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Synthesis of delafossite structured CuCrO, by sol-gel method using tartaric acid as a complexing agent is reported in present study. The
product has been characterized by powder X-ray diffraction, thermal analysis (TGA/DTA), SEM, Raman spectra, BET (surface area
analysis) and UV-Vis-diffused reflectance spectroscopy. Powder X-ray diffraction revealed the formation of delafossite structured CuCrO,
phase at 800 °C for 3 h, which was further confirmed by thermal analysis that showed one weight loss and endothermic peak at above 800 °C

Raman spectra showed three Raman scattering peaks of the delafossite structure of CuCrO,. Diffused reflectance spectroscopy (DRS)
revealed that the band gap of the prepared CuCrO, microcrystals was about 2.90 eV. In addition, the synthesized CuCrO, was used for the
degradation of p-nitrophenol and H, generation under visible-light which showed 32.4 pmol (10.8 pmol/h) of H, and 92 % degradation of
p-nitrophenol (20 mg/L) after 4 h of visible light irradiation. Further analysis revealed that “OH and "O,” were the main ROS responsible for

p-nitrophenol degradation.

INTRODUCTION

Transparent conducting oxides (TCOs) are exclusive mate-
rials that organize electrical conductivity and optical trans-
parency in a single material [1]. Among TCOs semiconductos,
n-type semiconductors have defects such as impurity subs-
titutions, making oxygen vacancies and interstitials donate
electrons to the conduction band provided that charge carriers
for the stream of electric current (e.g. ZnO, In,O;, SnO,, efc.)
[2]. In p-type TCO semiconductor materials, hole doping by
impurity acceptor ion substitutions, ionized cation vacancies
and oxygen inter-stitials act as electron acceptors (e.g. CuAlO,,
CuGaO0,, CuCrQO,, etc.). Studies on delafossite oxides are
interesting not only for the transparent conducting oxides
but also having wide range of applications such as in sensor
materials, dilute magnetic semiconductor, catalytic and
thermoelectric material [3-7]. Delafossite compounds belong
to a family of general formula ABO; structured ternary oxides.
Delafossite semi-conducting metal oxide in the chemical form
of M'M™ O,, where M' is a monovalent cation (e.g. Cu*, Ag")

—I
corresponded to the phase transition. Hexagonal plate like morphology of the synthesized powder was confirmed by SEM analysis. The |
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and M™ is a trivalent cation (e.g. AI**, In**, Cr**, Co™, Fe™,
Ga*', etc.) [8]. The ABO, delafossite structure can be labelled
as a stacking of BO, layers made of edge-sharing BOs
octahedra that are connected by planes of A* cations ordered
as a triangular network. All the cation A* is linearly coordinated
by two anions O~ going to the upper and lower BO, layers. The
oxygen layers can be stacked in dissimilar ways along the c-
xis in order to form two types of delafossite structure (a) thombo-
hedral 3R (space group R3m) polytypes, and (b) hexagonal 2H
(space groupP6;/mmc) [9]. CuCrO» is a more capable transport
conducting oxide (TCO) than CuFeO, because of its significant
optical transparency in the visible range with a band gap of
about 3.1 eV and electrical conductivity that can be extremely
enhanced up to oRT = 220 S/cm with suitable doping like
Cucro,gsMgo,()st thin film [10]

In few last years, Deng et al. [11] synthesized bulk and
thin CuCrO, films by sol-gel method and pulse laser depo-
sition in which the structural, optical, electrical properties and
ozone sensing properties were studied. Dupont et al. [12]
reported the synthesis of CuCrO, by sol-gel method using
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propionic acid as gelling agent and also investigated its catalytic
properties. Li et al. [13] synthesized Mn doped CuCrO, by
sol-gel method and investigated the electrical, magnetic and
paramagnetic properties in the temperature range of 120-300
K. Zhou et al. [14] reported the existence of delafossite CuCrO,
in nanocrystalline and microcrystalline state, which was prep-
ared by hydrothermal and sol-gel methods. The synthesis of nano-
sized CuCrO, porous powders by combustion process using
glycine nitrate as a fuel is reported by Chiu ez al. [15]. Jlaie et
al. [16] reported the polycrystalline CuCrgosM05s0> (M = Al,
Co, Rh and Sc) samples, which was prepared by solid-state
synthesis and the magnetic susceptibility of complete samples
exhibited paramagnetic nature at high temperature. Herein,
delafossite CuCrO, was synthesized by sol-gel process using
tartaric acid as a complexing agent and its photocatalytic
degradation was also investigated.

EXPERIMENTAL

The starting precursor materials used for the synthesis of
CuCrO, were copper nitrate (Cu(NOs),-:3H,0; 99.5%) (Himedia,
India), chromium nitrate (Cr(NO;);-9H,0; 98%) (Thomas beaker,
India), methanol (Mecrk) and tartaric acid (Aldrich 99.9%)
were obtained.

Preparation of CuCrO,: Copper nitrate and chromium
nitrate were mixed in a 1:1 M ratio followed by the addition
of 30 mL of methanol at room temperature. Then 4 M of tartaric
acid dissolved in 30 mL of deionized water was added to the
above homogeneous metal nitrate mixture slowly and the
mixture was stirred for 2 h to obtain well-mixed precursor solution.
The solution was again stirred at 80 °C until jellification of
solution was obtained followed by heating the gel until it
becomes dried mass. Finally, the resulting solid was ground
and heated at 500 °C for 6 h to remove the organics. The obtained
powder was then heated at 700 © C/3, 6,9 and12 h; and 800 ° C
for 3h in air.

Characterization: The synthesized powders were charac-
terized by Powder X-ray diffraction technique (XRD, BRUKER
D8 ADVANCE, by CuKa radiation, A = 1.5406 A). The surface
morphology and microstructure were examined by a scanning
electron microscope (HRSEM-FEI Inspect F50). Thermal
analysis (TA) of samples was recorded by TA SDTQ 600(USA)
instrument. The samples were heated at 4 °C/min up to 1000 °C
in nitrogen atmosphere. The standard BET (Micromeritics
Gemini V) method was applied for measurement of the surface
area. The Raman spectroscopy measurement was done by laser
Raman spectrometer (HORIBA Scientific/Lab RAM HR).
Diffused reflectance data were collected over the spectral range
200-2000 nm using (JASCO UV Vis NIR V-670, Japan).

Photocatalytic degradation of p-nitrophenol: The
photocatalyst ( 20 mg) was dispersed in 100 mL of 20 mg/L
p-nitrophenol. The suspension was then stirred in the dark condi-
tion for 30 min to achieve an adsorption/desorption equilibrium.
Subsequently, the solution was then exposed with visible-light
while stirring. The collected p-nitrophenol samples was finally
analyzed by HPLC (Shimadzu, Japan) equipped with a Eclipse
XDBC18 (4.6 x 150 mm, 5 um) reverse phase column. The
UV detector wavelength at 265 nm and the moveable phase

consisted of methanol (50 %) and acetonitrile + acetic acid
(50% + 1.6 mL/L) was fed at a flow rate of 1 mL min™' for 20
min.

RESULTS AND DISCUSSION

Structural and morphological studies: The powder-XRD
patterns of the sol-gel derived powders heated at 700 °C for
12 h and 800 °C for 3h in air are shown in Fig. 1. Secondary
phase such as CuO and CuCr,O, existing until powder was
heated at 700°C for 12h (Fig. 1a). The XRD spectra revealed
the formation of delafossite structure CuCrO, phase at 800°C
after 3 h with thombohedral symmetry (space group: R3m) and
lattice parameter value (a=2.9921, c=17.1616) and matched
with standard (JCPDS card No. 039-0247) and no detectable
impurity phase was observed (Fig. 1b). Product obtained by
sol-gel method was less than the phase formation temperature
by solid state reaction as reported earlier [4,14,18]. Using citric
acid, in the sol-gel process, plays two different roles i.e. as a
chelating agent and eludes the precipitation of hydroxylated
compounds [19]. The metal nitrate-citrate process is a low
temperature exothermic type oxidation-reduction reaction,
where nitrates act as an oxidant and carbonyl groups of citric
acid acted as a reducing agent [19]. In present case, tartaric
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Fig. 1. XRD patterns of CuCrO; (a) 700 °C/12 h and (b) 800 °C/3h
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Fig. 2. SEM images (a-c) and EDX pattern (d) of CuCrO,

acid was used, where nitrate ions act as an oxidant and carbonyl
groups of tataric acid acted as a reducing agent in nitrate-
tartrate route.

SEM studies: The surface morphology of synthesized
CuCrO, powder exhibited a hexagonal shape plate like morp-
hology (Fig. 2a-c). While, EDAX analysis showed all the
elements present in the prepared powder (Fig. 2d). Further-
more, the BET surface area measurement revealed that the surface
area of the prepared CuCrO, powder was about 1.05 m¥/g.

Thermal studies: The phase stability and thermal beha-
viour of CuCrO, powder were studied by (TGA/DTA) analysis
under a nitrogen atmosphere at 4 °C/min upto1000 °C. The
TGA thermogram (Fig. 3) shows one weight loss (5.16%) at
800 °C and DTA gives one endothermic peak at 831 °C, where
the corresponding reaction occurred between copper monoxide
(CuO) and cuprospinel (CuCr,0,) phases to form delafossite
structure [20].

CuO + CuCr,04 — 2CuCrO; + 120,

From the XRD pattern, a mixed phase of CuO and CuCr,O,
is present until powder is heated at 700 °C for 12 h. The as-
formed spinel and CuO phases reduced to delafossite CuCrO,
at above 800 °C. TGA curve show a percentage of weight loss
of about 5% corresponding to the reduction of all Cu** ions to
Cu" ions. This reduction is systematically correlated to reaction
pathway between spinel and monoxide to delafossite phase
[21,22].
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Fig. 3. TGA/DTA analysis of CuCrO, microcrystal

Raman studies: The delafossite structure belongs to point
group C;, and space group R3m. The structure of CuCrO,
powder was further investigated by Raman spectroscopy. The
spectrum of CuCrO, shows three main vibration bands were
observed corresponding to three scattering peaks 207,441 and
689 cm’, respectively. The Raman spectroscopy results are
consistent with the reported values [15]. They are identified as
6 (Ay,), 0 (Ey) and 6 (A,) at 689, 441 and 207 cm, respectively
(Fig. 4). It has been recommended that these vibrations may
be related with the spectral features of edge-sharing Cr'Os
octahedra and possibly the O-Cu'-O linear bond [23].
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Fig. 4. Raman spectra of CuCrO, at room temperature

Optical properties: Optical properties of the sample were
characterized by diffuse reflectance spectroscopy. The optical
absorption spectrum of CuCrO, powder shows an absorption

in the range of 400-500 nm (Fig. 5a). This value is near to the
literature value [14]. The fundamental concept of absorption
corresponds to excitation of electron from valance band to cond-
uction band can be used to determine value of optical band
gap of CuCrO, oxide.

In order to calculate the optical band gap of sample by
using Tauc’s equation (othv)" = A(hv — E,), where o denotes
the absorption coefficient, hv is the discrete photo energy, A
is constant, E, is band gap and exponent n depends on the type
of the transition. For direct allowed transition, indirect allowed
transition and direct forbidden transition, n is 1/2, 2 and 3/2,
respectively [19,24]. Linear relationship between (othv)" and
hv indicates that optical band gap of CuCrO, (2.9 eV) (Fig. 5b).
The optical band gap value is agreed with the literature value
(2.95 eV) [14]. The reason is attributed to the different prepa-
ration methods [24,25].

Photocatalytic activity: The photocatalytic performance
of the synthesized material was evaluated with visible light
irradiation and p-nitrophenol as a demonstrative pollutant for
the degradation. Fig. 6a depicts the UV-vis absorption spectra
of p-nitrophenol at different time intervals. The absorption of
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Fig. 6. (a) Temporal changes of p-nitrophenol (b) Percentage degradation of p-nitrophenol with respect to time
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p-nitrophenol was decreased at 402 nm with increase in irrad-
iation times and disappears completely after 4 h. Fig. 6b shows
the relative concentrations of p-nitrophenol in the solution as
a function of the irradiation time with different photocatalyst.
The reaction kinetics of degradation of p-nitrophenol can be
described by a Langmuir-Hinshelwood model (eqm.1), which
showed that the reactions took place at a solid-liquid interface.

CO
ln(c j=ert =Kﬂprt (1)

t

The degradation of p-nitrophenol under visible-light irrad-
iation revealed a pseudo first-order kinetics with regression
coefficients (R?) > 0.90 with rate constant k = 0.411 min™".

Photocatalytic degradation mechanism: A plausible
photocatalytic degradation mechanism of CuCrO, was proposed
and shown in Fig. 7. From the optical studies, the band gap
value of CuCrO, was calculated to be around 2.9 eV. Thus,
this compound could generate electron-hole pairs on activation
by visible light which are responsible for photodegradation of
pollutants. Upon irradiation, the photogenerated electron from
valence band (VB) of CuCrO, excited to conduction band (CB)
when reacted with the dissolved oxygen adsorbed on the surface
of the photocatalyst to yield super oxide radicals *O,", while
h* reacted with the OH™ to generate hydroxide radicals *OH
[24,26], which further resulted for the degradation of p-nitro-
phenol into smaller molecules.

_Oxidation

hS +
HO  LOH/+H

N~

‘O, +RhB —— H,0 + CO, + Mineral acids

‘OH+RhB  —— H,0 + CO, + Mineral acids

Fig. 7. Photocatalytic degradation mechanism of p-nitrophenol using
CuCrO, microcrystal under visible light

Conclusion

In summary, a delafossite structured CuCrO, was success-
fully synthesized by sol-gel method using tartaric acid as a
complexing agent at low temperature in the presence of air
atmosphere. The XRD analysis confirmed the pure single phase
CuCrO, with delafossite structure. The SEM-EDX analysis showed
the morphology and composition of CuCrO, with hexagonal
plate shape microcrystals. The thermal stability and reaction
pathway between CuO and CuCr,0, was investigated using
thermal analysis. Raman spectra showed three Raman scattering

peaks for delafossite structure of CuCrO,. Furthermore, the
prepared CuCrO, showed good photocatalytic activity towards
degrading p-nitrophenol which could be utilized for other appli-
cations such as water splitting waste water treatment.
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