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Nanoparticles of CuGaO, delafossite were successfully synthesized from the sol — gel process by con-
trolling the atmospheric conditions at 850 °C. The average size of CuGaO, nanoparticles of ~40 nm was
determined by transmission electron microscopy. Note that the thermodynamically stable conditions for
CuGaO0,, delafossite synthesis are 1100 °C and 1200 °C in nitrogen and air atmosphere, respectively, while
our methodology stabilizes the CuGaO, particles in the nano-metric region at low temperature (i.e.

850 °C). Moreover, delafossites CuGaO; nanoparticles show very interesting bifunctional catalytic activity
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in the electrolysis of water with O, and H; generation at anodic and cathodic potentials respectively. The
current densities of CuGaO, nanoparticles as the bifunctional catalysts were found to be 15 mA/cm? and
18 mA/cm? for H, and O, generation, respectively, using 0.5 M KOH solution as an electrolyte versus Ag/

© 2016 Published by Elsevier B.V.

1. Introduction

Delafossite oxides have great potential as electro-catalysts
[1-3], photo-catalysts [4—7], as well as electronic [7—9] and opti-
cal materials [8,9]. Delafossites are the ternary oxides with the
general formula ABO,, where ‘A’ is monovalent (e.g. Cu™, Ag™ etc)
and ‘B’ is trivalent (AP, Ga*, In>*) cations [10,11]. Delafossite
oxide (CuGa0;) belongs to a group of p — type transparent con-
ducting oxides (TCOs) and has direct and indirect band gap of 3.9 eV
and 1.4 eV respectively [12—14]. The p — type conductivity in
delafossites was revealed by Kawazoe et al. in 1997 for the first time
[15]. In the last few years, photo-electrochemical properties of
delafossite materials for solar cell applications were actively stud-
ied [6,16,17]. However, the detailed electrochemical studies of
delafossites ABO, oxides are still needed. The present work displays
very interesting bifunctional electro-catalytic activity of CuGaO,
nanoparticles in electrolysis of water for Hy and O, generations at
cathode and anode respectively. In the last decade, substantial
advances were made for enabling renewable and clean energy
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sources. The electrolysis of water can be a significant process for
storing renewable energy as H; fuel, which can be transformed
later into electricity by fuel cells.

Low temperature synthesis of delafossite oxides with controlled
particle shape and size is challenging. Therefore, a portion of the
present work is devoted to a development of a low temperature
synthesis of the delafossites nanoparticles with controlled size.
Except for a hydrothermal process, no other low temperature
method was reported for the synthesis of CuGaO, nanoparticles.
CuGaO0-, nanoplates were synthesized from the hydrothermal route
and were used as the photo-electrocatalysts in p — type dye
sensitized solar cells (DSSCs) [6]. Solid state route was employed to
obtain the CuGaO; and indium doped CuGaO; particles at 975 °C.
The performance of these particles was investigated as the photo-
electrode materials for hydrogen generation via splitting of
hydrogen sulfide (H,S) in visible region [5]. Moreover, poly-
crystalline delafossite CuGaO; and iron doped CuGaO; materials
were also synthesized by the solid state method at 1100 °C and
were used in the photochemical reduction of CO; to CO [7]. It is not
possible to synthesize delafossite CuGaO, below 1100 °C and
1200 °Cin N3 and air atmosphere respectively [ 18]. Therefore, since
a high temperature annealing for CuGaO; solid state synthesis is
required, the preparation leads to large micron size particles. The
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only publication on the hydrothermal preparation of CuGaO;
nanoparticles reported the particle of 200—300 nm in size [6,19,20].
It is noteworthy that there is no report on the sol — gel synthesis of
CuGaO, nanoparticles with controlled size. However, CuGaO,
nanoparticles with the size less than 50 nm could be an ideal choice
in the applications of energy conversion and conservation. Previ-
ously, several other ternary oxides like CuAlO,, BaSnOs, SrSnOs etc.
have been synthesized by us using the low temperature methods
and studied their respective properties [4,21].

Herein, we report the sol — gel synthesis of delafossite CuGaO,
nanoparticles (~40 nm) by controlling the atmospheric conditions
at 850 °C. The bifunctional electro-catalytic activity of delafossite
CuGa0, nanoparticles has also been investigated with the help of
three electrode electrochemical work station and this shows a
significant impact on Hy and O; generation from the electrolysis of
water. Thermal stability of the CuGaO, nanoparticles in oxygen
atmosphere has also been investigated. The structural and
morphological characterizations of the nanoparticles were suc-
cessfully investigated by powder X-ray diffraction (PXRD), thermo-
gravimetric analysis and high resolution transmission electron
microscopy (HRTEM).

2. Materials and methods

The following reagents were used in the sol — gel synthesis of
CuGaO0, nanoparticles: citric acid (Sigma Aldrich, 99.5+%), ethylene
glycol (JADE scientific), Cu(NO3),-2.5H20 (Aldrich Chemical Com-
pany, 98%), Ga(NOs3)3-xH,0 (Alfa Aesar, 99.9%), and nitrogen gas
(99.99%). Commercially available reagent, Ga(NOs3)3-xH70, has six
water molecules, which is produced by the weight loss of ~74% of
reagent from the thermal analysis, as also reported [22]. The simple
and inexpensive sol — gel process is an important tool for the
preparation of a variety of nanostructured materials in large scale
for numerous applications. An appropriate stoichiometric compo-
sition of copper and gallium compounds, in the ratio of 1:1 (0.1 M
Cu(NO3),-2.5H,0 and 0.1 M Ga(NOs)3-6H0), were mixed together
under constant stirring on a magnetic stirrer for 10 min. Afterward,
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the homogeneously mixed solution was transferred to a porcelain
crucible containing 0.15 mol of anhydrous citric acid, 10 ml of
ethylene glycol and 1 ml of concentrated nitric acid. A clear deep
blue colored solution of Cu—Ga precursor was appeared immedi-
ately. The evaporation of water of Cu—Ga precursor took place at
room temperature and turned in to the viscous gel after three days.
This gel was kept for another three days at 300 °C and the brownish
black colored condensed gel was obtained. The resulting condensed
gel material was fired at 350 °C for 6 h in air, which lead to the
formation of fine black powders. PXRD patterns primarily show the
formation of copper (II) oxide and amorphous gallium based
compound at 350 °C. The resulting fine black powders were then
fired at 700 °C for 12 h in air resulting in the formation of CuO and
CuGa,04 followed by the palletization of the resulting powders and
used as the final precursors in the synthesis of gray colored nano-
particles of delafossite CuGaO; at 850 °C for 48 h with the constant
heating rate of 100 °C/h under the flow of highly pure nitrogen
(99.99%) gas. Note that the above resulting CuGaO, nanoparticles
were termed “CGO - 1” while term “CGO - 2” is used for the CuGaO,
nanoparticles obtained by the process given below. The CuGaO,
nanoparticles (i.e. CGO - 2) were also synthesized in a closed silica
tubes using the same precursor materials under a controlled partial
pressure of oxygen (i.e. pO, = 10~ atm) at 850 °C for 72 h.

PXRD studies were used to characterize the as - synthesized
materials on a Bruker D8 Advance diffractometer with Ni-filtered
Cu-Ko, radiation with a scan speed of 1 s and scan step of 0.02°.
Thermogravimetric (TGA) and differential scanning calorimetry
(DSC) were carried out using a Perkin-Elmer system in flowing
nitrogen gas, with a heating rate of 5 °C/min. HRTEM and TEM
studies were carried out with a Technai G2 20 electron microscope
operated at 200 kV. The specimens for TEM were prepared by
dispersing the powder sample in acetone by the ultrasonic process,
and putting a drop of sample on a copper grid consisting of a porous
carbon film, and then drying in air.

Bifunctional electro-catalytic activity has been studied with a
computer controlled three electrode electrochemical work station
(potentiostat/galvanostat, Metrohm Autolab B.V.) at 25 °C. Pt wire,
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Fig. 1. (a) PXRD patterns of as - synthesized Cu-Ga precursor materials at 350 °C/6h/air, (b) TGA | DSC studies of the as synthesized Cu-Ga precursor materials at 350 °C/6h/air, (c)
PXRD patterns of Cu-Ga precursor heated at 700 °C/12h/ air, and (d) x-ray line broadening studies of Cu-Ga precursor heated at 700 °C/12h/ air.
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Ag/AgCl, and glassy carbon electrodes were used as the counter
electrode, reference electrode and working electrode, respectively,
in the electrolysis of water to Hy and O, generation. The working
electrodes were prepared by using the previously reported proce-
dure [1]. Cyclic voltammetry (CV) was carried with the scan rate of
50 mV/s, and the peak windows between from —1.0 to 1.0 V versus
Ag/AgCl electrode and from —1.2 to 0.0 V versus Ag/AgCl electrode
using 0.5 M KOH as an electrolyte solution. Chrono-amperometric
(CA) studies were carried out at 0.60 V and —1.2 V versus Ag/AgCl
electrode for O, and H, generation, respectively, in 0.5 M KOH
electrolyte solution. Note that N» gas was purged through the
electrolyte solution for ~5 min before to start the electrochemical
experiments. The purpose of flow of N, gas through the electrolyte
solution was to remove the dissolved air from the electrolyte
solution.

3. Results and discussion

PXRD studies primarily show the crystalline phase of copper (II)
oxide and amorphous gallium based compound at 350 °C for 6 h in
air (Fig. 1a). Thermal studies, of as synthesized materials at 350 °C,
were carried out in the nitrogen atmosphere with the constant
heating rate of 5 °C per minute which demonstrates a gradual
weight loss from 400 °C to 800 °C, signifying the loss of oxygen
molecules and organic moieties (Fig. 1b). The weight loss of Cu—Ga
precursor could be ascribed the formation of delafossite CuGaO; in
controlled atmosphere. However, no signal was observed in DSC
curve around the transition temperature, which could be possible
because of the slow kinetics of the reaction (Fig. 1b). Subsequently,
heating of the materials at 700 °C for 12 h in air resulted in the
formation of final precursor materials containing CuO and CuGa;04
in 1:1 ratio without any organic moieties (Fig. 1c). A careful analysis
of the intensity of the most prominent PXRD peaks of CuO and
CuGay04 confirmed the 1:1 ratio of CuO and CuGa,04 (Fig. 1d). The
final precursor material was then fired at 850 °C under controlled
atmospheric conditions (either flow of N; 99.99% or controlled
pO, =107 atm) and lead to the formation of pure phase delafossite
CuGaO, nanoparticles.

Note that the bulk sized particles of CuGaO, are thermody-
namically unstable at or below 1100 °C and 1200 °C in nitrogen and
air respectively [18]. We agree with the previous report that small
size and narrow size distribution of the particles plays the crucial
role in the formation of pure CuGaO, nanoparticles at low tem-
perature [ 18]. The final precursor materials were used in pellet form
for the synthesis of the delafossite CuGaO, nanoparticles. The
pellets were fired at 800 °C for 48 h with the heating rate of 100 °C/
h under the flowing of pure nitrogen (99.99%) gas resulted in the
formation of CuGaO, (70%) along with the impurities of CuGa;04
(20%) and Cu0 (10%). The pure phase of delafossite CuGaO,
nanoparticles was obtained by subsequent firing at 850 °C for 48 h
with a constant heating rate of 100 °C/h in highly pure N, atmo-
sphere (Fig. 2a). The observed reflections of the delafossite CuGaO,
nanoparticles from the powder X-ray diffraction studies could be
indexed on the basis of rhombohedral unit cell with the space
group R-3m (JCPDS file # 00-035-1402) and the refined lattice
parameters were found to be ‘a’ = 2.9697 (4) and ‘b’ = 16.9525 (3)
A. The crystallite size of CuGaO; nanoparticles was also calculated
from the line broadening studies using Scherrer’s Formula; [t = 0.9
A(B cos 0)], where; t, A and B are the diameter of the particle,
wavelength of Cu Ko radiation (1.5418 A) and the line broadening
respectively [23]. The crystallite size of CuGaO, nanoparticles was
found to be 40 + 5. Moreover, under the controlled partial pressure
of oxygen of 107> atm, the delafossite CuGaO, nanoparticles were
also synthesized at 850 °C for 3 days (by using the same precursor
as discussed above) in a closed silica tube (Fig. 2b). Present studies

show that the low partial pressure of oxygen of 10~ atm may also
lead the formation delafossite CuGaO, nanoparticle. Previously,
Kumekawa et al. have reported the synthesis of micro-sized parti-
cles of CuGaO, using log P(02) as low as — 4 [18].

Electron microscopic studies show the formation of delafossite
CuGaO0-, nanoparticles with the small amount of agglomeration at
850 °C in the nitrogen atmosphere (Fig. 3a). The average size of the
nanoparticles was found to be ~40 nm from the TEM studies, which
is very close to the size obtained from X-ray line broadening
studies. High resolution TEM studies showed the lattice fringes
with d-spacing value of ~2.40 A which agrees PXRD patterns with
that of the plane <012> of the rhombohedral unit cell of delafossite
CuGaO0, nanoparticles (Fig. 3b). TEM studies also demonstrate the
formation of the delafossite CuGaO; nanoparticles with an average
diameter of ~45 nm at 850 °C using pO of 107> atm (Fig. 3c).
HRTEM studies of the delafossite CuGaO, nanoparticles show the d-
spacing value of ~2.41 A, which is consistent with that of the plane
<012> of CuGaO;, nanoparticles (Fig. 3d). Note that this is the
smallest average size of the delafossite CuGaO, nanoparticles re-
ported so far. Previously, hydrothermal method had been used for
the synthesis of polycrystalline CuGaO; nanoparticle with the
average particle size of ~200 nm [6,19,20].

We have re-investigated the thermal stability of the delafossite
CuGaO; nanoparticles in oxygen atmosphere up to 1100 °C using
the thermo-gravimetric analyzer (TGA) with the heating rate of
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Fig. 2. PXRD studies of the delafossite CuGaO, nanoparticles obtained at (a) 850 °C/
48 h/N, (termed as CGO - 1) and (b) 850 °C/72 h/pO, = 10~> atm (termed as CGO - 2).
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Fig. 3. (a) TEM and (b) HRTEM micrograph of the delafossite CuGaO, nanoparticles
obtained at 850 °C/48 h/N, (CGO - 1). (c) TEM and (d) HRTEM micrograph of CuGaO,
nanoparticles obtained at 850 °C/72 h/p0O, = 10~> atm (CGO - 2).

5 °C/min. TGA studies confirmed that the delafossite CuGaO,
nanoparticles are stable up to 350 °C in the oxygen atmosphere that
show the lack of oxygen deficiency in the CuGaO, nanoparticles.
The weight increase, from 350 °C to 700 °C of ~5%, is specified the
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decomposition of CuGaO, nanoparticles to CuO and CuGay04. The
present results of thermal analysis of CuGaO, completely agree
with earlier report [18]. Afterward, we observed a discontinuous
mass decrease and an endothermic signal at 1050 °C, which could
be concluded to reduction of CuO (i.e. Cu?*) to Cu,0 (i.e. Cu').

Fig. 4 shows the cyclic voltammograms (CV) and CA studies of
the nanocrystalline delafossite CuGaO; particles (CGO -1 and CGO -
2). Fig. 4a shows the CV curves of CuGaO; nanoparticles from
—1.0—1.0 V versus Ag/AgCl with the scan rate of 50 mV/s. Purple
and green colored CV curves belong to the sample CGO — 1 and CGO
— 2 respectively. The CV curves exhibit the oxidation - reduction
behavior and two very sharp peaks were appeared at —0.17 and
—0.45 V, that resemble the oxidation of Cu to Cu™ and to Cu?*,
respectively, as reported earlier [24,25]. This is notable that the
oxidation current was observed in CV beyond the potential of
0.55 V to O, generation in 0.5 M KOH according to the following
reaction: 40H™ — 2H;0 + 20; + 4e™ (at anode). From the CV
curves (Fig. 4a), we observed that nanocrystalline CuGaO, particles
(CGO - 1) generate slightly higher anodic current than nano-
crystalline CuGaO; particles (CGO - 2) as well as CGO — 1 generate
higher cathodic current than CGO — 2 according to the following
reaction: 2H,0 + 2e~ — H; + 20H™ (Fig. 4b).

Potentiostatic quantitative measurements (chrono-amperom-
etry (CA)) investigate the electro-catalytic activity of CGO — 1 and
CGO - 2 at the fixed anodic and cathodic potential with time for O,
and H; generation respectively. Fig. 4c shows the CA curve of CGO —
1 and CGO - 2 at the fixed anodic potential of 0.60 V for 25 s with
multiple cycles for O, evolution reaction. By comparing the cata-
lytic activity of both electrode materials with CA, we clearly observe
that CGO - 1 has a higher current density (18 mA/cm?) than CGO — 2
(13 mA/cm?). A careful visualization of CA curves shows that the
resulting current density of CGO — 1 is consistent with all cycles
while the current density of CGO — 2 decreases with the number of
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Fig. 4. (a) Cyclic voltammograms (CV) of the nanocrystalline CuGaO, particles (CGO — 1 and CGO — 2) in 0.5 M KOH by applying the potential range from 1.0 V to —1.0 vs Ag/AgCl
with scan rate of 50 mV/s; (b) Cyclic voltammograms (CV) of the nanocrystalline CuGaO, particles (CGO — 1 and CGO — 2) in 0.5 M KOH by applying the potential range from 0.0 V to
—1.2 vs Ag/AgCl with scan rate of 50 mV/s for H, generation; (c) Chrono-amperometric (CA) studies of the nanocrystalline CuGaO, particles (CGO — 1 and CGO — 2) for O, generation
at 0.6 V with multiple cycles (each cycle for 25 s); (d) Chrono-amperometric (CA) studies of the nanocrystalline CuGaO, particles (CGO — 1 and CGO — 2) for H; generation at 0.6 V
with multiple cycles (each cycle for 25 s).
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cycles. The current density of the materials depends on the size and
morphology of the materials. TEM studies show higher size with
agglomeration of the particle of CGO — 2 compared to the particles
of CGO — 1. Therefore, the inconsistency in the current density of
CGO — 2 could be due to the larger size of the agglomerated par-
ticles. Earlier, the current density of delafossites CuGaO, oxides
particles was reported ~8 mA/cm? for O, generation from the
electrolysis of water [2]| while the present work here shows that
nanocrystalline CuGaO, particles generate approximately two
times higher current densities of ~18 and ~14 mA/cm? of CGO — 1
and CGO — 2, respectively, at much lower potential (i.e. 0.60 V). The
as — synthesized delafossite CuGaO, nanoparticles also show better
electro-catalytic activity than other reported delafossites (e.g.
CuRhO3 [2], CuFeO; [2] and CuAlO; [1,2]) for O, generation from the
electrolysis of water. Fig. 4d shows chrono-amperometry (CA)
measurements of CGO — 1 and CGO — 2 to confirm the bifunctional
catalytic activity towards the H, generation in 0.5 M KOH at the
fixed cathodic potential of —1.20 V for 25 s with multiple cycles. CA
studies of both electrode materials clearly observe that the CGO — 1
electrode has higher current density than the CGO — 2. The current
densities of CGO — 1 and CGO — 2 were found to be around 15 and
10 mA/cm?, respectively, for H, generation. Highly efficient Hj
production using renewable energy will result in lower hydrogen
cost. H, can be used as a clean fuel in the fuel cells by transforming
the chemical energy into electrical energy. Herein, we report that
the delafossite CuGaO, nanoparticles behave as the bifunctional
efficient electro-catalyst. The investigation of bifunctional catalytic
activity of CuGaO, nanoparticles for O, and H, generation could be
highly splendid as the next generation fuel.

4. Conclusions

Delafossite CuGaO, nanoparticles (CGO — 1 and CGO - 2) were
synthesized by the sol gel method followed by firing under
controlled (N3 99.99% or controlled pO; = 107> atm) atmospheric
conditions at 850 °C. Phase purity of the materials and the average
size of the particles (~40 nm) were investigated from PXRD and
TEM studies. Moreover, the present work also expressed a signifi-
cant impact of the CuGaO, nanoparticles on the clean and renew-
able source of energy. Delafossite CuGaO; nanoparticles illustrated
the bifunctional electro-catalytic activity to the O, and H; genera-
tion at the anodic and cathodic potentials, respectively, in 0.5 M
KOH electrolyte solution versus Ag/AgCl.
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