developed methods to routinely select nanosheets by size.3! #¢ In
particularly, liquid cascade centrifugation (LCC) is a centrifugation-based sorting procedure
which can effectively separate large, thick nanosheets from small, thin ones.®! A significant
advantage of this method over other sorting techniques is that very little material is lost during
processing, making it ideal for preparing samples for applications. In addition, we have also
developed methods to measure both lateral size and thickness of liquid-dispersed MoS2 and
WS nanosheets in-situ using optical spectroscopy.™ *® The combination of both these
advances will allow us to prepare sets of nanosheet dispersions with a range of accurately

known thickness and lengths.

Here we use WSz nanosheets as a model system to study the dependence of the
electrochemical properties of films of nanosheets on nanosheet dimensions. We demonstrate
the production of a range of fractions of dispersed WSz nanosheets with a set of known mean
lengths and thicknesses. These have been fabricated into films which have been studied as both
electrocatalysts for HER and electrochemical double layer capacitor (EDLC) electrodes. We
find the HER exchange current density to scale inversely with nanosheet length, as expected
for edge sites, while the volumetric capacitance scales inversely with thickness, as expected
for a process involving the basal plane. Analysing this data using simple models allows the

extraction of fundamental parameters describing both processes.



RESULTS AND DISCUSSION
Characterisation of size selected nanosheets

To assess the effect of WSz nanosheet size on the electrochemical properties of nanosheet
networks requires sets of nanosheets with controlled lateral size (i.e. nanosheet length, L
defined as the longest dimension of the individual nanosheet) and thickness (i.e. number of
monolayers per nanosheet, N). We achieve this using liquid cascade centrifugation (LCC), a
method which is useful as it allows us to produce sets of samples with varying <L> for HER

experiments and varying <N> for EDLC tests.
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Figure 1: Schematic showing size selection by liquid cascade centrifugation with the rpm
iterations used in this study. Corresponding g-forces are tabulated in Table S1. Size-selected
dispersions were prepared by re-dispersing the collected sediments in 3 g/L aqueous sodium

cholate.

The WS: dispersion with which we begin was obtained by sonication of WSz powder
in aqueous surfactant solution (see methods) followed by low speed centrifugation (500 rpm)
to remove any unexfoliated crystallites. This stock could then be size-selected using LCC.3!
The stock was first centrifuged at a relatively low speed (1500 rpm), thus separating the largest
nanosheets into the sediment, leaving all others in the supernatant. These large nanosheets can
then be collected in the sediment and redispersed by addition of surfactant solution followed
by mild sonication. The supernatant can then be centrifuged again at a slightly higher speed
with the largest remaining nanosheets being transferred to the sediment. This procedure can be

repeated a number of times with the size of the nanosheets in the sediment steadily falling with



each iteration. Because each sediment is “trapped” between two slightly different
centrifugation speeds, the samples are labelled according to the speeds. Hence a ““1.5-2.5 krpm”
sample contains larger nanosheets than a “5-8 krpm” sample. This process is illustrated in

figure 1.

Here, we performed a 7-iteration LCC cascade, collecting 7 dispersions which we
expect to contain nanosheets of different mean sizes. The easiest way to confirm this is via UV-
vis extinction spectroscopy. Recently we showed that the optical extinction spectra of
nanosheet dispersions depend sensitively on mean nanosheet size and thickness (extinction is

defined via Ext(1) =—logT(4)).3" 8 Due to edge effects, the spectral shape (as quantified for
example by Ext,.../Ext,,..) scales with mean nanosheet length, while confinement effects

shift the wavelength associated with the A-exciton with mean nanosheet thickness (see SI
methods and ref 3 #8). Shown in figure 2A and S1 are extinction spectra for a subset of the
WS: nanosheet dispersions produced by LCC. While the general form of these spectra is as
expected for the 2H polytype of WS, it is immediately clear that both the spectral shape (and
so nanosheet length) and the A-exciton position (and so nanosheet thickness) change

significantly from sample to sample.

To confirm these size variations, we performed statistical transmission electron
microscopic (TEM) and atomic force microscopic (AFM) analysis on three of the size-selected
nanosheet dispersions (“0.5-1.5 krpm”, “2.5-3.5 krpm” and “8-12 krpm”). Shown in figure 2B-
C are histograms for nanosheet length measured from TEM images such as those shown in the
insets for two of these samples (the equivalent data for “2.5-3.5 krpm” sample is in the SI,
figure S2). The difference between these samples is stark with large nanosheets (100<L<400
nm) in the “0.5-1.5 krpm” sample but much smaller nanosheets (10<L<60 nm) in the “8-12
krpm” sample. Similar data is shown in figure 2D-E (and SI figure S3), but this time
representing the nanosheet thickness as measured by AFM. Here, the nanosheets in the “0.5-

1.5 krpm” sample are considerably thicker than those in the “8-12 krpm” sample.

We can quantify this by plotting the mean nanosheet length, as measured by TEM (solid
symbols) versus the median centrifugation speed used for each sample in figure 2D. Equivalent
data for mean nanosheet thickness, as measured by AFM, is plotted in figure 2G (solid
symbols). In addition, we used published metrics®! to extract mean nanosheet length and
thickness from the extinction spectra (see Sl). These values are also plotted versus the median

centrifugation speed in figures 1D and E respectively. We find both nanosheet length and



thickness extracted from the extinction spectra to agree well with values measured by TEM
and AFM. These graphs clearly show the nanosheet dimensions to vary strongly with median
centrifugation speed with <L> and <N> varying in the ranges 325-30 nm and 14-1.3

respectively.
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Figure 2: Basic characterisation of liquid exfoliated WSz nanosheets used to fabricate
electrodes. A) Optical extinction spectra of dispersions prepared using different centrifugation

conditions and so containing different nanosheet sizes. The mean nanosheet size can be

extracted from the ratio of extinctions at 235 nm and 290 nm ( Ext,, .. / Ext,,,,) While the

mean nanosheet thickness can be extracted from the wavelength associated with the A-exciton

(~625 nm) with details given in the SI. B-C) Histograms of nanosheet length, as measured by



TEM, for dispersions prepared using two different sets of centrifugation conditions. Shown in
the insets are sample TEM images. D-E) Histograms of nanosheet thickness (number of
monolayers per nanosheet, N), as measured by AFM, for dispersions prepared using two
different sets of centrifugation conditions. Shown in the insets are sample AFM images. F-G)
Mean nanosheet length (D) and thickness (E) plotted versus central centrifugation speed (i.e.
the midpoint between upper and lower speeds used in the preparation procedure). The black,
open symbols represent data extracted from extinction spectra, while the solid symbols
represent average nanosheet lengths and thicknesses as measured by TEM and AFM
respectively. The dashed line in D represents the expected behaviour.3!

We have used the size-selected dispersions to prepare thin films by vacuum filtration
for electrochemical investigation. Such films consist of disordered arrays of nanosheets as
shown in figure 3A-B and tend to be porous (typical porosity ~50%). This is important for
electrochemical applications as it allows the electrolyte access to the internal structure of the
electrode. Indeed recent measurements in our group* on MoSz nanosheet networks applied as
hydrogen evolution electrocatalysts showed complete catalyst penetration for electrodes of
thickness up to at least 5 um. Here, the film thicknesses were measured by profilometry (see
SI methods) and ranged from 680 nm to 210 nm so we expect to whole internal surface to be
exposed to electrolyte.

Dependence of HER catalysis on nanosheet size

We began by studying films of different sized WSz nanosheets as hydrogen evolution
electrocatalysts. In its layered form, 2H-WS: has been known to be a catalyst for HER since at
least 1988.52 However, recently it has been shown that the efficacy of WS: increases
dramatically once it has either been synthesised in a nanostructured form®* °* or when
exfoliated into nanosheets.® During the hydrogen evolution reaction, electrons from the
external circuit combine with protons at catalytic sites at the electrode/electrolyte interface
resulting in the formation of Hz gas. It has been known for some time that transition metal
dichalcogenides can catalyse this reaction via active sites on the nanosheet edge (for the 2H-
polytype).*! Thus, as smaller nanosheets (lower <L>) have more edges, they would be expected

to be more effective catalysts.
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Figure 3: Characterisation of WSz nanosheet electrodes as catalysts for the hydrogen evolution
reaction. A-B) SEM images of nanosheet films prepared using nanosheets of different sizes
(mean lengths of 325 nm, sample 0.5-1.5krpm and 43 nm, sample 8-12krpm, respectively). C)
Polarisation curves measured for electrodes fabricated from nanosheets of different sizes.

Inset: Tafel plots. D) Nyquist plots measured at zero overpotential for the electrodes shown in
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(C). The solid lines are fits to the model described in the text (see table S3 for fit parameters).

The colour coding in C and D is the same, meaning the legend in D also applies to C.

We characterised the catalytic performance by measuring polarisation curves for electrodes
formed from nanosheets with different <L> as shown in figure 3C. This data clearly
demonstrates the current density and so the Hz production rate to increase continuously as the
nanosheet size falls. The inset in figure 3C shows Tafel plots (for different nanosheet size
plotted as n versus Log|J|) which indicate the Tafel slope (measured at currents below 10
mA/cm?) to be relatively invariant with nanosheet size. This suggests the increase in current
flow to be due to changes in the number of catalytically active sites. We also measured
impedance spectra at zero overpotential for all electrodes as shown in figure 3D. Here, while
the changes are more subtle (see below and Sl, Figure S4-S5), the Nyquist plots clearly contain
more than one semicircle with the diameter of the largest semicircle changing with <L>. As we

will demonstrate below, this indicates that the charge transfer resistance depends on nanosheet

size.
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Figure 4: Analysis of the polarisation and impedance data. A) Tafel slope plotted versus mean
nanosheet length, <L>. The expected Tafel slopes, if the Volmer or Heyrovsky reactions were
rate limiting, are shown as dashed lines. B) Exchange current density divided by electrode
thickness plotted versus <L>. Both the Tafel slope and the exchange current density were
obtained in two ways: from the polarisation curves and from the Nyquist plots, as described in
the text and the SI. C-D) Current density achieved at an overpotential of 275 mV (C) and

overpotential required to achieve a current density of 10 mA/cm? (D), both plotted versus <L>.

We can analyse the polarisation data quantitatively by fitting the linear portion of the
Tafel plot (i.e., at currents low enough to make mass transport limitations unimportant) to the
the cathodic term of the Butler-Volmer equation,®® known as the Tafel equation, which can be

written as:
J=-J,x10" @

where J is the measured current density, Jo is the exchange current density, » is the
overpotential, and b is the Tafel slope. Extracting the Tafel slope by fitting figure 3C (inset) in
the vicinity of J=10 mA/cm?, gave values of b which are plotted versus <L> in figure 4A. In
addition, we extracted b from impedance data as described in the Sl. Both data sets were in
good agreement with values in the range 70-90 mV/dec. Although the Tafel slopes are all
within error of each other, there may be a weak length dependence with b increasing slightly
with nanosheet length. This is broadly consistent with the results of Benson et al. and Wang et

al where an increase in b was observed with increasing nanosheet size.3> 4

In acidic solutions, three reactions can take place when hydrogen is evolved on a
catalyst surface, commonly named the VVolmer, Heyrovsky and Tafel reactions with the value
of b indicating the rate limiting step in the H2 evolution process (see SI).* In our case, a Tafel
slope of ~70-90 mV/dec is consistent with the Volmer-Heyrovsky process where proton
adsorption contributes to the rate determining process.>” This is in line with previous
measurements on WSz which have given values of b in the range 78-110 mV/dec.3* %3 5861 Ag
indicated above, that the reaction mechanism does not change with nanosheet size indicates
that the observed size dependence must be associated with changes in the number of active

sites rather than the chemical nature of the active sites.
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By fitting the polarization curves, we can also extract the exchange current density, Jo,
in order to investigate its dependence on nanosheet size. However, care must be taken, as it is
known that Jo scales linearly with electrode thickness, t, as thicker electrodes contain more
active sites.** Thus, we plot Jo/t versus <L> in figure 4B (closed symbols) finding a well-

defined inverse dependence over almost a decade of both Jo/t and <L>.

We can confirm this inverse behavior by fitting the impedance spectra shown in figure
3D to the circuit model outlined in the SI (see table S3 for fit parameters). This gives the charge

transfer resistance measured at zero overpotential, R, (7 =0), which we find decreases from
12.3 kQcm? to 2.6 kQcm? as <L> falls from 325 to 40 nm (N.B., here we have normalized by

multiplying by electrode area, A, to give R,A). This decrease in charge transfer resistance is

due to the greater number of active edge sites present for the samples fabricated from smaller
nanosheets. When measured at zero overpotential (as was the case here), Rct is directly related
to the exchange current density by:®2

R,A=RT /nFJ, )

where F is Faraday’s constant and n=2 is the number of electrons supplied per H2 molecule
formed. We can use this equation to calculate Jo from the Rct data extracted from fitting of
impedance data. This data is also plotted as Jo/t versus <L> in figure 4B (open symbols) and
also shows inverse behavior, agreeing very well with the data extracted from polarization

curves.

This inverse dependence of Jo/t with <L> is very important, as it is exactly what would
be expected if the catalytic sites reside on the nanosheet edge. For fixed length/width aspect
ratio nanosheets, the monolayer edge perimeter is oc L while the monolayer volume is oc L.
Thus, the total edge length of all nanosheet layers (including edges associated with individual
layers stacked in few-layer nanosheets) per unit volume scales as oc 1/ L . Then, if the exchange

current per unit volume (i.e. the exchange current density per unit electrode thickness) is

proportional to the number of catalytic sites per volume, we expect J, /toc1/ (L) , s observed.

We can see this more formally using an equation derived recently to describe the
exchange current density for catalytic electrodes consisting of porous films of edge-active

nanosheets:*
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J, = 2ne[ROB]{w}t 3)

(L)do

In this expression n=2 is the number of electrons supplied per H2 molecule formed, Ro
is the zero-overpotential turnover frequency (per site), B is the number of catalytic active sites
per unit nanosheet edge length, k is the nanosheet length/width aspect ratio, P is the electrode
porosity, <L> is the mean nanosheet length, do is the monolayer thickness and t is the electrode
thickness. Here the product RoB is the number of H2 molecules produced per second per unit
edge length (including edges associated with all individual layers stacked in few-layer

nanosheets) and can be thought of as a figure of merit for the catalytic activity of a nanosheet.

Equation 3 clearly has the expected form, consistent with J, /t ocl/(L) allowing us to use it

to extract RoB from the data in figure 4B. The dashed line in figure 4b is a fit to equation 3 and

is consistent with d(J, /t)/d(1/ (L)) =(6.1+0.5)x10° A/m?. Taking* k=2 and P=0.5 gives RoB
=3.8+0.4 H2 molecules s*pum. This value compares with R B ~11+2.5 H2 molecules s* um™,

estimated recently for LPE MoS: electrodes.** We note that if all edge disulphides were
active,* then the maximum possible value of B would be 1.56 nm™, leading to a minimum
value of Ro=2.4x10° s. This can be compared with Jaramillo’s value of Ro=20x10" s,
measured for MoS2.*! We suggest the discrepancy is either because all of the edge sites are not
active in our case, perhaps due to functionalisation or breaking of the disulphide bridges during
sonication, or perhaps because the intrinsic value of Ro is smaller for 2H-WS: compared to 2H-
MoS..

However, one problem with LCC is that it gives fractions where both <L> and <N>
vary with iteration such that <L> oc <N>. Thus, for the data presented in figure 4B, not only is
<L> changing but so is <N>. This is an important point as, while the catalytic sites reside on
the nanosheet edge for 2H-TMDs, for the 1T polytype, the HER catalytic sites lie on the basal

plane.®* 3 Thus, it is important to show that the increase in current density with decreasing

nanosheet size is due to increases in edge length (i.e. J,/t ocl/(L)) rather than increases in

accessible surface area (which would mean J,/toc1/(N), see SI). To show this, we have

derived an expression, analogous to equation 3, for the exchange current density when the
active sites are on the nanosheet basal plane (see Sl, equation S11). By analyzing the data in
this context, we find a value of Ro which is unrealistically small for WS.. This shows that our
data is consistent with the active sites lying on the nanosheet edge - as we would expect for
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2H-WSa. It is worth noting that equation S11 may be useful in its own right for analyzing HER
catalytic data for 1T-TMDs where the catalytic sites are known to lie in the basal plane.

In practical terms, we can also characterise the performance of a hydrogen evolution
electrocatalytic electrode via the Hz production rate, as represented by the current density at a
given potential. Shown in figure 4C is the current density at a potential of 275 mV vs RHE,
Jorsmv, plotted versus <L>. This parameter falls inversely with <L> as would be expected from
equations 1 and 3 (given that b is roughly constant). This means that a 10-fold reduction in
nanosheet size results in a 10-fold current increase, highlighting the importance of size
minimisation for catalytic applications. Of greater practical importance is the overpotential
required to achieve a given current density. Commercial electrolyzers generally operate at fixed
current density.%® Because the power consumption of an electrolyzer is related to Jn, and
because the H2 production rate is proportional to J, the overpotential required to generate 10
mA/cm? can provide an insight to the energy required to produce each H2 molecule. This makes
it very important to reduce the operating overpotential. Shown in figure 4D is the overpotential
required to produce a current density of 10 mA/cm? niomacem2. This parameter falls
logarithmically with decreasing nanosheet length as would be expected from equations 1 and
3. A 10-fold reduction on <L> results in a ~20% reduction in operating overpotential, a small

but non-trivial reduction.
Dependence of double layer capacitance on nanosheet size

Another electrochemical application, where nanosheets are widely used is as electrodes
in supercapacitors. In devices, pseudocapacitive nanosheets, such as Ni(OH)z, are generally
used.®* % However, exfoliated TMDs have been employed as Electrical Double Layer
Capacitor (EDLC) electrodes. While the 1T-polytype® of MoS: has demonstrated high
capacitance, electrodes made from the 2H-polytype of a number of TMDs have shown lower
performances.®®-"" Because the aim of this work is not to demonstrate high-performance
supercapacitors but to explore the effect of nanosheet dimensions on the performance of
supercapacitor electrodes, we have opted to use size-selected 2H-WS2 nanosheets as a model

system.

An EDLC stores energy by localising non-Faradic charges at an electrode-electrolyte
interface. As the maximum stored energy density is proportional to the total accessible surface
area per electrode volume,*” porous, high surface area electrodes are often used. Porous

nanosheet networks have many advantages for use as supercapacitor electrodes. For a network
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of nanosheets, the capacitance can be increased by maximising the total accessible nanosheet
surface area. This area will depend strongly on the nanosheet dimensions. Unless the scan rate
is extremely low, it is unlikely that ions can intercalate between the individual layers of a given

nanosheet. Thus the accessible surface area, Ar, can be approximated by the sum of top and

bottom surfaces for all nanosheets within the electrode; A, =2AN,s, where Ans is the mean

nanosheet top (or bottom) surface area and Nns is the number of nanosheets in the electrode.

This latter parameter is just the ratio of electrode mass to mean nanosheet mass, giving:

2p; At

= 4
pNSd0<N> @

where prand pns are the film and nanosheet densities respectively, A is the geometric film area,
and t, do and <N> have the same meaning as above. For a non-Faradaic electrical double layer

capacitor, the capacitance is given by C=¢,,A, / 1, where & is the relative permittivity

associated with the double layer region and A is the double layer thickness.*® Combining these

equations and noting that the porosity is defined as (1—P) = p; / p,s , 9ives an expression for

the capacitance per electrode volume:

_ Zgrgo (1_ P)

“ =N,

(®)
This expression clearly shows that the volumetric capacitance should scale inversely with the

mean nanosheet thickness.

To test this, we prepared EDLC electrodes using the same films which were used to
produce the HER catalytic electrodes described above. The only difference was that the EDLC
electrodes were approximately 20 times larger in area than the catalytic electrodes to reduce
noise and error. We characterised these electrodes by cyclic voltammetry (CV) with all
electrodes scanned at various scan rates ranging from 5 to 5000 mV/s in a limited potential
window (0.1 to 0.3 V vs. RHE) where the CVs are reasonably box-like (see methods). Shown
in figure 5A (see methods for details) are representative CV curves (dV/dt=25 mV/s) for
electrodes prepared from three different size nanosheets (all data is shown in the SI, Figures
S6). These CVs shows that, at fixed scan rate, the current flowing (i.e. stored charge) clearly
depends on the nanosheet dimensions. To analyse this data quantitatively, we extracted the
average of the magnitude of the cathodic and anodic currents at V=0.2 V vs. RHE (which we
refer to as Jasc, see figure 5A) for each sample at every scan rate. Because we expect the current
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density to scale with electrode thickness, we plot the current as Jaic/t versus scan rate in figure
5B (all data is shown in figure S7). In all cases we find a linear behaviour at low scan rate. At
higher scan rates the current begins to saturate due to either limitations associated with

diffusions of ions* ™ or the resistance of the electrode.” This graph shows clearly that

electrodes made from smaller nanosheets result in higher currents.
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Figure 5: Characterisation of films of WSz nanosheets used as electrochemical double layer
capacitors. A) Cyclic voltammograms (dV/dt=25 mV/s) measured for electrodes fabricated
from nanosheets of different sizes. The arrow indicates 2Jac. B) Current density, Jac,

(measured at 0.2 V) normalised to electrode thickness plotted versus scan rate for electrodes
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of three different nanosheet thickness. C) Volumetric capacitance plotted versus mean

nanosheet thickness with data from all samples included.

The volumetric capacitance, Cv, of the electrodes can be found from the equation:

J e dv
—C — 6
t “ dt ©)

We extracted Cv from the linear portion of curves such as those in figure 5B, plotting the
resultant data for the volumetric capacitance versus <N> in figure 5C. Although some scatter
is present, we find a clear inverse dependence of Cv with <N> as predicted by equation 5. The

dashed line shows a fit to equation 5 which is consistent with dC, /d(1/<N>) =(3.0+0.5)x10’

F/m3. Taking P=0.5 and &~10,( ref °) we can use equation 5 to estimate that A=5+1 nm.

This value of A is somewhat larger than the expected value of ~1 nm,* 4" implying that
the measured capacitances are smaller than expected for the measured nanosheet thicknesses.
We note that the nanosheet thicknesses were measured spectroscopically for nanosheets
dispersed in liquid. It is entirely possible that some degree of aggregation occurs during film
formation, resulting in somewhat increased nanosheet thicknesses, or rather decreased
accessible surface area in the film compared to the liquid. Alternatively, the accessible surface
area can be reduced when parts of the pore structure are not open enough to allow access to the
surface.” This could mean that only a (size-independent) fraction of the basal plane surface
area is accessible. However, the inverse dependence of Cv on <N> observed in figure 5C

indicates that the either effect must occur to the same degree for all nanosheet thicknesses.
CONCLUSION

In this work, we have used liquid cascade centrifugation to prepare a set of dispersions
of size-selected WS2 nanosheets with a well-defined range of lengths and thicknesses. These
have been used to explore the dependence of two well-known electrochemical applications on
nanosheet dimensions. By using films of WS2 nanosheets to catalyse the hydrogen evolution
reaction, we have shown the exchange current density to vary inversely with nanosheet length.
This is in line with theoretical predictions assuming catalytically active sites to reside on the
nanosheet edge. Fitting the theory to the data allows us to extract a minimum value for the
turnover frequency and suggests WSz to be an inferior HER catalyst to MoS2. Likewise, we

have used WSz nanosheet films as electrical double layer capacitor electrodes. We found the
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volumetric capacitance to scale inversely with the mean nanosheet thickness (as measured in
dispersion). Again this is consistent with a model based on the accessible surface area in the
interior of the electrode. Fitting the model to the data gives a double layer thickness which is
slightly larger than expected suggesting the nanosheets to have aggregated somewhat during

film formation.

This work clearly shows the importance of controlling the nanosheet dimensions for
applications in electrochemistry. It is likely that size effects, similar to those seen here, will be
important for other applications such as battery electrodes or other types of catalysis. We
believe methods such as liquid cascade centrifugation will be critical for preparing nanosheets
with size which is optimised for a given application.

Methods
Preparation of WS2 dispersion

The WS dispersion was prepared by dispersing layered powder (WS, Sigma Aldrich,
<2 um) with an initial concentration of 20 g/L in 70 mL aqueous surfactant solution (sodium
cholate SC, Ccs= 10 g/L). The mixture was subjected to sonication with a high power sonic
probe (VibraCell CVX; 750 W, 60 kHz) with a flathead tip for 1 h at 60% amplitude (pulse
rate 6 on 2 s off) while chilled using a double jacketed water cooling system and chiller. The
resultant dispersion was centrifuged in 28 mL vials in Hettich Mikro 220R centrifuge equipped
with a fixed-angle rotor 1016 at 5500 krpm for 90 min. The supernatant, containing very small
nanoparticles and impurities, was discarded. The sediment was redispersed in the solution of 3
g/L sodium cholate to a volume of 70 mL and subjected to the second sonication for 8 h at 60%
amplitude, pulse rate 6 on 2 s off to exfoliate WS: layered crystals. This gives a polydisperse
WS: stock dispersion containing both un-exfoliated crystallites and exfoliated WS2 nanosheets

which will be subjected to size selection as described below.

Size selection

The size selection procedure is adopted from our previously reported liquid cascade
centrifugation® as is illustrated in figure 1 of the main manuscript. All centrifugations were
performed in a Hettich Mikro 220R benchtio centrifuge at 15°C for 90 min, Two different
rotors were used. For speeds < 5 krpm, a fixed angle rotor 1016 was used (28 mL vials, ~10

mL aliquots in each vial). For this centrifuge and this rotor, the centrifugation rate, f is related
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to the centrifugal force via RCF = 106.4 f 2where f is the rotation rate in krpm. For speeds > 5
krpm, samples were centrifuged in a 1195-A fixed angle rotor (1.5 mL vials), where f is related
to the centrifugal force via RCF = 97.4 f 2. The following specific procedure was applied as
size selection: Un-exfoliated WS: crystallites were removed by centrifugation at 0.5 krpm
(discard the sediment in this step). The supernatant was subjected to further 90 min
centrifugation at 1.5 krpm. The sediment was redispersed in the desired volume (5 to 10 mL)
of fresh surfactant (Ces= 3 g/L) and labelled as “Sample 0.5-1.5 krpm”, while the supernatant
was centrifuged at 2.5 krpm. Again, the sediment was collected (Sample 1.5-2.5 krpm) and the
supernatant subjected to centrifugation at higher speeds. This procedure was repeated with the
3.5 krpm, 5 krpm, 8 krpm, and 12 krpm as illustrated schematically in figure 1. The sediments
collected contained various masses of WSz from 181 mg for the 0.5-1.5 krpm sample to 2.5 mg
for the 12-15krpm sample (see Sl). The data presented in Figure 2 uses the central rpm to

express the consecutive centrifugation. The related g-forces are summarised in table S1.

Electrode preparation

Dispersions of WSz in SC were vacuum filtered through porous mixed cellulose ester
filter membranes (MF-Millipore membrane, hydrophilic, 0.025 um pore size, D=47 mm).
Control over the deposited mass per unit area (M/A) of the filtered material was achieved by
filtering known volumes of a dispersion with known concentration. This resulted in spatially
uniform films with targeted M/A of ~0.02 mg/cm? (see for example figure 3A). To remove the
remaining surfactant, all the films were washed by filtering 200 mL of deionized water through
the porous films. The resulting films once dried, were cut to the desired dimensions and
transferred onto glassy carbon disc electrodes for electrochemical measurements or glass
substrates for SEM imaging and profilometry thickness measurements. The cellulose
membrane was removed by applying pressure to the film, wetting it with acetone vapour, and
subjecting it to a series of acetone baths. The acetone dissolves the cellulose membrane and
leaves the porous films behind on the substrate surface.

However, we note that even though we made efforts to keep the deposited mass
constant, some variation in film mass is inevitable due to factors such as inaccuracies in the
extinction coefficient, leakage of the dispersion during filtration or incomplete transfer. This
makes it critical to measure the thickness of all electrodes after deposition. Film thicknesses
were measured using a Dektak 6M profilometer from Veeco Instruments. Step profiles were
taken at four different locations to get an average film thickness for each electrode. The

resultant thicknesses are shown in table S2. In all cases the electrode porosities were taken as
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P=0.5. We have found that in most cases, nanosheet networks have porosity close to 50%
independent of nanosheet type.** ™ 75

Characterization equipment

Optical extinction was measured on Varian Cary 500 in quartz cuvettes with a

pathlength of 0.4 cm in 1 nm increments.

SEM images were obtained using a ZEISS Ultra Plus (Carl Zeiss Group), 2 kV
accelerating voltage, and a working distance of approximately 1-2 mm. The samples were
loaded onto the SEM stub using sticky carbon tape. Bright field transmission electron
microscopy imaging was performed using a JEOL 2100, operated at 200 kV on holey carbon
grids (400 mesh). Statistical analysis was preformed of the flake dimensions by measuring the
longest axis of the nano-sheet and assigning it “length” for > 100 nanosheets. The data is

presented as arithmetic mean value of the measured length.

Atomic force microscopy (AFM) was carried out on a Dimension ICON3 scanning probe
microscope (Bruker AXS S.A.S.) in tapping mode in air under ambient conditions using
aluminum coated silicon cantilevers (OTESP-R3). A drop of the dispersion (20 uL) was
deposited on a pre-heated (150 °C) Si/SiO2 wafer (1x1 cm?) with an oxide layer of 300 nm.
The high concentration dispersions collected after LCC were diluted with water (to optical
densities at ~400 nm of 0.1-0.2) immediately prior to deposition to reduce surfactant
concentrations. After deposition, the wafer was rinsed with ~5 mL of water and ~5 mL of
isopropanol. Typical image sizes ranged from 2x2 pm? to maximum 6x6 um? for the larger
nanosheets at scan rates of 0.8-1.0 Hz with 512 lines per image. The apparent thickness was
measured for 100-250 nanosheets per sample and converted to number of layers using
previously developed step-height analysis of liquid-exfoliated TMDs.3% 3! The data is shown

as arithmetic mean of the number of layers.
Electrochemical measurements

All the electrochemical measurements were performed with a Gamry Reference 3000
potentiostat in 0.5 M H2SOa4 solution using a three-electrode cell, with a Calomel reference
electrode (Saturated KCI, Eo=240 mV vs. RHE) and platinum spring as counter electrode. All
the measurements were carried out in oxygen-free sealed cell under purging pure nitrogen on
top of the electrolyte. The measured potential was converted to the reversible hydrogen
electrode (RHE) scale by adding +0.240 V, measured with respect to a Gaskatel Hydroflex H2
reference electrode. Catalytic activity was measured by performing linear sweep voltammetry
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from 0 to -0.8 V (vs. RHE) with a scan rate of 5 mV/s. The AC impedance is measured within
the frequency range of 0.1 to 10° Hz with a perturbation voltage amplitude of 10 mV and under
zero and different DC potential bias. The equivalent series resistance of the system was
measured by impedance spectroscopy from the high frequency intercept with the real
impedance axis and all the data were corrected by iR compensation. Double layer capacitance
were measured by running cyclic voltammetry between 0.1 to +0.3 V vs RHE with 10 cycle
for each scan rate for all samples (figure S6-7). This potential window was chosen to minimise
the possibility of Faradaic reactions taking place such that all the capacitance could be
accounted for non-faradic double layer capacitance which depends on the accessible surface
area. This allows us to use equation 5 to quantitatively analyse our data. Also the electrolyte
was purged thoroughly with pure nitrogen 30 min before each experiment and blown on the
surface of the fully sealed electrochemical cell during the experiment to avoid any possible
oxygen reduction faradic current in voltammograms. Samples were conditioned at an

appropriate voltage 1 min before each measurement.

Supporting Information Available: Detailed methods, materials characterisation and

characterisation. This material is available free of charge via the Internet at http://pubs.acs.org.
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