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Synergistically tuned noble metals and intentionally formed complex heterostructured nanomaterials can
enhance the required application effectiveness but at the cost of tedious synthesis routes, expensive
chemicals, and sophisticated instruments. To overcome such demerits, herein, we report on the oleic
acid-mediated convenient co-precipitation route using water—hexane as a biphasic solvent for CuO
synthesis in the form of nano feathers (CuO-NF), solid/hollow hexagonal thin sheets (CuO-HS), and
mega sheets (CuO-MS) at room temperature. The exotic CuO nanoarchitectures achieved were tested
and compared with control samples (CuO-IS) for CO, sensing, natural sunlight induced dye degradation,
and catalytic CO, reduction. Among the various CuO nanostructures synthesized, CuO-HS depicted
higher oxygen deficiency, electronic conductivity, and visible light absorption. Most of the solid/hollow
hexagonal thin sheets depicted an edge length in the 50-350 nm range with an observed thickness as
low as 5 nm. The CuO-HS microsensor demonstrated ultrasensitivity (Rg/R; = ~85), dominant selectivity
(> 6 gases), repeatability (98.7%), CoV (1.3%), and LoD (4.3 ppm) at 32 °C towards CO, in 20-5000 ppm.
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Accepted 27th October 2021 degradation in natural sunlight shown by CuO-HS was primarily attributed to the lower charge
reunification. Additionally, CuO-HS facilitated methanol formation within 3 h at a rate of 53 and 18 pmol gt

in the presence of artificial solar and natural sunlight, respectively. Dye degradation and CO, photoreduction
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1. Introduction

Global concerns such as unrestricted carbon emissions, green-
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FTIR analysis, XPS survey spectrum, core levels of CuO-HS, core level O 1s with
curve fitting parameters depicting oxygen vacancy percentage, p-Raman analysis,
EDAX and elemental mapping of the CuO-NF, FE-SEM of the CuO-MS, calibration
curves as a function of CuO morphologies, raw sensor data of CuO-HS and CuO-IS
under dry and humid conditions, selectivity performance by various CuO
nanoarchitectures, long-term stability, LoD calculations, natural sunlight-
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house gas management, toxic waste disposal, water purification,
energy crisis, and workplace productivity continue to escalate,
despite comprehensive research activities. Carbon dioxide (CO,)
gas is one reason for many such concerns; hence, its monitoring,
utilization, and sequestration remain a priority for every
country.' As per a recent study by the USA Department of
Agriculture (USDA), CO, gas is the most common atmospheric
hazard encountered in confined spaces, leading to a decrease in
workplace productivity. Shockingly, a typical individual exhales
900 grams of CO, per day." Accurate detection of CO, gas and its
regular monitoring over an extended period at room temperature
is a challenging task due to its highly resilient and thermo-
dynamically stable nature.>* Among the many sensors reported
in the literature,*® chemoresistive ones are economical, wherein
the devices can be miniaturized with ease and the temperature-
dependent sensing results from facile reversible carbonation
chemistry. Ultrasensitive, selective, and stable sensors working
under dry and humid conditions based on a wide range of
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reported.”™"" Despite several
reports, one of the most crucial sensor parameters that still
needs consideration is the operating temperature (T,).
Barring a few,”®'*™** most of the CO, gas sensors reported
in the literature operate in the range of 200-500 °C.*™
Thus, the research activities focused on room temperature
sensing are currently being encouraged. As such sensors are
safe, perform well in a hazardous environment, and are easy to
fabricate.

Furthermore, manufacturing industries in developing
countries face the challenge of disposing hazardous organic
dyes during the processing of textiles and pharmaceuticals.
Globally, as high as 10* tonnes of organic pigment is thrown
into freshwater post application processes, resulting in
increased toxicity to flora and fauna.'® Dye removal as a part
of wastewater treatment is difficult, and to overcome it, many
novel nanomaterials have been developed.'®™® Reported
studies utilized expensive photocatalytic reactors and many
times the reactions conducted on a lab-scale were difficult to
mimic in real-time due to customized settings. Furthermore,
another severe issue of growing carbon emissions leading to
drastic climatic changes and global warming has been trending
for the past few decades. Artificial photosynthesis enabled CO,
reduction to hydrocarbon fuels is touted as an effective
technique to convert solar energy into chemical energy and
mitigate hazardous emissions.'® Despite attempts,’® nano-
materials reported for CO, photoreduction showed poor
stability, a small conversion rate, and lower electron transfer,
which are vital for any catalytic process.” Moreover, the photo-
reduction process becomes exclusive due to the use of scarcely
available elements.”>>* Although several such inclusive studies
were reported, there are still ample opportunities for the in-
depth investigation leading to the development of synthesis
routes to improve application effectiveness.

In this context, CuO is a promising candidate owing to
excellent optoelectronic properties stemming from weakly
bonded d-electrons and chemistry with CO, gas due to low
electron affinity.>*>*> Within this framework, we report on
oxygen deficient CuO nanostructures synthesized using a
water-hexane biphasic solvent. Insights into the growth
mechanism of nanostructures formed by varying oleic acid
amounts were detailed. Furthermore, their ability to sense
CO, gas, degrade dyes and CO, conversion was explored.
Ultrasensitive, highly selective, and repeatable CO, detection
at room temperature in dry and wet conditions was achieved
by integrating the nanomaterial on an economic planar
transducer. A focus was also placed on comprehending sensing
phenomena by employing operando techniques supported by
VBM-XPS and p-Raman. The degradation activities were studied
under natural sunlight and the mechanism was confirmed
using HPLC. The nanoarchitectures were also investigated as
photocatalysts with high stability for methanol production in
the absence of a photosensitizer under simulated solar and
natural sunlight. Methanol evolution from CO, was probed
using an isotope-tracer experiment and correlated with
GC-MS data.

nanomaterials have been

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section

2.1 Materials and chemicals

Cupric acetate monohydrate (Cu(CH;COO),-H,0), sodium
hydroxide flakes (NaOH), bromocresol purple (C,;H;6Br,0sS),
malachite green (C,3H,5CIN,), and eosin yellow (CpoHgBr,;Na,Os)
stain powders were acquired from Thermo Fisher Scientific. Extra
pure grade oleic acid (C;3H340,), hexane (C¢H,,), and ethanol
(C,H5OH) were procured from Finar Chemicals. Infrared spectro-
scopy grade potassium bromide (KBr) suitable for FTIR and UV-
Vis-DRS was purchased from Sigma Aldrich. All the chemicals
received were of analytical reagent (AR) grade and used without
any further purification. Double distilled water (15.6 MQ cm at
32 °C) was used throughout the experimentations.

2.2 Synthesis of CuO nanoarchitectures

In a typical synthesis procedure, ca. 0.73324 g (4 mmoles) of
cupric acetate monohydrate was dissolved in 50 mL of double-
distilled water under magnetic stirring at 450 rpm and 32 °C.
To the solution, 2.528 mL of oleic acid dissolved in 50 mL of
hexane was added dropwise using a micropipette. Then, a
solution of NaOH flakes (8 mmoles) dissolved in 30 mL water
was added dropwise. During the addition of NaOH solution, the
pale blue colored cupric acetate solution with oleic acid and
hexane solution started to turn dark blue and eventually turned
dark brown. The dark brown suspension was then stirred for
180 min under the same setting. Afterward, the resultant
residue was diluted with distilled water and centrifuged
(Neospace, BioEra, India) at a speed of 10000 rpm for 3 min
to obtain a brown product. A continuous cycle consisting of
centrifuging, ultrasonication, and washing with distilled water
(5-6 times) followed by ethanol wash ensured the complete
removal of organic impurities. The product was dried overnight
in a hot air oven at 75 °C. Hereafter, the CuO powder synthesized
by this route will be referred to as CuO-HS. Two similar CuO
samples, namely nano feathers (CuO-NF) and mega sheets
(CuO-MS) were synthesized by adding the oleic acid in an
amount of 0.5056 and 7.584 mL, respectively. To ascertain the
role of the oleic acid-hexane solution as a surfactant, control
CuO samples were synthesized by the above route in their
absence. Since the electron micrograph depicted the morphology
as irregular sheets/structures, the sample henceforth will be
referred to as CuO-IS. The synthesis of CuO nanostructures
presented here draws inspiration from the previously reported
methodologies.”**”® A summary of the synthesis parameters
used, and the corresponding morphologies achieved at room
temperature is detailed in the ESI{ (see the ESIi Table S1).
The schemes depicting the synthesis methodologies followed
for achieving CuO nanoarchitects in the form of solid/hollow
hexagonal and irregular sheets are shown in Fig. 1a and b.

2.3 Materials characterization

Powder X-ray diffractograms (P-XRD) were recorded on a Bruker
AXS diffractometer (D8 ADVANCE) with a Cu anode (K, radiation,
/. =1.5406 A). Ultraviolet-Visible Diffuse Reflectance Spectroscopy
(UV-Vis-DRS) was performed on an AvaSpec-ULS2048 Starline
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Fig. 1 Schematic representation illustrating methodologies followed to achieve (a) solid/hollow hexagonal sheets (CuO-HS) and (b) irregular sheets

(CuO-1S). (c) Fabrication of sensor device for CO, gas monitoring.

fiber optics spectrophotometer. Thermogravimetric (TG) and
differential thermal analysis (DTA) were done on a TA Q50
thermo-gravimetric analyzer at a 10 °C min~' ramp rate in the
air from 30 to 800 °C. Fourier transform infrared spectra (FTIR)
were recorded using the Bruker ALPHA-T instrument. X-Ray
photoelectron spectroscopy (XPS) and valence band maxima
(VBM) spectra were collected using the KRATOS AXIS Supra®,
and the binding energies (B.E.) were corrected using an internal
reference peak of C 1s peak centered at 284.80 eV. Confocal
p-Raman spectroscopy was performed using a Horiba Jobin-
Yvon LabRam HR spectrometer. Field emission scanning electron
micrographs (FESEM) were recorded on a JEOL JSM-7610F (JEOL
Inc. Japan), and energy dispersive X-ray analysis (EDAX) was
performed with an OXFORD Inca detector. A technique mimicking
operando ultra-violet visible diffuse reflectance spectroscopy
(UV-Vis-DRS) was carried out on a Cary 6000i UV-Vis-NIR spectro-
photometer. Briefly, 3 mg of CuO-HS sample was ground with 3 g
of potassium bromide (KBr) using a mortar-pestle and pressed into
a thick pellet with the help of a pellet maker. This was followed by
vacuum drying the pellet at 60 °C for 40 min to remove moisture or
organic species adsorbed on the surface. The pellet was scanned at
room temperature and data were collected in the absence and
presence of the target gas. During the in situ measurements, highly
concentrated CO, gas (99.999% purity) was pumped into the
sample chamber at a flow rate of 200 sccm using a custom-built
gas mixing setup. Similarly, in situ photoluminescence (PL) spectra

420 | Mater. Adv., 2022, 3, 418-436

with and without CO, gas were recorded using a HORIBA Jobin
Yvon Fluorolog FL 3-11 spectrofluorometer. Samples in the form of
thin-films were prepared by uniformly dispersing 5 mg of nano-
material in ethanol followed by drop-casting on an ITO
coated rectangular glass slide having resistivity in the range of
15-25 Q sq . Before each run, nanomaterial coated glass slides
were vacuum dried at 60 °C for 2 h. High Performance Liquid
Chromatography (HPLC) profiles to understand the malachite
green dye degradation were collected using a Shimadzu
Prominence series liquid chromatography instrument (Shimadzu
Corporation, Kyoto, Japan). The instrument consisted of a
degassing unit (DGU-20A3), a low pressure gradient flow control
valve (LC-20AD), an autosampler (SIL 20ACHT), a system controller
(CBM-20A), a solvent delivery module (LC-20AD), a column oven
(CTO-10ASvp) and a photodiode array detector (SPD-M20A).
During the sample run, ZORBAX 300 Extend C18 column having
specifications: inner diameter (ID) - 4.6 mm, length (L) - 150 mm,
and particle size - 5 pum was employed. The chromatographic
separation was carried out using a mobile phase mixture of
deionized water and acetonitrile at 65:35 (v/v) and degassed
thoroughly using a vacuum degasser before initiating the sample
run. The flow rate was set at 0.7 mL min " and the column was
maintained at room temperature with an injection volume of 20 puL
and the detector wavelength set at 259 nm. The Shimadzu GC-MS
analyzer (GC 2010 Plus, GCMS-OP2020) used was equipped with an
automated gas valve with helium (He) as the carrier gas,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quadrupole detector, capillary column, flame ionization detector
(FID), and a thermal conductivity detector (TCD).

2.4 Gas sensor set-up, device fabrication, and sensing
characteristics

The gas sensor setup, test patterns, and sensing measurements
are as per earlier reports.'®'" The steps involved in the device
fabrication are represented in Fig. 1c. In-depth information on
the sensor assembly and sensor device fabrication is further
illustrated elsewhere (see the ESLt SI, Section A0, Fig. S1).
Before initiating the sensing experiments, the microsensors
were heated at 200 °C for 9 to 12 h in dry air as well as in CO,
gas. The heating process carried out for a significant time
assured a highly stable response, complete removal of organic
moieties, and adsorbed moisture on the surface of the nano-
material. Post heating, the morphology of the nanomaterials
remained unaffected in each case and was confirmed from
electron micrographs. The CO, gas sensing experiments were
performed in dry air at 32 °C. The sensor response was also
recorded against 59% relative humidity measured at 32 °C.
During a standard sensing experiment, high-quality CO, gas
(99.999% purity, industrial grade) in a calculated amount
was pumped into the sensor chamber at a gas flow rate of
200 cm® min~" using a mass flow controller (MFC) procured
from the MKS Instruments. The target gas concentrations in
the range of 20-5000 ppm were achieved by diluting CO, gas
with air. Here the gas concentrations are a-100, »-300, ¢-500,
d-700, e-1000, and 2000 ppm. The selectivity of the samples
was determined by exposing them to six industrial relevant
gases such as carbon monoxide (CO), nitrogen dioxide (NO,),
nitric oxide (NO), sulfur dioxide (SO,), hydrogen (H,), and
hydrogen sulfide (H,S). Oxidising by nature, the sensor
response (Sy) for CO, gas is usually defined as (Ry/R,), and
the sensitivity (S) is defined as Sg x 100 (%). Here, R, is the
resistance in the presence of CO, gas and R, is the resistance of
the sensor in the air. However, in the current work, we observed a
decrease in sensor resistance upon introducing the CO, gas in the
chamber. Hence, the sensor response (Sg) for CO, gas in the
current study is defined as (R./R;) based on the raw sensor data.
The response time is defined as the time taken to reach nearly 90%
of the response magnitude, whereas the recovery time is the time
required up to 90% of response recovery. The electrical resistances
were recorded using Keysight 34465A 6% DM Truevolt multimeters
interfaced with LabVIEW. Sensor data analysis was done using
Origin Pro 8.5 software.

2.5 Natural sunlight induced dye degradation and
photoelectrochemical analysis

The photocatalytic studies were evaluated by monitoring the
degradation rate of three organic dyes, namely, bromocresol
purple (BP), eosin yellow (EY), and malachite green (MG).
Dye solutions were placed in volumetric flasks (Borosil, India)
and kept on an open terrace in ambient air at a standard
temperature and pressure. Pictorial representation is provided
elsewhere (see the ESI,{ Fig. S2). Natural sunlight-induced dye
degradation studies were carried out from the 12th to 29th

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

March 2021 on the terrace of the main academic building at
G. S. Mandal’s Marathwada Institute of Technology, Aurangabad,
Maharashtra, India, having co-ordinates as 19.8493°N, 75.3216°E.
The tests were conducted daily for 3 h from 11 am to 2 pm. During
this period, the light intensity measured using a lux meter was
in the range of 70 to 100 mW cm . In each case, 25 mg of
sample powder, that is, individually was suspended through
ultrasonication in BP, EY, and MG solution (1 x 107> M,
25 mL) to achieve a standard concentration of the catalyst in
the dye solution. All three dye solutions with sample powders
(in total, 6 volumetric flasks with dye-catalysts solution) were
ultrasonicated for 30 min in the dark to equilibrize a reversible
physisorption process of dyes on the sample surfaces. After
30 min of ultrasonication, the volumetric flasks were taken to
the institute’s terrace and kept in an open area for ease in
harnessing the natural sunlight. The aliquots (0.5 mL) were taken
out from the volumetric flasks at an interval of 1 h, and the
supernatant was collected after centrifuging which was carried out
in a programmable microcentrifuge (Minlyn, BioEra, India). The
dye concentration was determined by observing the wavelength of
maximum absorption of the supernatant by recording the spectra
using a UV-Vis spectrophotometer (Model - SL 210, ELICO, India).
The calibration plot following Beer-Lambert’s law was established
by correlating the absorbance to the dye concentration.
Repeatability was ascertained by repeating natural sunlight-
induced dye degradation studies four consecutive times under
the same environment. After each cycle, the sample powder was
washed with distilled water and oven-dried at 60 °C for 10 h.
Dye degradation was monitored using a TOC-L-CPH Shimadzu
analyzer. The methods for sample preparation and photoelectro-
chemical analysis were carried out as per the earlier report.>

2.6 Catalytic CO, reduction to methanol

The photoconversion of CO, gas was carried out in a custom
designed quartz reactor with 125 mL overall capacity. Before
each run, CuO nanopowder (that is, individually CuO-MS,
CuO-HS, CuO-NF, and CuO-IS) in a calculated quantity of
25 mg was dispersed in 75 mL double distilled water. The
reactor was continuously purged with N, gas for 30 min at a
200 cm® min~" flow rate to ensure that all the dissolved gases in
water and other impurities were removed from the reactor. The
uniformly dispersed solution was then purged with industrial-
grade CO, gas for 30 min to saturate the reactor. Thereafter, the
flow rate was decreased to 10 cm® min~"'. The flow rate was
controlled by a mass flow controller. Then the quartz reactor
was completely sealed with a septum to avoid leakage of CO,
gas or the end products. Once the flow was stabilized, the light
source was turned on, and the concentrations of products
generated versus the irradiation time were recorded. For a
comparative performance, four light sources, namely, UV
(medium pressure Mercury vapor lamp of 125 W), artificial
solar simulation (Xenon arc lamp of 300 W), visible (white
cold floodlight LED of 20 W), and natural sunlight, were used.
The artificial lamps were purchased from Prism Electronics
Systems, Nashik, India. The methodology followed for CO,
conversion to methanol by harvesting natural sunlight was

Mater. Adv,, 2022, 3, 418-436 | 421
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the same as the dye degradation studies. The quartz reactor was
equipped with a double-wall jacket, which has an arrangement
for cold water circulation to maintain low temperature around
the artificial lamp as well as to increase CO, gas solubility in
water. Using similar settings, the blank reactions without CO,
gas, or photocatalyst, or light source were carried out to validate
that the product formed is due to CO, photoreduction in the
presence of a photocatalyst. The blank studies did not detect
any product. The reaction was regularly monitored by with-
drawing the sample (~ 0.5 mL) every 1 h with the help of a long
needle syringe. A similar protocol was followed during the
isotope-tracer experiment performed using *CO, (Sigma-Aldrich)
as a feedstock with CuO-HS powder.>* Only the CuO-HS catalyst
was selected as it showed excellent performance during the
initial studies when compared to other CuO samples. The
concentrations of gaseous products evolved from the quartz
reactor were quantitatively determined using a Shimadzu
GC-MS analyzer.
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3. Results and discussion

3.1 [Initial studies, physicochemical characterization, and
growth mechanism

The crystal structure and phase composition of CuO nanoarch-
itectures were examined by powder-XRD. A typical X-ray dif-
fractogram of CuO-HS showed peaks that can be readily
indexed to standard monoclinic tenorite CuO (JCPDS:74-1021,
space group: C2/c(15)) with lattice parameters as: a = 4.624 A,
b =3.409 A, and ¢ = 5.118 A (Fig. 2a). Additionally, a secondary
phase Cue,O, matching well with the orthorhombic crystal
structure (JCPDS:77-1898, space group: Bmm2(38)), was
observed in minor percentage. Crystalline phases other than
CuO and Cug,0 were not detected from the X-ray diffractogram.
Slightly broader peaks observed for the CuO-HS sample when
compared to the CuO-NF and CuO-IS patterns hinted at
smaller-sized grains (see the ESI,T Fig. S3). The average crystal-
lite size, dislocation density, and microstrain induced in the
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CuO-HS were found to be 7.85 nm, 23.28 x 10> nm?, and
4.60 x 107*, respectively. The bandgap of the as-synthesized
nanomaterials was evaluated from UV-Vis-DRS (Fig. 2b). The
CuO-IS sample demonstrated an absorption edge at 885.72 nm
(1.40 eV), whereas CuO-HS showed a bandgap of 1.72 eV
(~719 nm). The hypsochromic shift observed for CuO-HS could
be ascribed to the oleic acid-mediated synthesis route using
biphasic solvent resulting in increased oxygen vacancies.*® The
thermal stability of CuO-HS was confirmed from the TG-DTA
technique that showed the presence of two weight loss zones
attributed to the removal of moisture and organic matter from
the precursor/solvents (Fig. 2c and see the ESI,f Section A1).
The nature of chemical bonds in the CuO-IS and CuO-HS
samples was probed by FTIR (Fig. 2d and see the ESLt
Section A1).

The surface chemistry and oxidation states were investigated
using VBM-XPS. The survey spectrum of CuO-HS showed peaks
such as Cu 3d, Cu 3p, Cu 3s, C 1s, O 1s, Cu LMM, Cu 2p, and Cu
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Fig. 3 X-Ray photoelectron spectroscopy data illustrating core level O 1s
maxima (VBM) for the CuO-HS sample.
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2s (see the ESI,T Fig. S4). For CuO-HS, CuO-MS, and CuO-NF,
the O 1s core level showed an asymmetric curve, readily
resolved by Gaussian fitting into three peaks corresponding
to lattice/interstitial oxygen (Oy), oxygen vacancies (Oy), and
chemisorbed oxygen (O¢) (Fig. 3a and see the ESL T Fig. S5). The
presence of oxygen vacancies is in good agreement with the
UV-Vis DRS analysis. In stark contradiction, the O 1s core level
for the control sample, that is CuO-IS was found to be
symmetric with lattice/interstitial oxygen (Op) percentage as
high as 97.35% (Fig. 3b and see the ESI,;¥ Table S2). The
CuO-IS sample did not show the presence of Oy and O species,
which could be attributed to the absence of oleic acid-hexane
mixture during its synthesis. Interestingly, the relative
percentage of Oc¢ in CuO-HS, CuO-NF, and CuO-MS was found
to be 30.64, 20.24, and 18.27%, respectively (see the ESI ¥
Table S2). A higher percentage of O is imperative as it directly
indicates a nanomaterial’s ability to absorb a higher amount of
molecular oxygen on its surface.®” Interestingly, chemoresistive
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CO, sensors rely predominantly on the adsorbed oxygen species
for reversible charge transfer that is eventually taken as a
sensor signal.*'”** Furthermore, oxygen vacancies in the metal
oxide semiconductor help in delaying the electrons and holes
reunification, thus improving its ability to absorb light in the
visible region during photocatalysis. Here, the higher percentage
of chemisorbed oxygen present in the hexagonal sheets
compared to irregular structures is anticipated to endow itself
with similar merits in enhancing the natural sunlight-induced
dye degradation and CO, conversion performances. The XPS
core level of Cu 2p showed peaks at 952.85 and 932.96 eV,
corresponding to Cu 2py;, and Cu 2ps,, respectively (Fig. 3c).
The spin-orbital splitting energy of 19.89 eV between Cu 2p;,
and Cu 2ps/, confirmed the existence of Cu®" in monoclinic
Cu0."** From the valence band maxima, the binding energy of
3.64 eV confirms Cu 3d electrons, and the structure between
5.62 eV and 8.71 eV is attributed to O 2p (Fig. 3d). Additionally,
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the structure between binding energies of 9.99 and 17.48 eV
are related to the d® final state formed from the d° initial state.**
The confocal p-Raman spectrum revealed that the wavenumber
values associated with the CuO-HS sample are slightly lower
than those reported in the literature (see the ESILT Fig. S6).
A plausible reason could be due to decreased grain size, hollow
structures, or the existence of oxygen vacancies in the form of
oxygen-deficient regions (V,), chemisorbed oxygen (O¢) or O*~
ions at the interstitial sites.** Raman results are in perfect
agreement with XRD, UV-Vis-DRS, and VBM-XPS data.
Morphological evolution and elemental composition were
studied using FESEM and EDAX techniques (Fig. 4a-i). All the
nanoarchitectures, namely CuO-IS (irregular sheets), CuO-NF
(nano feathers), CuO-HS (solid/hollow hexagonal thin sheets),
and CuO-MS (mega hexagons), were synthesized at room
temperature without any post-processing techniques. Irregular
sheets with thicknesses ranging from 5 to 30 nm and with a

)
i@ ®
T LA
fo;O:o ( )
\ O%QO 0.5056 mL

O cu2+

~—® Oleic Acid (OA)

'~ Na*

J By products

Fig. 4 Scanning electron micrographs for CuO nanoarchitectures (a—c) without oleic acid—hexane solution (CuO-IS), (d-f) with 0.5056 mL oleic acid in
50 mL hexane (CuO-NF), and (g—i) with 2.528 mL oleic acid in 50 mL hexane (CuO-HS). (j) Schematic illustration depicting morphological evolution as a
function of oleic acid (OA) at room temperature in the water-hexane solvent system.
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length from 100 to 800 nm were observed for CuO-IS, which did
not involve the use of the oleic acid-hexane solution (Fig. 4a-c).
Upon adding oleic acid (0.5056 mL) to hexane, the irregular
sheets evolved into highly thin nano feathers (CuO-NF), demon-
strating tapered ends and smooth surfaces with thicknesses
ranging from 3 to 20 nm and length from 200 to 1000 nm
(Fig. 4d-f). Energy-dispersive X-ray scanning and elemental
mapping were carried on the CuO-NF sample to realize the
uniform presence of elements in the samples (see the ESL
Fig. S7). The elemental mapping showed an even distribution
of copper (Cu) and oxygen (O) along with carbon (C) throughout
the area (see the ESI,T Fig. S7). Increasing the oleic acid amount
to 2.528 mL whilst keeping hexane fixed at 50 mL led to the
formation of solid/hollow hexagonal CuO thin sheets along
with agglomerated nanoparticles in significant quantities
(Fig. 4g-i). Most of the solid hexagonal sheets were in the size
range of 50-150 nm (Fig. 4g and h), whereas the hollow
hexagonal sheets ranged from 200-350 nm (Fig. 4i). In both
cases, the thickness observed was from 5 to 30 nm. Huge-sized
solid hexagons with sizes ranging from 400 nm to 2.5 pm and a
thickness of 30 to 60 nm were observed upon increasing the
oleic acid volume to 7.584 mL in a 50 mL hexane solution
(see the ESI,f Fig. S8). Hollow structures were not visible,
however, some mega hexagons appeared to arrange themselves
in floral patterns (see the ESIL,} Fig. S8.c, and d) hinting at the
formation of a hierarchical structure. This will require
additional experimentation for the optimization of oleic acid
concentration. Morphological evolution as a function of oleic
acid-hexane solution is schematically illustrated in Fig. 4;j.

In recent times, tenorite CuO has gained considerable
attention from fundamental and practical perspectives.*>™’
Many studies were devoted to CuO formation in 0D, 1D, and
3D, but rarely 2D architects were reported.*>** However in the
current study, the proposed gram scale synthesis route yields
varied 2D CuO nanostructures in the form of feathers, solid/
hollow hexagonal sheets, and nano hexagons. Such exotic
nanostructures are achieved simply by controlling the oleic
acid amount in water-hexane solution at room temperature
without the need for high-temperature calcination.
Furthermore, as-synthesized CuO solid/hollow hexagonal
sheets showed high crystallinity, thermal stability, and are rich
in oxygen vacancies. Herein, the oleic acid-hexane solution acts
as a surfactant, usually linking to the surface of crystallites via
covalent bonds, whereas sodium hydroxide acts as a mineralizer.
The growth mechanism of CuO nanostructures can be under-
stood based on the reactions given below:

Cu(CH3CO0),-H,0 + x-H,0 + C;13H3,0, + 2CcHy,
— Cu6HesCUO, + 2CH;COOH + y-H,0 (1)

C36HgCuO, + 2CH;COOH + 4NaOH — Cu(OH),
+ 2C,5H33Na0, + 2CH;COONa + 2H,0 ()

Cu(OH), — CuO + H,0 3)

The synthesis carried out in the absence of surfactant
yielded irregular sheets of CuO in a higher percentage

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4a-c). This is attributed to a higher concentration of
cations and hydroxyl ions in the solvent medium. However,
amorphous CuO was formed in the absence of a water medium,
indicating that a solvent medium consisting of only oleic acid-
hexane is inappropriate. Sodium hydroxide is a strong electrolyte,
and it is widely acknowledged for its ability to counterbalance the
surface charges on the metal oxides, thus slowing down the
aggregation. Moreover, a higher concentration of NaOH solution
generates diffusion layers on certain surfaces, facilitating
supplementary anisotropic growth, thus permitting the
development of few energy-specific crystallographic planes.*®
Oleic acid is an unsaturated fatty acid that readily dissolves in
hexane and reacts with copper(u) acetate monohydrate to produce
copper salt in the form of copper oleate (eqn (1)). Upon adding
NaOH to the copper oleate mixture, it reacts to produce copper
hydroxide, which eventually transforms to copper oxide species
(eqn (2) and (3)). These copper oxide species form seeds that are
guided by crystal symmetry to produce a planer nucleus, which in
the presence of surfactant leads to the development of the 2D
netted structure of CuO nano feathers (Fig. 4d-f). As per the
CuO growth process,™ the sequence followed is [010]iengen >
[100]oreath > [001]ihicknesss With an increase in the oleic acid
concentration, a decrease in growth rate along [010]iengs and
[001 Jthickness is observed, leading to the formation of polydispersed
2D hexagonal sheets along with considerable agglomeration
(Fig. 4g-i).*>*® Further increase in oleic acid results in an
increased size of hexagonal sheets and a simultaneous bonding
process. The bonding process continues with two or more indi-
vidual sheets attaching in an angular manner by masking the
areas with higher surface energies (see the ESI} Fig. S8.c, and
d).* It is anticipated that the bonding process will continue more
effectively with a further increase in oleic acid, ultimately leading
to hierarchical florets formation. Although the data derived from
such studies is alluring, however it is not being reported here and
can always be part of our future investigations.

3.2.1 CO, sensing characteristics. The calibration curves illus-
trating sensor resistances as a function of CO, gas concentration at
32 °C for various CuO nanostructures confirmed a near-direct
correlation in the 20 to 700 ppm range (see the ESL} Fig. S9).
Additionally, from 700 to 5000 ppm, saturation in sensor response
was observed in each case. The observed increase in sensor
magnitude followed the order: CuO-HS > CuO-NF > CuO-MS >
CuO-IS, and hence most of the studies presented in the current
study form a comparison between CuO-HS and CuO-IS. The
electrical resistances of CuO-HS and CuO-IS upon exposure to
CO, gas concentrations at room temperature in dry and humid
conditions confirm the p-type semiconducting nature of the
sensitive layer (Fig. 5a and b). Resistance magnitude decreases
rapidly with an increase in CO, concentrations and recovers
quickly upon purging the sensor chamber with air. The dynamic
transients in dry and humid air corresponding to various CO,
dilutions ranging from 100 to 2000 ppm revealed a superior
performance by CuO-HS over CuO-IS. In dry air, the sensor
response (R./R,) at 2000 ppm for CuO-HS and CuO-IS was found
to be ~85 and ~ 24, respectively (Fig. 5a). Whereas in humid air,
it was around ~39 and ~8 respectively (Fig. 5b). The sensor
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Fig. 5 Dynamic transients as a function of gas concentrations measured in

(a) dry air and (b) humid conditions. Response kinetics measured in (c) dry air

and (b) humid air. All the CO, sensor characteristics were studied at room temperature (that is, 32 °C). Wet conditions refer to 59% relative humidity

measured at 32 °C.

resistances in humid conditions are nearly half of the values
compared to the values observed in dry air under the same settings.
Dynamic transients were corrected for baseline using OriginPro
8.5 software, and the raw data recorded by the sensor system are
detailed elsewhere (see the ESLT Fig. S10). Raw data revealed
significant drifting of the baseline in dry air (see the ESLY
Fig. S10.a), however, a highly stable response was observed in wet
conditions (see the ESL{ Fig. S10.b). The response (tges) and
recovery time (tge) for the CuO-HS sample were 67 and 141 s in
dry air (Fig. 5¢), and 66 and 129 s in humid condition (Fig. 5d).
The response/recovery times in dry and humid conditions in each
case are almost the same for CuO-HS and CuO-IS. The only difference
is the increased sensor response shown by the CuO-HS sample. The
response kinetics reported in the current study is promising from the
viewpoints of real-time CO, detection at room temperature.

The ability to specifically differentiate CO, gas in the
presence of several interfering gases observed in simulated

426 | Mater. Adv., 2022, 3, 418-436

conditions such as homes, hospitals, and industries for any
microsensor is important from intelligent monitoring
viewpoints. Such capability of early detection is imperative for
any sensor while functioning in a toxic environment.>® Here, we
studied CO, selectivity in the presence of gases such as CO
(50 ppm), NO, (500 ppm), NO (500 ppm), H, (250 ppm), H,S
(100 ppm), and SO, (50 ppm) balanced with air to form
industrially relevant concentrations (Fig. 6a). As per the
literature, these gases beyond a certain permissible limit are
hazardous and directly participate in the earth’s atmospheric
chemistry. Such chemical reactions result in petrochemical smog
and carbon particulates that contribute to air pollution and
ultimately impact the ecosystem.**® The gas concentrations
tested are above the immediately dangerous levels to life or health
as defined by the National Institute for Occupational Safety and
Health (NIOSH).*” The selectivity data confirmed exceptional
dominance shown by CuO-HS towards CO, gas in dry and humid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Sensor characteristics were measured at room temperature. (a) Selectivity, where the gas concentrations are CO, (500 ppm), CO (50 ppm), NO,
(500 ppm), NO (500 ppm), H, (250 ppm), H,S (100 ppm), and SO, (50 ppm). The error bars are fitted with standard deviation (+¢) measured for
5 consecutive test cycles. Wet conditions refers to 59% relative humidity measured at 32 °C. (b) Repeatability test conducted on the 18th day from the
30 days long term period and (c) memory effect shown by the CuO-HS sample.

settings when compared to CuO-IS. This was again validated
by comparing the electrical resistances of both samples towards
CO, gas under similar settings comprising mixed gases, that
is, 500 ppm CO, with interference gas 1 concentration. For
example, 500 ppm CO, + 50 ppm CO, 500 ppm CO, + 500 ppm
NO,, 500 ppm CO, + 500 ppm NO, and so on. The sensor
resistance of CuO-HS was almost twice the response shown by
CuO-IS in dry and wet conditions towards the interfering gases
(Fig. 6a). Selective dominance towards CO, gas compared to
other gases such as SO,, NO,, or CO is due to its higher affinity
for reversible carbonation, that is, the ability to form CuCOj3,
ultimately read out as the sensor signal. Selectivity perfor-
mance shown by various CuO nanoarchitectures in the
presence of cross-interfering gases is detailed elsewhere (see
the ESI,f Fig. S11.a). The exposure limit of CO, gas that is
immediately dangerous to life or health as defined by NIOSH is
5000 ppm. Hence this concentration was used for the stability
test.”” The sensor data collection of more than 17000 data
points for CuO-HS, and CuO-IS microsensors demonstrated
excellent repeatability, stability, accuracy, and superior recov-
ery towards CO, gas (Fig. 6b). Additionally, the long-term
stability was evaluated by exposing the samples to CO, gas

© 2022 The Author(s). Published by the Royal Society of Chemistry

over 30 days continuously at 32 °C (see th eESI,} Fig. S11.b).
Here, the CO, resistance by the CuO-HS and CuO-IS samples
was found to be ~75735 Q and ~ 35897 Q, respectively. Both
the microsensors displayed superior reproducibility with a
minimal fluctuation in sensor resistance towards 500 ppm
CO, gas at 32 °C. The ability of a microsensor to remember a
particular gas concentration irrespective of a sensing pattern
was analyzed using a well-planned memory test (Fig. 6c¢).
The CuO-HS sensor clearly remembered the gas concentrations
and accurately depicted similar electrical resistances regardless
of their exposure sequence in dry conditions. The limit of
detection (LoD) during CO, sensing experiments was set at
20 ppm. Whereas the theoretical LoD for CuO-HS and CuO-IS
was found to be 4.3 and 11.8 ppm, respectively (see the ESL,+
Section A2 and Table S3). Herein, the hexagonal CuO sheets
(CuO-HS) displayed exceptional sensing performance in
comparison to recent reports in the literature and are briefly
summarized in Table 1. The sensor characteristics were
evaluated from the data depicted in Fig. 5 and 6 and reviewed
in Table 2. Compared to many earlier reports,®'> 44850,51,33
the CO, sensing characteristics reported in the present study
are impressive and viable from commercialization viewpoints.

Mater. Adv, 2022, 3, 418-436 | 427
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Table 1 Comparison of a chemoresistive CO, sensor employing metal oxide semiconductor sensing layers as reported in the literature

TRes (8), Sensitivity or Selectivity
Material T(°C)  Trec () sensor response  Gas range (ppm) (no. of gases) Stability (days) Humidity Ref.
CuO R.T. 67, 141 ~85 20-5000 6 30 59% R.H. This work
CuO R.T. 67, 141 ~24 20-5000 6 30 59% R.H. This work
Na:ZnO R.T. 240, 472 1.83¢ 20-70 sccm N.R. N.R. N.R. 12
PEG@Bi,0; R.T. 82, 132 3¢ 10-100 4 N.R. 20-80% R.H. 13
SnO, - rGO R.T. 19, 56 1.21% 5-500 N.R. 28 58% R.H. 14
CuO-BaTiO; 25+1 300,N.R. 3.3 500-5000 N.R. N.R. 40% R.H. 45
CuO-BaTiO; 120 5,18 1.24 100-10000 4 180 N.R. 10
1%Ag CuO-BaTiO; 120 3,5 1.40 100-10000 4 180 N.R. 10
25 wt.% CaO/ZnO 150 230, 280 77% 100-10 000 10 40 40-85% R.H. 11
1%Ag CuO-BaTiO; 160 300, 320 1.062 1000-5000 10 1400 min N.R. 29
25 wt.% CaO/BaTiO; 160 7,6 65% 50-1000 10 40 N.R. 49
SnO, 240 4, 350 1.24 2000-30 000 N.R. N.R. 14-66% R.H. 50
1%Ag CuO-BaTiO; 250 90, 120 34 300-1000 3 200 min N.R. 51
Au/ZnO 250 70, 65 3.75% 1-200 2 N.R. N.R. 8
CuO/ZnO 320 82, 286 28% 100-10000 4 40 N.R. 52
1%Ag CuO/ZnO 320 76, 265 35% 100-10000 4 40 N.R. 52
ZnO/LaOCl 400 100, 275 2 250-4000 6 N.R. N.R. 53

% Some of the data are directly calculated from the published article and could be partially accurate.

Table 2 Summary of the estimated CO, sensor parameters

Parameters CuO-IS CuO-HS
Repeatability 97% 98.7%

Sensor response (R./R) 24 (2000 ppm) 85 (2000 ppm)
Coefficient of variance (CoV) 3% 1.3%

Recovery (%) from raw data 92 (dry), 46 (wet)

83 (dry), 96 (wet)
Accuracy (contingency- +20%) 71 89

Average error (measured from +o0) +5.98 +3.08

R 0.73201 0.98464

LoD (experimental) 20 ppm 20 ppm

LoD (theoretical) 11.8 ppm 4.3 ppm
Operating temperature 32 °C 32 °C

Gas concentration range 20-5000 ppm 20-5000 ppm
Stability 17000 s 17000 s
Long term repeatability 30 days 30 days

3.2.2 Plausible CO, sensing mechanism. Many previous
reports confirmed that reversible chemisorption results in
surface carbonation in the presence of CO, gas, which in turn
increases the acceptor density in CuO by employing operando
DRIFTS.*!%%952 This, in turn, leads to variation in the resistance
of the sensitive layer, eventually taken as a sensor signal.
Moreover, few studies attributed enhancement in the sensing
response to adsorbed oxygen species and oxygen vacancies at the
interstitial sites.*®** Hence, to validate the underlying reason for
the enhanced sensing phenomenon, the operando UV-Vis-DRS
technique was employed.>* In brief, a calculated amount of CuO-
HS sample powder was mixed with IR grade KBr and pressed
into a thick pellet. The pellet was placed in a sample holder and
carefully pumped with pure CO, gas at room temperature,
followed by recording the data. Compared to the spectrum
recorded in the absence of target gas, a broad hump in the
visible region was observed for the spectrum in the presence of
CO, (Fig. 7a). The occurrence of a broad hump is correlated with
the formation of oxygen defects resulting in improved sensor
performance.*'”** The presence of oxygen vacancies in the nano-
materials is crucial, as the sensor characteristics rely heavily on

428 | Mater. Adv, 2022, 3, 418-436

the formation of such defects.”™*3'**%952 Additionally, in situ
photoluminescence (PL) spectra were recorded with and without
exposure to CO, gas at room temperature to substantiate the
presence of oxygen vacancies (Fig. 7b). In the absence of CO, gas,
the PL spectrum of the CuO-HS sample showed a broad hump in
the 300-500 nm region along with a sharp visible band emission
at 498 nm attributed to the presence of crystal defect impurities,
and intermediate phases.>® Upon exposure to pure CO, gas, the
I, at 388 nm remained relatively unchanged, whereas L at
498 nm increased. A broad hump in the 550-750 nm region was
observed, attributed to synchronized contributions from mid
bandgap defects and recombination of intra valence band
electrons.’® Both changes in the PL spectra upon exposing the
CuO-HS sample to CO, gas directly substantiate the existence of
defects and the significant role they play in increasing the sensor
response. In metal oxide-based chemoresistive sensors, the
sensing mechanism is comprehensively documented as a
surface phenomenon based on the widely accepted resistance
modulation model > 71429313249 A change in resistance is
detected during the sensing event due to reversible chemisorption
and/or physisorption of target gas molecules and their interaction
with the surface species present on the sensitive layer
(Fig. 7¢).?**'2%>% The chemical pathways leading to the
generation of the sensor signal can be assumed to be taking place
as below:

Os(gas) = Oofads) = Ozads) = 20@as) — Oay”  (4)
Vo + Osads)” = Vo' +207 > Vo' + Opaaq” = Vo' '+ 207
(5)

COs(gas) = COx(aas) = COsads) + Ofaas’ — CO5°~  (6)
CuO + CO, — CuCO; )

Briefly, in ambient air, dissociative chemisorption of
molecular oxygen (O,) on the surface of CuO occurs, leading
to the formation of an electron depletion layer (EDL)."* When

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In situ measurements for the identification of oxygen vacancies (a) UV diffuse reflectance spectra, (b) photoluminescence spectra achieved in the

presence of air and CO, gas, and (c) schematic illustration depicting the CO, sensing phenomenon at room temperature over hexagonal CuO sheets.

CO, gas diluted with air is pumped into the sensor chamber, two
events materialize simultaneously: rapid surface carbonation of
CuO to CuCO; in dry air and a decrease in the amount of
adsorbed oxygen species.'®***° These two events further amplify
CuO acceptor density leading to a significant change in the
resistance magnitude of the sensitive material. The reversible
interactions with oxygen species in the presence and absence of
CO, gas result in a resistance change for the CuO, which forms
the underlying basis for a highly repeatable, stable, and selective
sensing mechanism. Here, the CuO-HS sample is composed of
solid/hollow hexagonal thin sheets, whereas CuO-IS is formed of
irregular structures. The existence of exotic CuO nanostructures
in the form of solid and hollow hexagonal sheets results in rapid

© 2022 The Author(s). Published by the Royal Society of Chemistry

gas diffusion and effective gas absorption between the inner
and surface regions, thus enhancing the response magnitude.
In addition, the chemisorbed oxygen percentage for CuO-HS is
as high as 30.64%, while it is negligible for CuO-IS. The presence
of chemisorbed oxygen acts as electron traps and enhances the
interaction of electrons with oxygen molecules, subsequently
leading to a tremendous change in the sensor resistance.
Lastly, oxygen vacancies also act as electron donors, promoting
the increase of chemisorbed oxygen species during the sensing
phenomenon. As a result, a higher amount of molecular
oxygen gets dissociatively chemisorbed in an atomic form
on the nanomaterial surface, resulting in a superior sensing
performance.
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(a) Estimated degradation constant (Dc) and first-order reaction rate (k) in the presence and absence of photocatalysts, (b) HPLC

profiles depicting malachite green degradation by CuO-HS, (c) comparative photocurrent response at 470 and 525 nm at 0.5 mW cm2 light
intensity, (d) transient photocurrent density versus intensity and time, (e) EIS curves shown by CuO-HS illustrating the charge chemistry in the
dark and upon exposure to light irradiation and (f) total organic carbon content removed after natural light-induced degradation of dyes by CuO-HS and

CuO-IS.
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3.3 Natural sunlight induced dye degradation

The photocatalytic capability of CuO nanoarchitectures was
confirmed by analyzing a model process that involved photo-
oxidation of organic dyes, namely bromocresol purple (BP),
eosin yellow (EY), and malachite green (MG) in the presence of
natural sunlight. In neutral conditions, pure BP, EY, and
MG dyes showed maximum absorption values at 589, 517,
and 617 nm, respectively. A comparative dye degradation
performance shown by CuO-HS and CuO-IS is detailed in the
ESI (Section A3 and Fig. S12-S16). In addition, dye degradation
as a function of CuO morphology under the same settings
confirmed the order of performance as, CuO-HS > CuO-NF >
CuO-MS > CuO-IS (see the ESI,¥ Fig. S17). The empirical
technique to calculate the degradation constant (Dg) and
first-order reaction rate (x) from the slope of In (Co/C) versus
irradiation time plot is as per the earlier reports.>*** The
estimated degradation constant and first-order reaction rate
for CuO-HS and CuO-IS photocatalysts confirmed the remark-
able performance by hexagonal sheets compared to the irregu-
lar structures (Fig. 8a). Interestingly, CuO-HS could degrade
more than 98% of EY and MG dyes within 3 h and thus
depicted the highest values. In the case of EY, the degradation
constant and reaction rate values were found to be 98% and
1.33495 min~! with an accuracy of 0.01199. Under the same
settings, the values for MG were calculated to be 99% and
1.53968 min~" at a precision of 0.00301. Among the three
organic dyes considered here, malachite green is hazardous,
teratogenic, genotoxic, and mutagenic, owing to which it is
banned in many countries.”” A better understanding of malachite
green degradation in the presence of natural irradiation was
deemed necessary. Hence, a plausible pathway during the
malachite green degradation mediated by CuO-HS was confirmed
using an HPLC technique equipped with a photodiode array
detector with a wavelength tuned to 259 nm (Fig. 8b). The HPLC
chromatograms achieved after 2 and 3 h of dye degradation were
compared with standard aqueous MG solution used as the
reference. After 2 h of exposure to natural irradiation, two new
peaks at the retention time of 18.1132 min and 25.9874 min
were observed in addition to many other peaks with reduced
intensities, matching exactly with the reference profile. The peaks
correspond to MG-CH,-2H+O and the leucomalachite green
(LMG) structure.”” The spectra after 3 h of irradiation time
showed a peak due to 4-(dimethylamino)-benzophenone
(DLBP)+OH-CH, intermediate at 1.83 min.”® Furthermore, our
limitations with the HPLC technique made it difficult to analyze
the intermediates with peaks at 0.7421 and 1.1572 min, which are
not reported even in the literature. Overall, upon increasing the
illumination period, a decrease in peak intensities was observed
with the simultaneous increase in the concentration of other
peaks associated with intermediate products related to dye
degradation. Thus, it can be assumed that during the MG photo-
oxidation, the pathway involves hydroxyl radicals addition
reaction, N-demethylation, and decomposition of conjugated
structures, in agreement with the earlier reports (see the ESL
Fig. $18).°”*8 Furthermore, the ability of charge species to recom-
bine was evaluated from transient photoelectrochemical (PEC)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurements (Fig. 8c and d). Open circuit current
densities obtained upon exposure to varying wavelength LEDs
showed a highly repeatable and stable performance by CuO-HS
(Fig. 8c). Typical LEDs selected were 470 and 525 nm, appropriately
representing the visible spectrum region. In the presence of equal
light intensities at 0.5 mW cm 2, the maximum photocurrent
density was achieved upon irradiating the surface with 470 nm
compared to 525 nm. Additionally, the photocurrent magnitude
profiles in the presence of illumination by an LED of 470 nm for
over four consecutive cycles of varied light intensities further
demonstrated the excellent photostability of CuO-HS (Fig. 8d).
The experiment also displayed a consistent enhancement in the
photocurrent with the increase in light intensities, which is
imperative for charge mitigation during dye degradation.
Electrochemical impedance spectroscopy (EIS) was conducted to
estimate the effect of light irradiation on the charge movement and
the efficiency with which species recombine during the photo-
catalysis (Fig. 8e). The electrochemical impedances are illustrated
as complex plane Nyquist plots consisting of an imaginary
component (—Z") as a function of the real element (Z'), together
forming part of the impedance (Z). As per eatlier reports,”® the
circumference of the semicircle is in direct proportion to the
opposition shown by the semiconductor for charge transfer.
Analogous EIS curves recorded in the dark and upon illumination
for CuO-HS revealed a significant decrease in the response
magnitude, thus confirming light-induced excitation of electron-
hole pairs and its role in facilitating dye degradation.>**® A higher
percentage of dye degradation in the presence of natural sunlight
for MG and EY was shown by CuO-HS which was closely followed
by the CuO-IS sample (Fig. 8f). The probable dye degradation
mechanism is detailed elsewhere (see the ESL{ Fig. S18).
The methodology presented here is convenient, scalable, and can
be readily implemented for real-time activities. The process does
not use any complex sacrificial agents, high-end photocatalytic
reactors, UV/Visible lamps, or expensive/hazardous chemicals to
degrade the dye. Such a technique can be efficiently deployed at an
economical rate even by conventional households engaged in
tie-dye textile coloring (also known as Bandhani prints), an ancient
art form and lucrative cloth coloring method that is highly pre-
valent even today in the western and northern regions of India.

3.4 Catalytic CO, reduction to methanol

At the start of CO, photoreduction experiments, three blank
tests were performed using water as a reaction source at
standard temperature and pressure. No products evolved at
the end of blank reactions, thus confirming that CO, gas,
nanocatalysts, and light source are essential. The outcomes of
the CO, photoreduction experiments are summarized in the
supporting information (see the ESIL,1 Table S4). The methanol
yield achieved is highly specific to ambient conditions and
methodologies used in the current study. The CO, conversion
studies monitored every 1 h for various CuO nanoarchitectures
in the presence of artificial solar light and the corresponding
CH;0H produced confirm the excellent catalytic capabilities of
oleic acid-mediated hexagonal sheets (Fig. 9a). The quantitative
methanol yield (umol g™* of catalyst) was evaluated from the
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calibrated data obtained using standard commercial methanol
procured from Sigma Aldrich. The highest output was
generated by CuO-HS and the lowest by CuO-IS. It is to be
noted that the activation source plays a vital role in enhancing
the efficiency of the catalytic process and to validate it, four
different kinds of light mediums, namely UV, artificial solar,

white cold floodlight LED, and natural sunlight were selected
and tested (Fig. 9b). The maximum methanol evolution was
observed in the presence of an artificial solar source facilitated
by a Xenon arc lamp, and CuO-HS showed the ultimate value in
each case. The product yield in the presence of artificial solar as
demonstrated by the photocatalysts namely CuO-HS, CuO-NF,
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Fig. 9 Catalytic CO, reduction experiment depicting the methanol (MeOH) evolution rate, with (a) CuO nanoarchitectures as a function of artificial solar
irradiation time, (b) various light sources versus photocatalysts, (c) optimum irradiation plot, (d) repeatability, and (e) MeOH yield produced by CuO-HS
during the photocatalysis process and measured using GC-MS as a function of retention time. Inset: Mass spectra recorded using a GC-MS analyzer. In
cases where the reaction conditions are not mentioned, it is to be assumed that all the photoconversion experiments were carried out in the presence of
artificial solar irradiation with water as a solvent medium.
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CuO-MS, and CuO-IS was found to be 53, 24, 19, and
16 pmol g~ 7, respectively. Interestingly, the amount of methanol
generated by CuO-HS was more significant than CuO-IS and
could be due to the higher oxygen vacancies percentage and
bandgap. The photoconversion experiments carried out in the
presence of natural sunlight were reasonably good with the
methanol amount estimated as 5, 9, 11, and 18 pmol g~ " for
CuO-IS, CuO-MS, CuO-NF, and CuO-HS, respectively. Low
activity was detected in the presence of UV illumination. The
yield increased with an increase in artificial solar irradiation
time of up to 3 h and beyond, and a steady decrease in
the photoconversion efficiency was observed (Fig. 9c). The
experiment confirmed the optimum irradiation as 3 h. The
reduction in the conversion rate could be due to deterioration
in adsorption ability and saturation of active sites on the surface
of the nanocatalysts. Repeatability was verified by performing
four consecutive runs over CuO-IS and CuO-HS in the presence
of artificial solar illumination (Fig. 9d). After four cycles, a slight
deterioration (~4%) in photoconversion was shown by CuO-HS
and CuO-IS. Methanol as the sole product evolved during the
CO, photoconversion in the presence of the CuO-HS was
confirmed by a single sharp peak at a retention time of
1.29 min recorded using a GC-MS analyzer (Fig. 9¢). The mass
to charge (m/z) ratio at 15, 31, 33, and 45 further corresponded to
(CH3)", (CH;0)", (CH;0H*)"and (**CO,) species, which is in line
with previously reported values.>*°" The analysis further assured
that in the presence of a suitable nanocatalyst and light sources,
methanol was observed as the primary product. The results are
encouraging from an application viewpoint as a straightforward
reduction to hydrocarbon fuel takes place. Additionally, the
evolution of other organic compounds was not observed and
could be due to insignificant ingestion of proton and electron
species during the photoreduction process.

In neutral conditions and upon exposure to a suitable light-
medium, CO, photoreduction will take place in the presence of
water. Considering the ideal situation, wherein the reduction
potential of CO, gas (E°(CO,/CH3OH) = —0.399 V vs. NHE) and
the oxidation potential of H,O (E°(H,0/O,) = 0.816 V vs. NHE)
satisfactorily fulfill the half-reactions leading to the occurrence
of CO, reduction and H,O oxidation at the same time.®* The
conduction and valence band of single structured CuO are
positioned at —0.95 and 0.8 eV vs. NHE.®* Based on the band
potential values, hexagonal CuO sheets with a bandgap of 1.75 eV
on their own can completely carry out CO, photoconversion to
CH;0H as presented in the current report. As its Ecp potential
(—0.95 eV) is more negative than the standard redox potential
(E°(CO,/CH30H) = —0.399 V vs. NHE), while its Eyg potential
(0.8 eV) is placed well below the oxidation potential of H,O (E°(H,O/
*OH) = 2.32 V vs. NHE). Herein, in concurrence, the holes (h") on
the surface will react with the adsorbed H,O molecule to produce
hydroxyl radicals (*OH) and protons (H'), whereas the electrons will
reduce CO, gas to generate CH;OH. The methanol generation
requires 6e~ and 6H" which are based on the reactions as below:

CuO +hy - e +h' (8)

H,0 +h" - OH® + H' 9)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CO,+ 5H,0 + 6~ — CH;OH + 60H" (10)

(11)

2H,0 —» O, + 4H" + 4e~

Upon irradiation, electrons and holes are generated at the
conduction and valence band in the CuO nanocatalysts,
wherein the oxygen vacancies present on the surface act as
traps for electrons and holes resulting in the effective separation
of charges. The presence of oxygen vacancies restrains the recom-
bination of photogenerated pairs and enhances half-reactions,
subsequently leading to improved CO, photoconversion. In the
end, the crystallinity and morphology for the CuO-HS and CuO-IS
after the photoreduction experiments were comparatively
investigated to validate the stable structure of the catalysts
(see the ESILt Fig. S19 and S20). XPS studies carried for the
CuO-HS sample after the CO, photoreduction experiment
indicated no change in valence state (see the ESLT Fig. S21).
The data showed an insignificant shift, thereby confirming the
stability of the photocatalyst. Considering the above results,
improved performance was shown by CuO-HS compared to
CuO-IS mainly stems from three reasons. The first is due to facile
CuO synthesis at room temperature that resulted in a nano-
structure with high crystallinity, thermal stability, and visible
absorption. Second, the unintentional generation of morphology
mixture consisting of solid/hollow hexagonal thin sheets proved
beneficial leading to a higher percentage of exposed area for
reversible surface reactions. Lastly, the structural defects in the
form of oxygen vacancies acting as charge traps result in
dominant sensing characteristics, dye degradation, and catalytic
CO, conversion. The presence of oxygen defects was confirmed
from UV-Vis-DRS, VBM-XPS, and p-Raman data, and such
structural abnormalities indeed facilitate surface-active adsorp-
tion and desorption reactions during sensing and heterogeneous
catalysis. In addition to the current study, the importance of
oxygen vacancies for sensing and catalysis applications and its
quantitative correlation with individual oxygen vacancy amount
and oxygen vacancy position (surface as well as interior) is part of
ongoing research activities.

4. Conclusions

In summary, various CuO nanostructures at room temperature
were synthesized using oleic acid as a surfactant and water-
hexane as the biphasic solvent medium. The hexagonal CuO
sheets depicted excellent CO, sensing characteristics, photo-
catalytic dye degradation, and CO, photoreduction capabilities
compared to the control sample. Such remarkable performance
was attributed to phase purity, 2D solid/hollow hexagonal sheets,
higher absorption in the visible region, and the existence of
oxygen vacancies. The superior sensor performance such as
ultra-sensitivity (~3.6 fold), dominant selectivity, and long-
term stability over 30 days at 32 °C in dry and humid air was
shown by hexagonal sheets. Enhanced reversible chemisorption
based on surface carbonation read out as CO, sensitivity in the
presence of oxygen-deficient CuO was proven by employing
operando UV-DRS and PL techniques. Similarly, the hexagonal
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sheets were able to mineralize the organic dyes within 3 h of
exposure to natural sunlight with a remarkable degradation
constant (99%) and a first-order reaction rate (1.53968 min ")
Additionally, in the presence of artificial solar and natural
irradiation, hexagonal sheets could produce methanol at higher
rates compared to control samples. In each application, the
order of performance effectiveness based on CuO morphologies
was found to be, hexagonal sheets > nano feathers > mega
hexagons > irregular structures (control sample), which is in
direct proportion with the chemisorbed oxygen vacancies. The
study presented here demonstrating a gram-scalable chemical
technique for the rational design and development of defect-rich
CuO in various morphologies with multifunctional capabilities
is foreseen to contribute to the ongoing intensified research
activities in carbon-neutral technologies, greenhouse emission
monitoring, and wastewater treatment.
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