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(OH)2 nanosheets by liquid phase
exfoliation: from optical properties to
electrochemical applications†
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Aleksey Shmeliov,ac Michael E. G. Lyons,ac Valeria Nicolosi,ac Georg S. Duesberg,ac

John F. Doneganab and Jonathan N. Coleman*ab

Here we demonstrate that liquid phase exfoliation can be used to convert layered crystals of nickel

hydroxide into Ni(OH)2 nanosheets in relatively large quantities and without the need for ion

intercalation. While other procedures require harsh synthesis conditions and multiple reaction steps, this

method involves ultrasonication of commercially available powders in aqueous surfactant solutions and

so is relatively mild and potentially scalable. Such mild exfoliation is possible because the surface energy

of Ni(OH)2, as measured by inverse gas chromatography, is relatively low at �70 mJ m�2, similar to other

layered materials. TEM, AFM, XPS and Raman spectroscopy show the exfoliated nanosheets to be

relatively thin (mean �10 monolayers thick) and of good quality. Size selection by liquid cascade

centrifugation allowed the production of samples with mean nanosheet lengths ranging from 55 to

195 nm. Optical measurements on dispersions showed the optical absorption coefficient spectra to be

relatively invariant with nanosheet size while the scattering coefficient spectra varied strongly with size.

The resultant size-dependence allows the extinction spectra to be used to estimate nanosheet size as

well as concentration. We used the exfoliated nanosheets to prepare thin film electrodes for use in

supercapacitors and as oxygen evolution catalysts. While the resultant capacitance was reasonably high

at �1200 F cm�3 (20 mV s�1), the catalytic performance was exceptional with currents of 10 mA cm�2

observed at overpotentials as low as 297 mV, close to the state of the art.
1. Introduction

Over the last few years, 2-dimensional (2D) materials have
become a very important part of nano-materials science.1,2 A
wide range of such materials have been studied, from the
prototypical graphene to a host of inorganic 2D materials
including BN;3 transition metal dichalcogenides (TMDs, e.g.
MoS2 andWSe2);1 transition metal oxides (TMOs, e.g.MnO2 and
MoO3);4 III–VIs such as InSe5 and elemental 2D materials such
as phosphorene,6 silicone,7 stanene8 and most recently9 atomi-
cally thin 2D boron. These materials are very exciting, not only
because they display interesting properties, but because of their
potential for use in applications.2 Here, their diversity is
a strength: the many different types10 of 2D materials leads to
a very broad palette of properties and potential uses. As a result,
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2Dmaterials have been demonstrated in applications as diverse
as electronic devices,2 water lters11 and drug delivery.12

Two-dimensional materials are produced by a variety of
methods including mechanical cleavage,13,14 synthesis,15,16

growth17,18 and various liquid exfoliation techniques,19–21 with
each method having advantages and disadvantages. For many
applications,10 sample preparation requires access to liquid
dispersions of 2D nanosheets. Such nanosheets are 2D platelets
which have thicknesses of �nm, but lateral dimensions of
�mm. Their availability in liquids facilitates their processing
into useful structures such as composites or thin lms.10 A
number of liquid exfoliation methods exist including:10 oxida-
tion (e.g. oxidative exfoliation of graphite to give graphene
oxide),22 exfoliation by ion intercalation (e.g. exfoliation of MoS2
by lithium intercalation)21 and exfoliation by ion exchange (e.g.
exfoliation of layered oxides or double hydroxides by weakening
the interlayer interaction via exchange of existing interlayer ions
by bulkier substitutes).23 Such methods give largely monolayer
nanosheets in reasonable quantities but suffer from the
disadvantage that all involve multistep chemical processes.

Recently, an alternative approach,19,24 called liquid phase
exfoliation (LPE),25 has been developed to exfoliate uncharged
This journal is © The Royal Society of Chemistry 2016
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layered crystals (i.e. those without interlayer ions) to give liquid-
dispersed nanosheets. This method involves the production of
few-layer nanosheets by shearing26 or ultrasonication20 of
layered crystals in appropriate stabilising liquids (i.e. certain
solvents27 and surfactant28 or polymer solutions29). In each case,
interactions between the stabilising liquid and the nanosheet
surface reduce the net exfoliation energy and stabilise the
nanosheets against aggregation.24 The resultant dispersions are
quite stable and can be produced at concentrations30 exceeding
1 g L�1. It should be noted that this method produces mostly
few-layer nanosheets (typically�1–10 stackedmonolayers), with
monolayer contents which are low compared to the methods
described above. Nevertheless, LPE has been applied to a wide
range of 2D materials including graphene,19,31,32 BN,3 TMDs,20,33

TMOs,34,35 GaS,36 phosphorene37,38 and MXenes.39 This method
has a very important advantage that it is simple and potentially
scalable and cheap.26,40 The resultant dispersions can very easily
be processed into nanostructured materials by a range of
methods such as spray casting,41 inkjet printing,42,43 gravure
printing44 and freeze drying.45 These structures have been used
in a wide range of applications from barrier composites46,47 to
battery electrodes48 to photodetectors.49,50

Because the variety of 2D materials is such an advantage, it
will be important to continually increase the number of families
of 2D materials that can be exfoliated. The ability to exfoliate
new families of 2D materials will undoubtedly expand the
number of potential applications of the materials class as
a whole. One family of 2D materials that has been exfoliated by
chemical means but not by facile methods such as LPE is the
layered double hydroxides (LDHs).23,51,52 The LDHs are a family
of layered compounds with monolayers having the general
chemical formula of

[M1�x
2+Mx

3+(OH)2]
x+[Ax/n

n�]x�$mH2O (1)

where An� represent charge balancing anions which tend to
reside between the layers and M2+ and M3+ are divalent and
trivalent metal ions (M2+ ¼Mg2+, Fe2+, Co2+, Ni2+ etc. and M3+ ¼
Fe3+, Al3+, Co3+ etc.). Monolayers consist of a central layer of
metal ions sandwiched between layers of –OH groups. In
general these materials differ from the more well-known 2D
materials such as MoS2 in that the monolayers tend to be
charged and accompanied by the charge balancing anions
described above. LDH crystals can be exfoliated down to
monolayers by methods involving ion exchange (the reader is
referred to a number of excellent reviews by Sasaki et al. on this
topic).23,51 Suchmethods typically involve exchanging the charge
balancing interlayer anions with more bulky ions such as
dodecyl sulphate, resulting in weakening of the interlayer
interaction.51 The resultant swelled crystals can then be exfoli-
ated in solvents such as formamide51,53 and water.54 However
such chemical exfoliation methods tend to involve multiple
steps and be considerably less straightforward than LPE.

However, a subset of LDHs are considerably less complex
than implied above. In eqn (1), if x ¼ 0, the structure becomes
[M(OH)2], where the basal plane is not charged, and no charge
balancing counter-ions are necessary. The most well-known
This journal is © The Royal Society of Chemistry 2016
materials of this type are Ni(OH)2, Co(OH)2 and Mg(OH)2, all of
which have layered structures. While nanosheets of these
materials have been produced by chemical synthesis
methods,55–61 relatively few papers describe their production by
exfoliation of layered crystals. Those papers that do describe
exfoliation of Ni(OH)2 require specially synthesised starting
material containing intercalated surfactant.62,63 Such experi-
ments involve lengthy multistep synthetic methods incorpo-
rating hydrolysis reactions, airtight conditions and heating of
the suspension for several days before the nal product is
formed. Compared to such methods, we believe LPE has many
advantages, not least that it is quick, cheap, scalable and
doesn't require the use of dangerous chemicals or solvents.

In fact, such a facile method of producing LDH nanosheets
would be extremely welcome from an applications perspective.
For example, LDH nanosheets such as Ni(OH)2 and Co(OH)2
have shown signicant potential for use in electrochemical
applications. Both materials have been demonstrated as high-
capacity electrode materials for supercapacitors61 and high-
performance electrocatalysts for the oxygen evolution reaction
(OER).57,60,64–67 In application such as these, LPE nanosheets may
display a distinct advantage. Previous work has shown that by
controlling the dimensions68 of liquid exfoliated WS2 nano-
sheets, the performance of supercapacitor electrodes and
hydrogen evolution catalytic electrodes could be maximised.69

Furthermore, LPE nanosheet dispersions can be formed into
lms with easily controlled thickness or mixed with carbon
nanotubes to form composites, allowing further enhancements
of catalytic activity70 or capacitance.71 Thus, liquid exfoliation of
LDH nanosheets should facilitate the maximisation of their
applications potential.

Here, we will focus on Ni(OH)2 as a representative example of
an uncharged layered double hydroxide (for structure see
Fig. 1A, inset). We show that Ni(OH)2 nanosheets can be
produced by liquid phase exfoliation in both the organic solvent
N-methyl-pyrrolidone or in water using the surfactant sodium
cholate as a stabiliser. Raman and XPS spectroscopy were used
to conrm the nanosheets to be Ni(OH)2 while liquid cascade
centrifugation was used to produce size-selected fractions.68 We
characterise the dependence of the optical properties of the
dispersions on nanosheet size, leading to metrics which allow
the estimation of not only nanosheet concentration but also
lateral size from extinction spectra. Finally we show that lms of
these nanosheets can be used to prepare high performance
supercapacitor electrodes and oxygen evolution electrocatalysts.

2. Results and discussion
2.1 Starting material

Layered Ni(OH)2 was purchased in powder form from Sigma
Aldrich (cost 27 c/g). In our experience, such powders oen
contain non-negligible quantities of impurity material, the
presence of which can negatively affect the exfoliation proce-
dure. In an attempt to remove some of these impurities, we
employed a pre-treatment procedure which involved sonicating
3 g of powder for 2 hours in 80 mL water followed by a centri-
fugation step (1 h at 4.5 krpm, 2150g) to separate the solubilised
J. Mater. Chem. A, 2016, 4, 11046–11059 | 11047
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Fig. 1 (A) Measurement of surface energy of Ni(OH)2 layered powder
as a function of probe coverage. Data is given for both the dispersive
component, dd, and the total surface energy (dispersive + polar, dd +
dp). Inset: structure of nickel hydroxide, Ni(OH)2. Blue, Ni; yellow, O;
silver, H. (B and C) TEM images of Ni(OH)2 nanosheets produced by
exfoliation in the solvent N-methyl-pyrrolidone (surface energy
� 70 mJ m�2).
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and unstable components. Here the sediment contained the
treated Ni(OH)2 crystallites while the supernatant is expected to
contain any impurity material. The sediment was then dried to
give a pre-treated powder. We note that, in addition to removing
water-soluble impurities, such a procedure generally improves
the yield of any subsequent exfoliation process.72

Both starting material and pre-treated powder were analysed
by XRD (Fig. S1†) to determine their structure.73 The XRD
patterns of both bulk and pre-treated Ni(OH)2 were consistent
with single phase74 b-Ni(OH)2 with the expected crystalline
hexagonal structure (a ¼ 0.3126 nm, c ¼ 0.4605 nm).75 As no
peaks from other phases were found, this suggests the layered
material to consist of only one phase and contain only single
valence Ni2+.76 This is important as the absence of the charge-
balancing counter-ions which are oen found in LDHs would be
expected to make LPE much more straightforward. In addition,
XPS (Fig. S2†) conrms the material to be relatively pure con-
taining no other nickel species than Ni2+.
2.2 Surface energy and solvent exfoliation

Since 2008 it has been known that layered crystals can be
exfoliated in solvents so long as the surface energy of the solvent
matches that of the layered crystal19,20,24 (N.B. the surface energy
of a liquid is typically �29 mJ m�2 higher than its surface
tension due to the contribution of surface entropy).77 For
11048 | J. Mater. Chem. A, 2016, 4, 11046–11059
example MoS2 and MoSe2 both have surface energies of
�75 mJ m�2 (as measured by inverse gas chromatography) and
can both be well-exfoliated in solvents such as N-methyl-pyrro-
lidone which have surface energy in the vicinity of 70 mJ m�2.27

Thus, in order to assess the feasibility of liquid phase exfolia-
tion of Ni(OH)2, it is important to know it's approximate surface
energy.

To this end, we used inverse gas chromatography to analyse
Ni(OH)2 layered powder, measuring the dispersive component
of the surface energy and estimating the contribution due to
polar interactions. Inverse gas chromatography (IGC) is a well-
established method for measuring the surface energy of
heterogeneous solids.78–80 IGC is a gas sorption technique that
operates by injecting different kinds of probe solvents into
a column containing the sample and measuring the time taken
for them to elute through it. The elution time can then be used
to measure the sample's surface energy. By using alkane probes,
the dispersive surface energy, gd,81–83 can be measured while
polar probes can be used to estimate the polar component of
the surface energy, gp.84,85 The total surface energy (gT) is
generally taken as the sum of these components.86 Modern IGC
equipment measures surface energy proles, which map the
surface energy of a sample as a function of surface coverage of
the probe molecule, by carefully controlling the amount of
probe injected into the column.86,87 This is important because
low coverage measurements tend to probe high binding energy
sites which are generally associated with defects (here most
probably ake edges). Only at higher coverage is the intrinsic
surface energy measured. We will assume that these high-
coverage, intrinsic surface energies are associated with the
basal plane of Ni(OH)2. A detailed description of the measure-
ments is given in the ESI.†

We measured the surface energy of Ni(OH)2 layered powder
using alkane probes to measure the dispersive component of
the surface energy and a combination of dichloromethane and
ethyl acetate to measure the polar component. Shown in Fig. 1A
are data for both gd and the total surface energy, gT ¼ gd + gp,
both plotted versus probe coverage (see ESI† for details). Both
curves saturate at probe coverage of >0.2, giving a basal plane
dispersive, polar and total surface energies of gd ¼ 61 mJ m�2,
gp ¼ 4 mJ m�2 and so gT ¼ 65 mJ m�2. We note that the polar
component (and so the total surface energy) is somewhat
dependent of the exact probe used. As such, we used a comple-
mentary technique to measure the specic free energy of
absorption of dichloromethane, ethyl acetate, 1-propanol,
ethanol and methanol onto Ni(OH)2 (see ESI†). We found these
absorption free energies of the alcohols to be 1.8–2.2 times
higher than those for dichloromethane and ethyl acetate. This
suggests that the polar component of the surface energy may
actually be higher than the values given by the basic surface
energy measurement with probably values in the range 4–
9 mJ m�2. This implies the total surface energy to lie in the
range gT ¼ 65–70 mJ m�2.

This surface energy value is reasonably close to values of�75
mJ m�2, recently measured for MoS2 and MoSe2.27 This implies
that it should be possible to exfoliate Ni(OH)2 in N-methyl-
pyrrolidone, a solvent commonly used to exfoliate layered
This journal is © The Royal Society of Chemistry 2016
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compounds.25 To test this, we sonicated (t ¼ 4 h) pre-treated
Ni(OH)2 in N-methyl-pyrrolidone (powder concentration
Ci ¼ 20 g L�1) in a metal beaker (volume, V ¼ 80 mL) using an
ultrasonic tip (see Methods for details). In order to remove any
unexfoliatedmaterial, the dispersion was then centrifuged (tcf¼
120 min at 1.5 krpm, 240g), resulting in a milky green liquid.
The contents of this liquid were then analysed using TEM. Large
quantities of 2D nanosheets were observed with example
images shown in Fig. 1B and C. By ltration and weighing, we
measured the dispersed concentration to be �0.5 mg mL�1.

While these results clearly show that Ni(OH)2 can be exfoli-
ated in N-methyl-pyrrolidone, solvent exfoliation has some
disadvantages, with typical examples being high solvent boiling
point and toxicity. As a result, it is becoming much more
common to exfoliate layered materials by sonication in water-
surfactant solutions.28 Usually, any layered material that can be
exfoliated in solvents can also be exfoliated in water-surfactant
solutions. In addition, surfactant exfoliation oen results in
nanosheets which are thinner than those found by solvent
exfoliation.68 Because of these reasons we will now focus on
liquid phase exfoliation of Ni(OH)2 in water-surfactant
solutions.
2.3 Liquid phase exfoliation using surfactants

In order to demonstrate surfactant exfoliation of Ni(OH)2
nanosheets, pre-treated Ni(OH)2 powder (powder concentration
Ci ¼ 20 g L�1) was added to water and sodium cholate (CSC ¼
9 g L�1) and sonicated (t ¼ 4 h) in a metal beaker (volume, V ¼
80 mL) using an ultrasonic tip (see Methods for details and ESI†
for information about other surfactants). The dispersion was
then centrifuged (tcf ¼ 120 min at 1.5 krpm, 240g) to remove
unexfoliated material. This set of conditions results in a stable
dispersion with a pale green colour which we refer to as the
standard sample (Fig. 2A, inset). To conrm exfoliation, trans-
mission electron microscopy (TEM) was performed on the
dispersion by dropping a few drops of dispersion onto a holey
carbon grid. TEM images show the dispersion to contain large
quantities of well-exfoliated, electron-transparent nanosheets
with well-dened edges (Fig. 2A and S4†). Statistical analysis
shows the nanosheets in the standard sample to be quite small,
as shown by the histogram in Fig. 2B. The mean nanosheet
lateral size (i.e. the length, dened as the maximum dimension)
was hLi ¼ 126 � 4 nm. We also performed atomic force
microscopy (AFM) on a standard sample which had been
deposited on a Si/SiO2 surface with a typical image shown in the
inset of Fig. 2C. The lateral nanosheet size (represented by the
length, L) varied in the range 20–200 nm, in reasonable agree-
ment with TEM data. Larger akes tended to be thicker with L
z 10N, where N is the number of monolayers per nanosheet
(Fig. 2C). The nanosheet thickness (Fig. 2D), was in the range 1
# N # 30, and followed a lognormal distribution, as previously
observed for liquid exfoliated BN and WS2.68,88 The mean
thickness was hNi ¼ 10.6 � 0.4, similar to the value found for
liquid exfoliated black phosphorous nanosheets.89 Although
only �1% of the nanosheets have been identied as monolayer
Ni(OH)2, we note that 28% of the nanosheets had N # 6 layers.
This journal is © The Royal Society of Chemistry 2016
We note that liquid phase exfoliation is quite simple
compared to the ion-exchange-based exfoliation methods oen
used from LDHs.23,51 During the procedure, the ultrasonication
step breaks up the crystallites,88 producing large quantities of
nanosheets.72 For surfactant exfoliation, these nanosheets are
rapidly (within ms)90,91 coated with sodium cholate surfactant
molecules. The combination of bound negatively charged
cholate groups and the diffuse cloud of Na+ ions results in the
formation of a non-zero electric potential in the vicinity of the
nanosheet surface, the so-called zeta potential.92 As a result,
adjacent nanosheets feel an electrostatic repulsive force which
stabilises them against aggregation.

It is important to assess the mass of nanosheets produced by
this exfoliation method. While this is usually achieved by
measuring concentration using optical spectroscopy via the
absorption coefficient, this is not completely straightforward for
exfoliated nanosheets. This is because the measured optical
extinction, Ext (dened via T ¼ 10�Ext), contains contributions
from both absorption and scattering,68,93 with the size-depen-
dence of the scattering component making concentration
measurements unreliable. To address this, we measured the
extinction spectrum of the standard sample which was con-
verted into the extinction coefficient (3) spectrum following
careful measurements (see Methods) of the dispersed nano-
sheet mass (using Ext ¼ 3Cl, where C and l are concentration
and cell length). We then used an integrating sphere to separate
the absorption and scattering components,93 to obtain absorp-
tion (a) and scattering (s) coefficient spectra (where 3(l)¼ s(l) +
a(l)). All three spectra are plotted in Fig. 2E. It is clear that the
extinction spectrum is dominated by scattering with the
absorption being very weak in comparison. The absorption
coefficient spectrum (Fig. 2E, inset) displays a band edge at
�300 nm (�4.1 eV) as well as absorption peaks associated with
the Ni2+ ions at 386 nm and 654 nm. We note that the optical
spectra will be discussed in more detail in a subsequent section
of this manuscript.

As described below, the optical absorption coefficient at 386
nm wasmeasured to be ha386 nmi ¼ 14 L g�1 m�1. This value can
be used to measure the nanosheet concentration from the
absorbance (Abs) via Abs386 nm ¼ a386Cl. Alternatively, as we
demonstrate below, a careful analysis of the extinction spec-
trum can be used to obtain the concentration. We used the
optical spectra to estimate the nanosheet concentration for
a range of exfoliation parameters. In these experiments the
centrifugation rate was kept at 1.5 krpm (240g, 2 h) and the
supernatants analysed. We prepared nanosheet dispersions for
a range of different surfactant concentrations (Ci ¼ 10 g L�1,
tsonic ¼ 1 h, V ¼ 50 L) with the resultant concentrations plotted
in Fig. 2F vs. Csurf. As observed previously by Varrla et al. and
Zhao et al. we see a peak at �9 g L�1, which is reasonably close
to the critical micelle concentration (CMC) of sodium cholate
(�6 g L�1) as expected.94,95 The zeta potential (z) showed a steady
increase with Csurf (Fig. 2G), indicating a steady increase in
surfactant coverage on the nanosheet surface. We also varied
the sonication time (Ci ¼ 20 g L�1, Csurf ¼ 9 g L�1, V ¼ 80 mL)
and the concentration of Ni(OH)2 powder, Ci (Csurf ¼ 9 g L�1,
tsonic ¼ 1 h, V ¼ 50 mL) with the measured nanosheet
J. Mater. Chem. A, 2016, 4, 11046–11059 | 11049
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Fig. 2 (A) Representative low resolution TEM image of Ni(OH)2 nanosheets. Inset: photograph of typical Ni(OH)2 dispersion in surfactant solution
(H2O + sodium cholate) showing distinctive green colour. (B) Histogram showing flake length distribution of a standard Ni(OH)2 dispersion (Ci ¼
20 g L�1, Csurf ¼ 9 g L�1, tsonic ¼ 4 h, f ¼ 1.5 krpm, tcf ¼ 120 min). (C) AFM data for nanosheet length plotted versus nanosheet thickness for
a standard Ni(OH)2 dispersion. The dashed line represents L ¼ 10N. Inset: sample AFM image. (D) Histogram of nanosheet thicknesses, N, as
measured by AFM. The line represents a log-normal distribution. Inset: magnified image of low N portion of histogram. (E) Optical extinction,
absorption, and scattering spectra of Ni(OH)2 in surfactant solution. Inset: magnified view showing absorption spectrum. (F) Final Ni(OH)2
nanosheet concentration plotted against surfactant concentration showing a peak at �10 g L�1 of sodium cholate. The dispersions in 1F were
prepared with initial powder concentration Ci ¼ 10 g L�1, tsonic ¼ 1 h and were centrifuged at f ¼ 1.5 krpm for 120 min. (G) Zeta potential plotted
against surfactant concentration of dispersions from 1F. (H) Final concentration of Ni(OH)2 plotted against sonication time indicating a square
root dependence (dashed line). The dispersions in 1H were prepared with Ci ¼ 20 g L�1, surfactant concentration Csurf ¼ 9 g L�1 and were
centrifuged at f ¼ 1.5 krpm for 120 min. (I) Final concentration of Ni(OH)2 nanosheets plotted vs. initial bulk Ni(OH)2 concentration. The
dispersions in 1I were prepared with Csurf ¼ 9 g L�1, tsonic ¼ 1 h and were centrifuged at f ¼ 1.5 krpm for 120 min.
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concentration shown in Fig. 2H and I and the related extinction
spectra shown in ESI Fig. S3.† We found the concentration to
scale as the square root of sonication time, as is generally found
for LPE,30,34,36 and linearly with Ci, as expected.28,36 We note that
we achieved concentrations as high as 2–3 g L�1 and production
rates as large as 1–2 mg min�1. These concentrations and
production rates are relatively high for LPE nanosheet disper-
sions produced by sonication and compare well to typical values
of �2 g L�1 and 0.25 mg min�1 for graphene26,94 and >1 g L�1

and 0.1 mg min�1 for MoS2.96,97
2.4 Characterisation of Ni(OH)2 nanosheets

Once the Ni(OH)2 nanosheets were dispersed in the liquid
phase, it was possible to perform more detailed character-
isation. To achieve this, we prepared thin lms by vacuum
ltration onto nitrocellulose membranes. Scanning electron
microscopy (SEM, Fig. 3A) imaging showed these lms to
consist of disordered arrays of nanosheets and appear struc-
turally similar to lms of other nanosheets types produced by
LPE.28,34,36,98,99 Raman spectroscopy (l ¼ 532 nm) was used to
examine both the pre-treated powder and the nanosheet lm,
with averaged spectra shown in Fig. 3B (and Fig. S5†). Both
spectra show three distinct main peaks at 324, 458 and
3583 cm�1 which correspond to Eg and A1g Raman-active tran-
sitions characteristic for b-Ni(OH)2.100 No spectral changes are
observed going from powder to nanosheets implying that no
11050 | J. Mater. Chem. A, 2016, 4, 11046–11059
physical damage occurs during the exfoliation process. This is
further supported by IR spectra (ESI Fig. S6†). A more detailed
discussion on the vibrational modes is presented in the ESI.†

X-ray photo-electron spectroscopy (XPS) is an extremely
powerful tool to monitor surface chemistry and chemical
compositions. Shown in Fig. 3C–F are Ni 2p and O 1s XPS core
level spectra measured on both the pre-treated powder (C and
D), and exfoliated Ni(OH)2 nanosheets (E and F). The complex
metal core level spectra of the Ni 2p core-level were tted using
the parameters established by Biesinger et al.101 Fitting revealed
both the pre-treated sample and exfoliated samples to consist
almost exclusively of Ni(OH)2. Although this data does not allow
us to accurately distinguish between a, b and g Ni(OH)2, we can
conclude that the samples contain virtually no NiO or NiOOH
and <1% Ni metal. The corresponding O 1s core-level spectra
mainly show the expected Ni(OH)2 contribution at �531 eV
(grey). There is also a broad component on the high binding
energy shoulder (purple), which contributes �30% for the pre-
treated sample and �23% for the nanosheets. We attribute this
to a combination of organic impurities remaining in the pre-
treated sample and sodium cholate in the exfoliated sample, as
well as residual nitrate from the synthesis as observed by
Raman and IR spectroscopy (Fig. S5 and S6†). We note that
sonication during the exfoliation process did not result in an
increased NiOx content as shown by the Ni 2p and O 1s core
level spectra of the pre-treated and processed Ni(OH)2 (Fig. 3C
and D).
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (A) Representative SEM image of a film made with the filtered
standard dispersion (H2O + sodium cholate, Ci ¼ 20 g L�1, Csurf ¼
9 g L�1, tsonic ¼ 4 h, f ¼ 1.5 krpm, tcf ¼ 120 min). The scale corresponds
to 200 nm. (B) Raman spectrum (excitation wavelength ¼ 532 nm,
mean of 20 spectra) of standard film and pre-treated powder showing
characteristic phonons of the Ni(OH)2. (C–F) Fitted XPS core level
spectra of pre-treated powder (C and D) and a film of reaggregated,
exfoliated nanosheets (E and F). (C and E) Ni 2P3/2 core level spectra. (D
and F) O 1s core level spectra.
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2.5 Size selection and optical characterisation of Ni(OH)2
nanosheets

One signicant advantage of dispersions produced by LPE is
that they can be readily size-selected. There are a number of
ways in which as-produced nanosheet dispersions can be
separated into fractions containing different sized nano-
sheets.102–107Here we used liquid cascade centrifugation68 (LCC),
a method that involves a number of sequential centrifugation
steps, to isolate nanosheets in different size ranges (see
Methods and ref. 68). One advantage of this method is the ease
with which high concentration, size-selected dispersions can be
achieved. Here we produced ve size-selected dispersions which
we labelled in order of decreasing size: XL, L, M, S and XS.

In each case, the dispersions were analysed using TEM as
described earlier, with sample images shown in the insets of
Fig. 4A and B for the XL and XS samples. We performed
statistical analysis of the nanosheet lengths with histograms
shown in Fig. 4A and B, again for the XL and XS samples.
Additional histograms and images are shown in the ESI
(Fig. S8†). The mean nanosheet lengths ranged from 55 nm to
195 nm for the XS and XL samples respectively as shown in the
lower inset of Fig. 4B.
This journal is © The Royal Society of Chemistry 2016
It has previously been reported that nanosheets size has
a number of distinct effects on the optical properties of nano-
sheet dispersions.68,93 As a result, we measured the extinction,
scattering and absorbance coefficient spectra for the ve size-
selected dispersions as shown in Fig. 4C–E. It is clear from this
data that the extinction coefficients (Fig. 4C) are very sensitive to
nanosheet size with 3 increasing strongly with hLi at all wave-
lengths. In addition, as indicated previously, the scattering
spectra (Fig. 4D) appear very similar to the extinction spectra for
all nanosheet sizes conrming the optical properties to be
dominated by scattering. The absorption spectra are shown in
Fig. 4E and are virtually independent of length in both shape
and magnitude. The peaks at 386 nm and 654 nm did not shi
with nanosheet size. This is expected as these absorption
transitions are associated with the Ni2+ ions which have
a characteristic length scale much smaller than the size of the
nanosheets.108 The peaks at 700 nm and 400 nm are due to the
3A2 /

3T1(
3F) and 3A2 /

3T1(
3P) transitions respectively (there

is also a peak at �1100 nm which is due to the 3A2 / 3T2(
3F)

transition, see ESI, Fig. S7†). These transitions are all associated
with Ni2+ in an octahedral symmetry and are assigned on the
basis of the d8 system with the local crystal eld altering the free
ion levels. More detailed analysis is given in the ESI.†

The extinction coefficient at 386 nm, 3386 nm, is plotted versus
hLi in Fig. 4F. This parameter is almost identical to the scat-
tering coefficient due to the very small value of the absorption
coefficient at this wavelength. The extinction coefficient
increases strongly with nanosheet length in a manner which
can be described empirically by

3386 nm y s386 nm ¼ 0.035hLi2 (2)

(where hLi is in nm). This behaviour is essentially a manifesta-
tion of the length dependence of the scattering coefficient.
While such behaviour could, in principle, be described by Mie
theory,109 the complexity involved is considerable. We know of
no theoretical studies which predict the size dependence of the
scattering coefficient of ensembles of nanoscale discs and
would allow validation of eqn (2).

The scattering spectra in Fig. 4D are characterised by a power
law decay, s f l�n, which holds in the entire non-resonant
regime (i.e. l > 300 nm). Such behaviour has been observed
previously for 2D materials such as BN, MoS2 and WS2,20,93 and
is consistent with Mie scattering.110 The scattering exponent, n,
can be extracted from either the extinction or scattering spectra
and is plotted versus hLi in Fig. 4G. This graph shows n to be very
close to 4 for very small nanosheets but to fall rapidly as the
nanosheet length increases. This is not unexpected. For very
small objects, with L � l, we would expect light to be scattered
primarily via Rayleigh scattering which is characterised by
a scattering exponent of n ¼ 4. For larger nanosheets, Mie
scattering becomes predominant, resulting in a reduction in n
(ref. 36 and 89). We can use a purely empirical relationship to t
this data, nding

n ¼ 4[1 + (hLi/257)�2.5] (3a)
J. Mater. Chem. A, 2016, 4, 11046–11059 | 11051
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Fig. 4 Dependence of dispersion optical properties on nanosheet size. (A and B) Histograms showing nanosheet length distributions for XL and
XS Ni(OH)2 nanosheets. Inset: representative TEM images. (B) Lower inset: mean length of size-selected nanosheets. (C–E) Extinction, scattering
and absorption coefficients for XL, L, M, S, XS sizes of Ni(OH)2 nanosheets respectively. The dispersions in (Fig. 3C–E) were prepared using Ci ¼
20 g L�1, Csurf ¼ 9 g L�1 and tsonic ¼ 4 h. (F) Extinction coefficients (l¼ 387 nm) as a function of hLi. The fit line in Fig. 3F can be used to determine
the extinction coefficient for a dispersion with a known mean nanosheet length. (G) Long wavelength scattering exponent, n, measured from
scattering (or extinction) spectra, plotted versus TEM hLi, for size-selected Ni(OH)2 in surfactant solution. (H) Absorption coefficients (l¼ 387 nm)
as a function of hLi. The dashed line shows the mean value of 14 L g�1 m�1.
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where hLi is in nm. This expression is quite useful as it allows the
mean nanosheet length to be found by estimating n from the
scattering, ormore practically from the extinction spectrum using

hLi ¼ 257[(4/n) � 1]0.4 (3b)

Shown in Fig. 4H is the absorption coefficient at 386 nm, a386
nm, plotted versus hLi. Although a386 nm appears to increase with
hLi, this is most likely due to scatter associated with the errors
due to calculating a from the difference between two large and
similar numbers (3 and s). Thus, we expect a386 nm to be inde-
pendent of hLi and be controlled by the number of Ni2+ ions per
volume. Calculating a mean value gives ha386 nmi ¼
14 L g�1 m�1. We can use this to nd the optical cross section of
the Ni2+ ions to be s¼ 2.2� 10�24 m2 (s is dened via T¼ 10�sNl,
whereN is the number of Ni2+ ions per unit volume). This can be
compared to data in ref. 111 for Ni2+ ions in MgF2 from which
we can estimate a Ni2+ cross section of s ¼ 1.6 � 10�24 m2,
which is very close to the value obtained here (N.B. we estimated
s from ref. 111 using T ¼ e�2.303sNl, in order to maintain
consistency between their parameter denition and ours).
Although this value of a386 nm can be used to calculate the
Ni(OH)2 nanosheet concentration from the absorbance as
mentioned above, this is not very practical as an integrating
sphere is required to extract the absorbance from the extinction.
In practice, it is much more straightforward to combine the
empirical relationships described by eqn (2) and (3a) to give
another empirical expression

3386 nm ¼ 2312

�
4

n
� 1

�0:8
(4)
11052 | J. Mater. Chem. A, 2016, 4, 11046–11059
where 3386 nm is in L g�1 m�1. Then, once n is extracted from the
extinction spectrum (e.g. using s y 3 f l�n in the wavelength
range 300–800 nm), eqn (4) can be used to nd 3386 nm, which in
turn can be used to nd the concentration from the extinction
via Ext386 nm ¼ 3386 nmCl. Essentially, this means that the
nanosheet concentration can be found by extracting Ext386 nm

and n from an extinction spectrum and using:

C ¼ Ext386 nm

2312l

�
4

n
� 1

��0:8

(5)

where l is the cell length in meters and C is in g L�1.
2.6 Electrochemical applications of Ni(OH)2 nanosheets:
supercapacitor electrodes and oxygen evolution reaction
catalysts

Layered Ni(OH)2 has previously been demonstrated to have
signicant potential for electrochemical applications in areas
such as supercapacitor electrodes,112,113 as a catalyst for the
oxygen evolution reaction,114,115 and as a cathode material in
batteries.116,117 In the past, standard synthetic methods76,115,118

have yielded layered crystallites rather than a truly 2-dimen-
sional nanomaterial. More recently, attention has focused on
identifying preparation methods which give nanostructured
forms of Ni(OH)2 in order to enhance both charge storage
capacity32 and catalytic activity.53 The most common high
surface area forms are nanoparticles/spheres and 2-dimen-
sional nanosheets. Such nanostructured forms of Ni(OH)2
would be expected to be preferred for electrochemical applica-
tions due to their high surface area and increased number of
accessible catalytically active sites. In fact supercapacitor
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Applications potential of liquid exfoliated Ni(OH)2 nanosheets.
(A and B) SEM images of an as-prepared Ni(OH)2 film and (B) a film after
activation by 100 h polarisation with current density of 10mA cm�2. (C)
Cyclic voltammograms measured for supercapacitor electrodes
fabricated fromNi(OH)2 films on Ni foam current collectors before and
after activation. A CV curvemeasured for the bare Ni foam is shown for
comparison. (D) Specific capacitance (normalised to Ni(OH)2 mass)
plotted as a function of scan rate. (E) Stability behaviour for an already
activated film showing capacitance plotted versus cycle number (0.7
mg cm�2, scan range �160 mV to 400 mV, dV/dt ¼ 500 mV s�1). (F)
Polarisation curves for OER from Ni(OH)2 electrodes fabricated from
Ni(OH)2 films on Ni foam current collectors before and after activation
with the equivalent curve for the bare Ni foam shown for comparison.
(G) Overpotential required to produce J ¼ 10 mA cm�2, h10 mA cm�2,
plotted as a function of activation time. Inset: comparison with liter-
ature values. (H) Stability behaviour for an already activated film
showing h10 mA cm�2 plotted as a function of time (0.7 mg cm�2, iR
corrected).
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electrodes prepared from Ni(OH)2 nanospheres112 and nano-
sheets113 have demonstrated stable capacitance of >2000 F g�1,
signicantly larger than found for most nanostructured mate-
rials. Similarly oxygen evolution catalysts119 prepared from
nanostructured Ni(OH)2 nanoparticles115 and nanosheets53

showed improved performance with benchmark currents of
10 mA cm�2 at overpotentials as low as 300 mV. Such high
activities have been attributed to the high density of active edge
sites. In addition, it has been shown that the presence of iron in
such nanostructures can result in signicant improvements in
OER performance.120

However, synthesis of nanostructured Ni(OH)2, oen
involves harsh synthesis conditions using high voltages and
lengthy procedures.112,121 As described above, chemical exfolia-
tion of Ni(OH)2 is also rather complex.63 A number of authors
have pointed out that a facile and low-cost method of producing
high-quality Ni(OH)2 nanosheets is urgently required.113 We
believe that liquid phase exfoliation offers a comparatively mild
alternative which is scalable in comparison to chemical exfoli-
ation. Below, we will demonstrate the performance of LPE
nanosheets in electrochemical applications.

Here we prepared electrodes of Ni(OH)2 nanosheets by
spraying the standard dispersion onto commercial Ni foam at
a loading level of 0.6 mg cm�2 (thickness � 3 mm). Ni foam was
used here due to its desirable open 3-D structure which allows
efficient diffusion of the electrolyte to the catalyst.122

Shown in Fig. 5A is an SEM image of the electrode surface
immediately aer deposition. The electrode consists of a disor-
dered array of nanosheets similar to the ltered lm shown in
Fig. 3A. Electrodes for use in a number of applications including
as OER anodes are oen activated by electrochemical pre-
treatment or activation to obtain a reproducible electrochemical
response or to increase the active surface area by surface
roughening.115,123 This can be achieved either by repeatedly
cycling the potential between xed limits or by application of
a constant potential or current.124 Here we activated our nickel
hydroxide electrode by applying a constant current density of
10 mA cm�2 for 100 hours. Shown in Fig. 5B is an SEM image of
a Ni(OH)2 nanosheet electrode aer activation with both
morphology and surface coverage appearing unchanged, indi-
cating goodmechanical stability with minimal physical spalling
of the lm. High resolution TEM studies (see ESI†) suggested
the hexagonal structure of the as-prepared nanosheets to
become amorphous aer activation. We suggest this reects the
transformation of the b-Ni(OH)2 sample into b-Ni(OOH) and/or
g-Ni(OOH). The resultant loss of crystallinity is consistent with
the results of Sac-Epée and co-workers.125

2.6.1 Supercapacitor electrodes. For energy storage appli-
cations, Ni(OH)2 has found wide use due to the large pseudo-
capacitance associated with the main redox reaction:

Ni(OH)2 + OH� / Ni(OOH) + H2O + e� (6)

Here, we explored this by testing these lms as super-
capacitor electrodes. As noted above, the charge storage capa-
bility of Ni(OH)2 is largely due to main Ni(II/III) redox reaction,
which is clearly visible in Fig. 5C, and can be described by eqn
This journal is © The Royal Society of Chemistry 2016
(6). We found the capacitance (dV/dt ¼ 40 mV s�1) of the as-
deposited lm to be signicantly larger than that of the Ni
foam, with activation resulting in a signicant further increase.
This activation-induced increase in charge under the main
Ni(II/III) redox peak suggests an increase in redox activity. This is
consistent with the suggestion that activation results in the
transformation of Ni(OH)2 to NiOOH, with the higher oxidation
J. Mater. Chem. A, 2016, 4, 11046–11059 | 11053
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state resulting in an increase in redox charge storage. However,
we note that the increase could partially be explained by
removal of residual surfactant during the activation process.

As shown in Fig. 5D, the capacitance decreases with
increasing scan rate as expected due to either diffusion126 or
charge transport127 limitations. Themeasured capacitance value
of 600 F g�1 at 20 mV s�1 is comparable to other nickel
hydroxide materials reported in the literature and agrees with
data measured by charge/discharge (see ESI†). Li and co-
workers112 prepared Ni(OH)2 with a capacitance of 1250 F g�1 at
20 mV s�1, albeit prepared using a more complicated electro-
deposition method. In addition, Yan and co-workers128

prepared Ni(OH)2 and Ni(OH)2/graphene composite, using
a microwave assisted synthesis, and obtained a capacitance
value of 420 F g�1 and 800 F g�1 respectively at 20 mV s�1. It is
worth noting that these values are much larger than those
typically found for graphene-based supercapacitors (typically
�200 F g�1).129 When expressed on a volumetric basis, the
capacitance at 20 mV s�1 was �1200 F cm�3, considerably
higher than the value of �500 F cm�3, reported recently for
electrodes of 1T-MoS2.130

We tested the stability of an already activated (100 h polar-
isation) electrode by repeatedly measuring CV curves over many
cycles (scan range �160 mV to 400 mV, dV/dt ¼ 500 mV s�1). As
shown in Fig. 5E, the specic capacity was invariant with cycle
number showing very good stability.

2.6.2 Oxygen evolution reaction catalysts. Perhaps more
interesting is the possibility of using these nanosheets to produce
electrocatalysts for the oxygen evolution reaction. Such a reaction
occurs at the anode of water electrolysers to generate oxygen via

4OH� / O2 + 2H2O + 4e� (7)

and requires an appropriate catalyst.131 As mentioned above,
Ni(OH)2 has been extensively used in this role. However, it is
worth noting that, although the literature generally refers to
Ni(OH)2 as an effective catalyst for the OER, it is actually NiOOH
which is believed to be responsible for catalysis. While NiOOH
may have been formed from Ni(OH)2 during activation, it is also
known to form114 upon application of a signicantly anodic
potential just prior to the OER, as described by eqn (6).
However, for the sake of simplicity, we will continue to use the
term Ni(OH)2 when referring to our catalyst. Using the elec-
trodes described above, we performed linear sweeps in 1 M
NaOH for the bare nickel foam, an as-produced electrode and
an electrode aer 100 h of activation at 10 mA cm�2, with the
polarisation curves shown in Fig. 5F (impedance curves are
given in the ESI†). It is clear that the as-produced lm is a much
better catalyst than the bare Ni foam with activation resulting in
a further increase in current density at a given potential by
a factor of �2.5. The Tafel slope was close to 60 mV dec�1, both
before and aer activation, indicating that the activation
process does not affect the rate limiting step of the reaction. The
overpotential required to achieve a current density of
10 mA cm�2 is plotted versus activation time in Fig. 5G and
shows a steady decreases with activation time, reaching 297 mV
for long times.
11054 | J. Mater. Chem. A, 2016, 4, 11046–11059
Similar behavior upon activation of a nickel electrode has
been seen elsewhere in the literature. For example, Mellsop and
co-workers132 found that a hydrous nickel oxide electrode, acti-
vated by polarization at 50 mA cm�2 in 6 M KOH, showed the
overpotential required to generate 50 mA cm�2 of current to
decrease by 200 mV over 7 h of activation. However, they were
unable to explain the exact origin of this improved activity. As
mentioned above, we suggest activation to involve the conver-
sion of Ni(OH)2 to a more catalytically active phase of NiOOH.119

We tested the stability of an already activated (100 h polar-
isation) electrode by measuring h10 mA cm�2 as a function of time.
As shown in Fig. 5H, h10 mA cm�2 was invariant with time showing
very good stability. One point to be stressed here is that usually
OER catalysts lose activity with polarisation time either through
physical spalling or dissolution of the lm.

We can compare these results to the literature for a range of
OER catalysts by plotting the overpotential required to achieve
a current density of 10 mA cm�2 (h10 mA cm�2), which is
a common benchmark used in the literature,133 versus the
electrodemass loading.64–67,134,135We nd ourmaterial to display
values of h10 mA cm�2 which are superior to all other values for
pure Ni(OH)2 nanosheets and, indeed, approaching the global
state of the art of OER catalysts as shown in Fig. 5G (inset). We
believe this to be an important result. The nanosheet catalytic
electrodes produced in this work have not been optimised in
any way. Neither the nanosheet size69 nor the electrode thick-
ness70 have been varied to maximise the number of active
catalytic sites. Nor have we added nano-conductors such as
carbon nanotubes or graphene to improve the catalytic perfor-
mance.70,136 We believe that once future work is carried out to
fully optimise the performance of LPE Ni(OH)2 nanosheets, it
will be possible to prepare catalytic electrodes which perform
signicantly beyond the start of the art.

3. Conclusions

In conclusion, we have demonstrated that liquid phase exfoli-
ation can be used to exfoliate layered Ni(OH)2 crystals from
commercially available powder to give liquid dispersions of few-
layer Ni(OH)2 nanosheets with the identity of the dispersed
material being conrmed by SEM, Raman and XPS. This
process yields nanosheets in a broad size range at reasonably
high concentrations and with production rates which compare
well to graphene production by LPE. This process allows the
nanosheets to be size-selected in a simple an efficient manner.
We found the optical extinction of the dispersions to vary
strongly with nanosheet size. Detailed studies showed the
nanosheet absorbance to be roughly size invariant but the
optical scattering spectra to depend strongly on nanosheet
length. LPE results in nanosheet dispersions which are solu-
tion-processable and can be easily formed into structures such
as lms. Here we spray-cast lms of Ni(OH)2 nanosheets onto
a nickel mesh. However our deposition method could also be
applied to any support geometry or material. We demonstrated
the utility of these structures via electrochemical measure-
ments. We found these lms to be extremely effective electro-
catalysts for the oxygen evolution reaction and to perform well
This journal is © The Royal Society of Chemistry 2016
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as supercapacitor electrodes. Not only were the lms shown to
be very stable for the OER over a period of several days, with no
deactivation of the lm occurring, but the catalytic activity was
found to increase with use. When comparing to the literature,
our Ni(OH)2 lms were amongst the most active in the literature
for the overpotential required to generate 10 mA cm�2 of
current (a benchmark commonly used when comparing OER
catalysts) as low as 297 mV.

This work has extended LPE to a new class of materials, the
layered hydroxides, and further demonstrates the versatility of
this method. We view Ni(OH)2 as a model system which we have
used to demonstrate LPE. We believe that this work will allow
LPE to be used to exfoliate other systems such as Co(OH)2 and
Mg(OH)2. Such materials will prove useful in a range of appli-
cations from electrochemistry to the development of ame
retardant materials.

4. Methods
4.1 Materials

Nickel hydroxide powder (>95% item no. 283662) and sodium
cholate (SC, item no. C1254) were purchased from Sigma
Aldrich. De-ionized water was prepared in house and all
solvents used were purchased with the highest available purity.

4.2 Preparation of Ni(OH)2 nanosheets

Nickel hydroxide powder was pre-treated by sonication using
a sonic tip in de-ionized water for 2 h. The dispersion was then
centrifuged at 4.5 krpm (2150g) for 1 h and the supernatant
decanted with the sediment being retained and dried at 60 �C.
Pre-treated Ni(OH)2 was sonicated in surfactant and de-ionized
water solution using a sonic tip. The sonication was performed
using a solid at head tip (Sonics VX-750) at 60% amplitude
with a 6 s on 2 s off pulse rate in an 80 mL metal cup. Mostly ice
cooling was used except for the sonication time study, in this
instance water cooling was used where a chiller pumps water
around the metal cup maintaining a temperature of 15 �C. Once
sonicated, the dispersion was centrifuged in a Hettich Mikro
220R centrifuge with a xed-angle rotor 1060 (N.B.: for this
centrifuge, rpm are related to g-force via RCF ¼ 106.4f2, where f
is the rotation rate in krpm). The top 60% was then taken from
the centrifuged (supernatant) for analysis and the sediment was
discarded.

4.3 Optimization of dispersion parameters

The surfactant concentration study entailed sonicating 10 g L�1

Ni(OH)2 in 50 mL 1 g L�1, 2 g L�1, 4 g L�1, 6 g L�1, 8 g L�1,
10 g L�1, and 12 g L�1 of SC and de-ionized water for 1 h 20 min
and centrifuging for 120 min at 1.5 krpm (240g) with the
supernatant being decanted and analysed. The initial Ni(OH)2
concentration experiments comprised of sonicating 0.1 g L�1,
2.5 g L�1, 5 g L�1, 10 g L�1, 20 g L�1, 50 g L�1, and 75 g L�1

Ni(OH)2 powder in 9 g L�1 of surfactant solution for 1 h 20 min
and centrifuging for 120 min at 1.5 krpm (240g) with the
supernatant being decanted. The sonication time study was
carried out using water cooling, as overnight sonicating was
This journal is © The Royal Society of Chemistry 2016
required. 20 g L�1 of Ni(OH)2 powder was sonicated in 9 g L�1

SC surfactant solution for 24 h with 4 s on 4 s off and 60%
amplitude and centrifuging for 120 min at 1.5 krpm (240g) with
the supernatant being decanted. For all parts, the supernatant
was decanted and the absorption and extinction were measured
in a 4 mm path length cuvette using a PerkinElmer Lambda 650
spectrometer (see below). The nal optimized exfoliation was
performed as follows: 20 g L�1 of Ni(OH)2 were sonicated for 4 h
in 9 g L�1 of SC and then centrifuged for 120 min at 1.5 krpm
(240g).
4.4 Size selection

We used liquid cascade centrifugation with subsequently
increasing rotation speeds as previously reported.68 20 g L�1

Ni(OH)2 in 80 mL of 9 g L�1 SC was sonicated for 4 h with a 6 s
on 2 s off pulse rate. The 80 mL of sonicated dispersion was
centrifuged at 0.5 krpm (27g) for 60 min. The sediment was
discarded and the supernatant was centrifuged at 1 krpm (100g)
for 60 min. The sediment aer this centrifugation step was
redispersed in fresh surfactant solution (CSC ¼ 9 g L�1, 25 mL)
in by 5 min bath sonication producing the largest size. The
supernatant aer the 1 krpm centrifugation step was centri-
fuged at 1.5 krpm (240g) for 60 min, producing the second
largest size in the redispersed sediment. These steps were
repeated in further increments of 2 krpm (425g), 2.5 krpm
(665g), and 3 krpm (950g), thus producing ve sizes.
4.5 Characterization and equipment

Optical extinction and absorbance was measured on a Perki-
nElmer 650 spectrometer in quartz cuvettes with a path length
of 0.4 cm. To distinguish between contributions from scattering
and absorbance to the extinction spectra, dispersions were
measured in an integrating sphere using a home-built sample
holder to place the cuvette in the centre of the sphere (N.B.
cuvettes need to be transparent to all sides and correct/repro-
ducible positioning is important). The absorbance spectrum is
obtained from the measurement inside the sphere. A second
measurement on each dispersion was performed outside the
sphere in the standard conguration to obtain the extinction
spectrum. This allows calculation of the scattering spectrum
(extinction minus absorbance).

Low-resolution bright eld transmission electron micros-
copy imaging was performed using a JEOL 2100, operated at
200 kV. Holey carbon grids (400 mesh) were purchased from
Agar Scientic and prepared by diluting a dispersion to a low
concentration and drop casting onto a grid placed on a lter
membrane to wick away excess solvent. Statistical analysis was
performed of the ake dimensions by measuring the longest
axis of the nanosheet and assigning it as “length”, L.

Raman spectroscopy was performed using aWITec alpha 300
with 532 nm excitation laser in air under ambient conditions.
The Raman emission was collected by an Olympus 100�
objective (N.A. ¼ 0.8) and dispersed by 600 lines per mm grat-
ings. The laser energy was kept below 0.2 mW. The mean of 20
spectra is displayed.
J. Mater. Chem. A, 2016, 4, 11046–11059 | 11055
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XPS spectra were taken using monochromated Al Ka X-rays
from an Omicron XM1000 MkII X-ray source and an Omicron
EA125 energy analyzer. The analyzer pass energies were 15 eV
for the core-level spectra and 100 eV for the survey spectra. An
electron Omicron CN10 ood gun was used for charge
compensation in both cases and the binding energy scale was
referenced to the adventitious carbon 1s core-level at 284.8 eV.
Aer subtraction of a Shirley background, the core-level spectra
were tted with Gaussian–Lorentzian line shapes using the
soware CasaXPS. Scanning electron microscopy was per-
formed with a Carl Zeiss Ultra SEM operating at 2 kV. Images
were acquired using the secondary electron detector.

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 mL) was deposited on a pre-heated (150 �C) Si/
SiO2 wafer (1 � 1 cm2) with an oxide layer of 300 nm. The high
concentration dispersion was diluted with water immediately
prior to deposition to reduce surfactant concentrations to yield
a pale colloidal dispersion. Aer deposition, the wafer was
rinsed with �5 mL of water and �5 mL of isopropanol. Typical
image sizes were 2 � 2 mm2 at scan rates of 0.8–1.0 Hz with 512
lines per image. The apparent thickness was converted to
number of layers using previously developed step-height anal-
ysis68,93 as shown in the ESI† for the Ni(OH)2 nanosheets.

4.6 Deposition of Ni(OH)2 lm

The Ni(OH)2 lms were prepared by diluting the ‘suspension’ by
a factor of three in IPA, to aid adhesion, and sprayed onto the
nickel foam electrode using a hand held spray gun. Aer
spraying the lms were dried under a nitrogen ow to evaporate
any excess solvent. The electrodes were weighed on a balance
before and aer spraying. The loading was 0.6 mg cm�2. The
Ni(OH)2 lms were activated by applying a constant current
density of 10 mA cm�2.

4.7 General cell set up

All electrochemical experiments were conducted in a conven-
tional three electrode cell kept at 25 �C. Prior to each experi-
ment, the nickel foam (1 cm2 supplied by Novametcorp USA,
density 420 g m�2) was sonicated in 3 M HCl for 5 min to
remove any surface oxide and sonicated twice in Millipore water
(resistivity > 15 MU cm�1) for a further 5 min. A platinum rod
was employed as the counter electrode and a mercury–mercuric
oxide (Hg/HgO) reference electrode with a 1 M NaOH lling
solution (CH Instruments, cat. no. CHI 152) was utilised as the
reference standard, therefore all voltages are quoted against
this reference electrode unless otherwise stated. The equilib-
rium potential of the cell Pt/H2/OH

�/HgO/Hg is 0.926 V at
298 K. Since the equilibrium oxygen electrode potential is
1.229 V vs. reversible hydrogen electrode (RHE), it follows that
the corresponding value is 0.303 V vs. Hg/HgO in the same
solution. Hence EHg/HgO ¼ ERHE � 0.926 V. It is common prac-
tice in the literature on the OER to express potential in terms of
the oxygen evolution overpotential, h, when the reference
11056 | J. Mater. Chem. A, 2016, 4, 11046–11059
electrode is a Hg/HgO electrode in the same solution as the
working anode. The overpotential therefore is related to Emeas

measured on the Hg/HgO scale as follows: E ¼ Emeas � 0.303 V
(at T ¼ 298 K).

Aqueous 1 M NaOH was used as the electrolyte. This solution
was prepared from sodium hydroxide pellets (Sigma-Aldrich,
minimum 99% purity). The electrochemical measurements
were performed on a Gamry model 600 potentiostat/galvano-
stat. The redox charge capacitance was measured by integrating
the area under the Ni(III/II) redox peak and dividing by the
voltage window while normalising for the scan rate.
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D. R. Williams, Langmuir, 2008, 24, 9551–9557.
79 M. G. Huson, J. S. Church, A. A. Ka, A. L. Woodhead,

J. Khoo, M. S. R. N. Kiran, J. E. Bradby and B. L. Fox,
Carbon, 2014, 68, 240–249.
11058 | J. Mater. Chem. A, 2016, 4, 11046–11059
80 R. Menzel, A. Bismarck and M. S. P. Shaffer, Carbon, 2012,
50, 3416–3421.

81 H. Balard, D. Maafa, A. Santini and J. B. Donnet,
J. Chromatogr. A, 2008, 1198–1199, 173–180.

82 J. B. Donnet, S. J. Park and M. Brendle, Carbon, 1992, 30,
263–268.

83 E. Papirer, E. Brendle, F. Ozil and H. Balard, Carbon, 1999,
37, 1265–1274.

84 J. Donnet, S. J. Park and H. Balard, Chromatographia, 1991,
31, 434–440.

85 R. Ho, S. J. Hinder, J. F. Watts, S. E. Dilworth, D. R. Williams
and J. Y. Heng, Int. J. Pharm., 2010, 387, 79–86.

86 S. C. Das, I. Larson, D. A. Morton and P. J. Stewart,
Langmuir, 2011, 27, 521–523.

87 R. R. Smith, D. R. Williams, D. J. Burnett and J. Y. Y. Heng,
Langmuir, 2014, 30, 8029–8035.

88 K. Kouroupis-Agalou, A. Liscio, E. Treossi, L. Ortolani,
V. Morandi, N. M. Pugno and V. Palermo, Nanoscale,
2014, 6, 5926–5933.

89 D. Hanlon, C. Backes, E. Doherty, C. S. Cucinotta,
N. C. Berner, C. Boland, K. Lee, A. Harvey, P. Lynch,
Z. Gholamvand, S. F. Zhang, K. P. Wang, G. Moynihan,
A. Pokle, Q. M. Ramasse, N. McEvoy, W. J. Blau, J. Wang,
G. Abellan, F. Hauke, A. Hirsch, S. Sanvito, D. D. O'Regan,
G. S. Duesberg, V. Nicolosi and J. N. Coleman, Nat.
Commun., 2015, 6, 8563.

90 M. S. Strano, V. C. Moore, M. K. Miller, M. J. Allen,
E. H. Haroz, C. Kittrell, R. H. Hauge and R. E. Smalley,
J. Nanosci. Nanotechnol., 2003, 3, 81–86.

91 A. E. Frise, G. Pagès, M. Shtein, I. Pri Bar, O. Regev and
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