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obalt oxide nanosheets using
a room temperature liquid metal†

Jessica Crawford,ab Aidan Cowmanb and Anthony P. O'Mullane *ab

Room temperature liquid metals based on Ga can be used as a synthesis medium for the creation of metal

oxide nanomaterials, however one thermodynamic limitation is that metals that are more easily oxidised

than Ga are required to ensure their preferential formation. In this work we demonstrate a proof of

principle approach whereby exposing the liquid metal alloyed with the required metal to acidic

conditions circumvents preferential formation of Ga2O3 and allows for the formation of the required 2D

transition metal oxide nanosheets. The synthesis procedure is straightforward in that it only requires

bubbling oxygen gas through the liquid metal alloy into a solution of 10 mM HCl. We show that the

formation of thin nanosheets of ca. 1 nm in thickness of CoO is possible. The material is characterised

using transmission electron microscopy, atomic force microscopy, X-ray photoelectron and Raman

spectroscopy. The electrocatalytic activity of the CoO nanosheets was investigated for the oxygen

evolution reaction where the nanosheet thickness was found to be a factor influencing the activity. This

proof of principle offers a route to the possible formation of many other 2D transition metal oxides from

metals that are less readily oxidised than Ga by taking advantage of the interesting properties of room

temperature liquid metals.
Introduction

Galinstan is a eutectic alloy made from gallium, indium and tin
with the ratio (Ga : 68.5%, In : 21.5%, Sn : 10%) that is a liquid
at room temperature. Recently it has received signicant
attention due its physical and chemical properties and has been
identied as an emerging material in nanotechnology1–3 while
being studied for many applications including use as
a conductive ink,4 stretchable and self-healing wires,5 so
matter circuitry,6 actuators,7–11 and energy storage.12 Recent
work has shown that Ga based liquid metals can also be used as
a solvent for the synthesis of a wide range of nanomaterials via
chemical reactions that occur at the surface of the liquid metal
under a variety of conditions including galvanic exchange at the
surface of large liquid metal droplets or under sonication
conditions which leads to composites containing gold that are
catalytically active,13 metal oxides such as MnO2 that have
photocatalytic properties,14 Prussian blue nanomaterials,15 as
well as the ability to polymerise materials around the surface of
liquid metal droplets.16–18 One aspect that always needs to be
considered when using galinstan, EGaIn or Ga in the liquid
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form is that when these materials are exposed to an oxygen
containing atmosphere they spontaneously form a self limiting
�0.7 nm layer of Ga2O3 around the outside of the droplet, even
when containing additional In or Sn components.19 This
phenomenon can be explained by calculation of the Gibbs free
energy of formation (DGf) of gallium oxide which is much lower
than In2O3 or SnO2 which therefore results in preferential
formation of Ga2O3 at the surface. This phenomenon is also
evident when other transition metals are incorporated in liquid
metal galinstan such as Gd, Al or Hf. The Gibbs free energy of
formation for Gd2O3 (�1732.3 kJ mol�1), Al2O3

(�1582.3 kJ mol�1) and HfO2 (�1088.2 kJ mol�1) are lower than
Ga2O3 (�998.3 kJ mol�1)20 which implies that these oxides
would preferentially form over Ga2O3 to ensure the maximum
reduction in the Gibb's free energy of the system. This was
exploited in previous work where Gd2O3, Al2O3 and HfO2 were
expelled from the surface of galinstan into water via purging
oxygen gas through a reservoir of liquid metal that contained
the relevant metal to form atomically thin nanosheets.21 With
this approach many 2D transition metal oxide materials can in
principle be produced as long as the incorporated metal is more
readily oxidised than Ga.

Nanostructured transition metal oxides have shown excel-
lent activity for many electrocatalytic reactions including those
associated with water splitting, i.e. the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). The
OER has received particular attention given the sluggish
kinetics of the process which limits overall performance for
RSC Adv., 2020, 10, 29181–29186 | 29181
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View Article Online
electrochemical water splitting. Many transition metal oxides
based on Fe, Co, Ni and Mn have been studied for alkaline
electrolysis and several comprehensive reviews are available in
this area.22–26 The realisation of ultrathin nanosheets of such
oxides is attractive for exposing edge sites and increasing the
amount of active sites available for the reaction which is highly
important in the development of new electrolysers for the
generation of green hydrogen. At present there is an urgent
need to replace currently used expensive precious metal oxide
electrocatalysts and promisingly previous work has shown that
cobalt oxide/hydroxide materials in particular show activity for
the sluggish OER.27–32

In this work we extend the applicability of nanosheet
formation from Ga based liquid metals by producing 2D
nanosheets of amaterial that is unfavoured, namely oxidised Co
(DGf for CoO is �214.2 kJ mol�1 which is signicantly higher
than that for Ga2O3), via control of the solution pH into which
the material is ejected. This material is then investigated for the
OER under alkaline conditions.
Experimental
Materials

Cobalt powder 2 mm particle size (99.8%), Galinstan (gallium
(68.5%) indium (21.5%) and tin (10%)) eutectic alloy and
hydrochloric acid 37% were purchased from Sigma Aldrich.
NaOH was purchased from Chem Supply. Ultra High Purity
Oxygen was purchased from Supagas. Lacey Carbon copper
coated TEM grids and silicon wafers were purchased from Ted
Pella.
Fig. 1 The gas injection method showing Co–GaInSn in water
forming gallium oxide and Co–GaInSn in hydrochloric acid forming
cobalt oxide nanosheets.
Methods

Synthesis of 2D CoO. 0.5, 1 and 1.5 wt% cobalt powder was
mixed thoroughly into Galinstan on a glass slide for 20 minutes
to ensure complete mixing. Once mixed, 0.5 g of this sample
was transferred to a 1.5 mL centrifuge tube using a syringe, with
0.5 mL of a varied concentration (1, 10, 50 mM) of hydrochloric
acid. A needle was inserted into the bottom of the centrifuge
tube into the Co-Galinstan droplet as an inlet of O2 gas. O2 was
owed through the needle for 30 minutes.

Electrochemical measurements. The solution was allowed to
settle to remove any potential liquid droplets in solution or
larger particles. 5 mL was then taken and dropcast onto a glassy
carbon (GC) electrode (3 mm diameter BASi). Prior to modi-
cation the GC electrode was polished on a Microcloth using 0.3
mm alumina particles, washed with MilliQ water and blown dry
with a stream of nitrogen. Aer drop casting the sample the
electrode was placed into an oven at 70 �C for 15 minutes. The
material was tested as an electrocatalyst in a 3 electrode elec-
trochemical cell set-up with a leakless Ag/AgCl reference elec-
trode and a Pt wire counter electrode in 0.1 M NaOH electrolyte.
The data was collected at a sweep rate of 20 mV s�1 using a Bio-
Logic VMP3B-20 potentiostat. For the long term stability test the
current density was set to 10 mA cm�2. The data is given versus
the RHE reference electrode via the following:
29182 | RSC Adv., 2020, 10, 29181–29186
ERHE ¼ EAg/AgCl + 0.059 � pH + E0
Ag/AgCl V.

Material characterisation. The sample was dropcast onto
a silicon wafer and measured using a Renishaw inVia Raman
Microscope with a 735 nm laser at 10% capacity. X-ray Photo-
electron spectroscopy data was collected using an Omicron
Multiscan Lab Ultra-high Vacuum Scanning Tunnelling Micro-
scope (UHV-STM) where a 125 mm hemispherical energy
analyse was incorporated. Non-monochromatic Mg Ka (1253.6
eV) X-ray source was 1.0 � 10�9 Torr and the pressure was 1.0 �
10�8 during the experiment.

Samples were imaged using a Zeiss Sigma Scanning Electron
Microscope. A JEOL 2100 transmission electron microscope was
also used where the material was drop cast onto a lacey carbon
copper TEM grid. Images were taken at 200 kV using diffraction
mode with a selected area aperture to take diffraction patterns.
A Bruker Atomic Force Microscope (AFM) using ScanAsyst in air
method in contact mode was used to measure the thickness of
samples. Gwyddion AFM analysis soware was used to treat
images and analyse all thicknesses. For every thickness
measurement the mean from the low area and high area was
taken and the difference calculated and rounded to 1 decimal
point.
Results and discussion

Themethod used to produce 2D nanosheets from a liquid metal
precursor is simple to set up and consists of an inlet tube
allowing oxygen gas to ow through a reservoir of liquid
Galinstan that is mixed beforehand with Co metal (0.5 to
1.5 wt%) for 30 min. The oxygen gas ows through the liquid
metal causing disruption of the surface and expulsion of the
outermost layers into an aqueous solution as shown in Fig. 1.

Our initial experiments were conducted with MilliQ water as
the solvent using 0.5 wt% Co in Galinstan. As anticipated we did
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Raman spectrum, XPS spectra of nanosheets (b) Co 2p and
(c) O 1s fabricated from 0.5% Co–GaInSn exposed to 10 mM HCl.
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not observe the formation of any Co containing species but saw
an abundance of ellipsoid shaped particles generated in water
when imaged by SEM (Fig. 2a) which are consistent with the
formation of Ga oxides.33–35 It is known that gallium oxides are
soluble in acidic solution36 and therefore the pH of the solution
was controlled via the addition of HCl at various concentrations
to minimise its formation. When the solution was acidied
using 10 mMHCl there was a clear change in the morphology of
the material ejected from the liquid metal (Fig. 2b and c). The
formation of thin nanosheets can be observed (Fig. 2b) with
some areas showing multiple sheets on top of each other or
folded sheets (Fig. 2c). It should be noted that the sample was
allowed to settle prior to analysis to remove any residual drop-
lets that may have formed in the supernatant.

Electron diffraction measurements indicated that the mate-
rial is amorphous (Fig. 2b inset). The individual sheets can be
up to 500 nm in length whereas the folded sheets are larger. The
thickness of the sheets was measured by atomic force micros-
copy (AFM) where an individual sheet is shown in Fig. 2d. The
thickness of 50 different sheets was then measured and the
histogram showing the distribution in thickness values (Fig. 2e)
indicates that the sheets show that a high proportion are ca.
1 nm thick, indicating 2D nanosheet formation, with very few
sheets as thick as 4.5 nm. The latter observation is due to the
presence of sheets on top of each other or folded sheets as seen
in the TEM images (Fig. 2c).

Raman spectroscopy was then undertaken and a typical
Raman spectrum of the 2D nanosheets is shown in Fig. 3a. The
peaks at (195.7, 619.7), 484.3 and 691.8 cm�1 can be assigned to
the F2g, Eg and A1g active modes of CoO respectively.37 The
intense sharp peaks at 516.1 and 526.6 cm�1 are due to the
underlying Si substrate that was used for AFM imaging
purposes. X-ray photoelectron spectroscopy (XPS) analysis
conrmed the formation of CoO. The Co 2p spectrum (Fig. 3b)
can be tted to the Co2+ oxidation state while the spin orbit
splitting of 15.5 eV is also indicative of Co2+.38 The O 1s
Fig. 2 (a) SEM image of gallium oxide formed in water, (b and c) TEM
images of nanosheets formed from 0.5% Co–GaInSn in 10 mM HCl
(inset of (b) shows the selected area electron diffraction pattern), (d)
AFM image of an individual sheet and (e) histogram showing the
measured thickness of 50 different sheets.

This journal is © The Royal Society of Chemistry 2020
spectrum shows a peak at 531.8 eV which is generally consistent
with the presence of hydroxide groups,39 however there have
been many reports which show that CoO nanomaterials exhibit
a O 1s peak at a higher binding energy of 531.2 eV.40,41 In
particular it has been reported that this higher binding energy
peak for CoO compared to that normally seen for lattice oxygen
is due to a large number of defects which is encountered in very
thin lms.40 It should also be noted that there was no evidence
of gallium in the sample when analysed using XPS.

Therefore the use of 10 mM HCl was successful in mini-
mising the formation of gallium oxide while allowing for the
oxidation of metallic Co to occur which resulted in the gener-
ation of 2D nanosheets of CoO with a thickness of ca. 1 nm that
contain a signicant number of defects and is denoted as CoOx.
This value is consistent with the ultrathin nature of nanosheets
that can be produced using a similar approach from metals
alloyed with galinstan reported previously that included the
much more reactive metals of Gd, Hf and Al which all produced
nanosheets less than 1.1 nm in thickness,21 and Ti with nano-
sheets of 2 nm thickness.42 Even though thermodynamically the
oxidation of Ga is preferred, as DGf of CoO is much higher at
�214.2 kJ mol�1, the presence of 10 mM HCl results in the
dissolution of any gallium oxides that are formed which
subsequently promotes CoOx formation. The conditions are
also appropriate for the existence of CoOx in this solution as
previous work has shown that CoO only begins to dissolve to
a signicant extent at concentration of 0.5 M HCl.43 Therefore
the mechanism of formation is due to oxygen bubbles travelling
rapidly through the liquid metal causing rapid interfacial
oxidation at the air/liquid metal/electrolyte interface due to the
Cabrera–Mott oxidation process which limits the growth of the
oxide layer at the Co–GaInSn surface to the several Å to nm
scale. The nanosheets are then ejected into solution where any
Ga2O3 that would have formed dissolves allowing for the accu-
mulation of CoOx nanosheets in solution. The concentration of
HCl is enough to dissolve any Ga2O3 but allows for CoOx to exist
stably in solution. This will result in some consumption of the
Ga component, however the liberated Ga3+ ions that are
RSC Adv., 2020, 10, 29181–29186 | 29183
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generated can be in principle be recovered via electrochemical
reduction to Ga.44 An advantage of this approach is that it can be
done in a single step in a relatively straightforward manner.
Other approaches to creating isolated nanosheets of 2D metal
oxides require layered materials to be initially synthesised fol-
lowed by various exfoliation methods which can produce poly-
dispersity in sheet thickness. Another report has shown that
indium tin oxide nanosheets can be printed from a liquid InSn
alloy held at 200 �C via sandwiching the alloy between two
substrates which when removed results in ITO nanosheets
deposited on the top substrate.45 The method presented here
produces a high proportion of very thin nanosheets in a rela-
tively straightforward process at room temperature.

Electrochemical water splitting in alkaline conditions using
various types of cobalt oxides/hydroxides, have been studied
previously at a variety of morphologies, including nanosheets,
however they have been signicantly thicker than reported here
at around 6 monolayers per sheet for Co(OH)2.31 Therefore the
2D CoOx nanosheets fabricated here were studied for the OER
in 0.1 M NaOH. As mentioned previously the effect of the pH of
the solution into which the material is ejected is expected to
play a critical role. Therefore 1 mM, 10 mM and 50 mM HCl
solutions were used to synthesise CoOx which was then inves-
tigated for the OER (Fig. 4a). From this data the material syn-
thesised from 10 mM HCl shows the best performance in terms
of current density where values as high as 70 mA cm�2 were
reached. For the 1 mM HCl solution the formation of gallium
Fig. 4 Linear sweep voltammograms recorded for Co(OH)2/GC in
0.1 M NaOH for the effect of HCl concentration used during the
synthesis at (a) 0.5 wt%, (b) 1.0 wt%, (c) 1.5 wt% Co in GaInSn, (d) redox
process prior to the OER illustrating the effect of wt% Co, (e) Tafel plots
for the OER at different Co concentrations and (f) stability test at 10mA
cm�2 for the optimised 0.5 wt% Co–GaInSn sample.

29184 | RSC Adv., 2020, 10, 29181–29186
oxide is still likely to occur inhibiting the extensive formation of
CoOx while for the 50 mM HCl solution dissolution of CoOx will
be a complicating factor, which results in poor performance due
to a lack of material. The amount of Co in the Co–GaInSn
mixture was then increased to 1 wt% (Fig. 4b) and 1.5 wt%
(Fig. 4c) as a means to increase OER performance. However, in
both cases inferior OER current densities were attained
compared to 0.5 wt% Co although a slightly better onset
potential was achieved for the 1.5 wt% sample. It was also found
that the 10 mM HCl solution used in the synthesis was the
optimum solution at all weights of Co that was used.

As the 10 mM HCl solution provided the best results, the
different weights of Co that were used were compared under
these conditions (Fig. 4d). Here the redox processes for CoOx

prior to the onset of the OER are shown. Over the potential
range of 1.0 to 1.5 V vs. RHE the magnitude of the redox process
increases upon increasing the Co content used for the
synthesis. The peak that is evident at 1.2 V is due to the
oxidation of CoO into CoOOH which is followed by a broader
peak at 1.38 V attributed to the oxidation of CoOOH into CoO2

where the Co4+ species is regarded as the active component for
the OER.46,47 From this data it is seen that upon increasing the
Co content the magnitude of these redox processes increases
prior to the OER, which indicates the formation of more CoOx,
however this does not translate into improved activity.

This is also reected in the Tafel slope values for the 0.5, 1.0
and 1.5 wt% Co samples which were determined to be 80, 105 and
100mV dec�1 respectively. Therefore, the optimised conditions are
gas injection into a Galinstan droplet containing 0.5 wt% Co
immersed in a 10 mM HCl solution. It was also found that aer
30 min of oxygen gas bubbling that the expulsion of CoOx nano-
sheets ceased. The stability of these 2D nanosheets was then
investigated at a constant current of 10 mA cm�2 where a consis-
tent potential of 1.62 V was maintained for 8 h. This overpotential
value of 390mV is comparable to liquid exfoliated layered Co(OH)2
that was ultrasonicated in aqueous surfactant solution for 4 h
which gave an overpotential value of 440 mV.31 It should be noted
that the inherent activity of Co(OH)2 is lower thanmany other OER
electrocatalysts but can be improved by modifying the surface
chemistry to carboxylate groups,48 incorporating S atoms,49 doping
with Fe,50 adding graphene51 or gold nanoparticles32 which
provides better activity than reported here. However in terms of the
less studied CoOx material, the performance is slightly better than
CoO nanobers52 in terms of overpotential at 10 mA cm�2 and
comparable to previous reports of CoO nanomaterials which were
investigated in a more concentrated alkaline electrolyte of 1 M
KOH, compared to 0.1 M used here, which gave values of 400 mV
for both nanoparticles53 and nanoplates.54 Again the activity of CoO
can be improved via doping with a second metal such as Fe52 and
Zn54 but this was not the goal of the current study.

Finally, the better performance of the 0.5 wt% Co sample is
attributed to the thin nature of the nanosheets that in principle
exposesmore active sites for the OER. Therefore, to investigate this
phenomenon the effect of sheet thickness was investigated. It was
found that if the 2D CoOx nanosheet suspension was allowed to
age for 1 week then the thickness of the nanosheets increased to
a range of 2.5 to 4 nm as seen from AFM images and the
This journal is © The Royal Society of Chemistry 2020
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corresponding histogram for sheet thickness (Fig. S1 and S2†). The
electrochemically active surface area (ECSA) was determined using
background capacitive measurements (Fig. S3†) where the value
decreased by over a factor of 4 from 0.33 mF cm�2 to 0.073 mF
cm�2 which is a result of the increased sheet thickness. This is
reected in a decrease in the OER activity where the OER current
density reduced to a value of 25 mA cm�2 at 1.70 V (Fig. S4†). This
observation is consistent with previous reports showing that
increasing the thickness of 2D transition metal oxides decreases
electrocatalytic activity.31
Conclusions

This study has demonstrated that 2D metal oxide expulsion
from the room temperature liquid metal Galinstan is possible
even if thermodynamically the formation of gallium oxide is
preferred. By controlling the solution pH into which the mate-
rial is ejected any gallium oxide formed is dissolved allowing for
the formation of oxidised Co. Under these conditions the
speciation of Co was found to be CoOx which was ejected into
a 10 mM HCl solution in the form of thin 2D nanosheets of ca.
1 nm thickness with a length of ca. 200 nm. The 2D CoOx

nanosheets were found to be electrocatalytically active for the
OER under alkaline conditions to give a current density of 10
mA cm�2 at an overpotential of 390 mV with no loss in activity
for an electrolysis period of 8 h. It is emphasised here that the
goal of this study was not to produce the most active OER
electrocatalyst, but to demonstrate a proof of principle that 2D
metal oxide nanosheets can be produced that are thermody-
namically unfavoured using this simple approach and could be
useful for applications other than electrocatalysis. In essence
this could be a route to open up many other elements in the
periodic table that are difficult to fabricate into nanosheets by
taking advantage of the self-limiting oxide formation process
that is accessible in room temperature liquid metals.
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