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Atmospheric pressure plasma functionalisation of CuO thin films transforms surfaces to
superhydrophillic, lowers surface potential, boosts electro and photo catalytic activities.
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Highlights
Fast and environment friendly route to engineer CuO thin film surfaces.
Low power atmospheric pressure plasma jet transforms CuO surface superhydrophilic.
Plasma functionalisation boosts electro and photocatalytic activities.
Presence of oxygen radicals critical for the enhanced activities.
Energetic species in plasma perturbs the local electronic and lattice structure.

Abstract
Cupric oxide (CuO) thin film has found widespread application as a low-cost, earth-abundant
material for electro and photo catalytic applications. High surface wettability is a key factor to
achieve enhanced efficiency in these catalytic applications. Here, we report a fast and
environment friendly route to fabricate super hydrophilic CuO thin films using a low power (5
to 10 Watts) atmospheric pressure plasma jet (APPJ). With APPJ treatment for 5 minutes, the
CuO surface transforms from hydrophobic to super-hydrophilic with threefold increase in
catalytic activity. The electrodes were extensively characterized using various bulk and
surface-sensitive techniques. APPJ introduces anisotropy in the crystal structure and creates
unique three-dimensional surface morphology with distinct surface chemical and electronic
features. Interestingly, presence of oxygen in the plasma was found to be critical for the
enhanced activities and the activity decreased when the functionalised with nitrogen plasma.
Oxygen plasma functionalisation of CuO electrodes resulted in a 130 mV reduction in the onset
potential for oxygen evolution reaction along with enhanced current density ,10 mA cm-2
2

against 3 mA cm-2 at 1 V vs Saturated Calomel Electrode in 0.1M KOH without iR
compensation. Importantly, without introducing any external dopants the work function could
be decreased by 80mV. Moreover, the treated films exhibited a higher rate of photo degradation
(0.0283 min-1 compared to 0.0139 min-1) of Methylene Blue and phenol indicating efficient
charge separation. This work presents the potential of APPJ functionalisation of CuO surface
to boost the activity of other thin film catalyst materials and solutions processed systems.
Keywords: CuO, OER, plasma jet, surface functionalization, Phenol degradation.

1. Introduction
The increasing concerns about global energy crisis has triggered the search for
alternate sources of energy which are environment-friendly and cost-effective for
largescale implementation. Electrochemical splitting of water into oxygen and hydrogen
is one of the most promising and sustainable strategies for producing hydrogen as a
clean source of energy for zero carbon emissions.[1] Electrocatalytic splitting of water
consists of two crucial half-cell reactions, oxygen evolution reaction (OER) at the anode
and hydrogen evolution reaction (HER) at the cathode. However, to achieve high
efficiency in H2 production from electrocatalytic water splitting, it is important to
circumvent the issue of slow reaction kinetics during OER at the anode as it requires
potential much higher than the theoretical value of 1.23 V.[2] Typically, OER involves
the loss of four electrons and four protons from two water molecules to form a single
O2 molecule.

2𝐻2𝑂 ⟶ 4𝑒

―

+ 4𝐻 + + 𝑂2

3

(1)

To date, oxides of iridium and ruthenium (IrO2, RuO2) have shown the best performance
towards OER, because of their excellent catalytic activity in both low and high pH
conditions.[3,4] However, the low-abundance and high-cost of these materials are a detriment
to their widespread applications. Therefore, it is imperative to develop efficient OER catalysts
that are cheap, earth-abundant, stable in electrolyte and can be operated at low over potentials
for OER. Recently, extensive research is being carried out on the oxides of “non-noble”
transition metals as electrode materials for OER. Several transition metals along with their
alloys have also been well studied. [5–7] Copper has emerged as an ideal candidate for water
oxidation electrodes due to its low cost, earth-abundance and rich redox properties. Several Cu
based nanostructured oxides and model complexes have been reported as electrocatalysts. [8]
However, the OER activities of Cu oxides suffer from high onset potential (320 and 450 mV),
and the challenge lies in reducing these values. [5,9] Several approaches have been designed
with the aim of lowering the over-potential values that can be comparable to Co and Ni
catalysts. Techniques such as electrochemical deposition, evaporation, sol gel, thermal
oxidation and sputter deposition have been widely used for synthesis of CuO thin films.[10–
14] However, most of these synthesis techniques require high temperature annealing of the
films for durations ranging from 2 to 4 hours to improve crystal quality./crystallinity. Previous
publications by some of the authors have demonstrated that high temperature annealing
enhances the catalytic activity of CuO electrodes. [15–17]. Hence, it is required to develop
faster and more energy-efficient strategies towards the synthesis of efficient, and earth
abundant OER catalysts. Lately, plasma technology has emerged as a highly efficient tool for
enhancing the catalytic activity of wide range of organic and inorganic materials.[18–27] Nonthermal plasmas have high electron temperature but low gas temperature and consist of
abundant chemically active species for reaction with different surfaces.[28] Mistry et al.
reported a 350 mV reduction in onset potential for CO2 reduction using copper oxide
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nanostructures grown on polycrystalline Cu with oxygen (O2) and hydrogen (H2) plasmas .[24]
Similar work by Gao and co-workers resulted in increased selectivity towards ethylene,
ethanol, and n-propanol during Carbon Dioxide Electroreduction via low-pressure plasma pretreatments of Cu nanocubes.[25] Plasma technology can be exploited for creating lattice defects
and oxygen vacancies, introducing subsurface oxygen species, tuning the surface electronic
states, doping and structural modifications in materials which has reportedly enhanced the
activity of electrocatalysts.[29]
However, the afore-mentioned plasma techniques were in low-pressure regime, thus,
requiring sophisticated vacuum equipment. Out of the various non-thermal plasma sources,
atmospheric pressure plasmas have gained attention for materials processing, as they are
independent of vacuum equipment and can be used for inline large-scale applications.[30]
Additionally, atmospheric pressure plasma jets (APPJ) are not restricted within the dimensions
of the electrodes and can be directed towards 2 dimensional (2D) or 3D substrates.[31] APPJs
consist of charged particles, neutral metastable species, radicals, and radiations in the UV and
visible regions and is a solvent-free, environment-friendly alternative to engineer the surface
electronic and chemical properties of catalyst materials .[30,32] Recently, we have been able
to synthesise Cu2O/CuO heterojunction catalysts with low density of interfacial defects using
APPJ induced surface functionalisation.[33] The CuO thin film has attracted enormous
attention due to its hydrophobic properties. Development of superhydrophobic CuO surface is
much sought-after for microelectronic applications.[34] Hydrophilicity is a necessary for
various applications e,g. heat transfer , microfluidics, oil–water separation, photothermal
conversion, catalysis etc.[35–37] Hence, ability to engineer CuO thin films to be super
hydrophilic in nature, will have far reaching applications such as self-cleaning and
antireflective coatings, antifogging films, thin film devices, spray coating, heat transfer,
separation membranes and smart surfaces with reversible switching abilities.[38] Techniques
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like high temperature annealing (450 C for 3hour), low pressure oxygen plasma treatment have
been used to transform hydrophobic CuO surfaces to super-hydrophilic.[39,40] Recently we
have reported ultra-thin ultrathin p‐type cupric oxide (CuO) enhances the performance and
stability of solution‐processed CZCTS thin films Solar Cells. [41] Plasma functionalisation of
this CuO intermediate layer could be an effective approach to enhance the efficiencies of
similar solution processed devices, where surface hydrophilicity dictates the interfacial charge
transfer between layers. In this article we present an environment-friendly route towards
fabricating super hydrophilic CuO thin films with enhanced electro and photo catalytic
activities using APPJ surface functionalizing technique.

2.

Experimental Details

2.1

Electrode preparation
CuO thin films were deposited on fluorine doped tin oxide (FTO) glass substrates using

magnetron sputtering. All substrates were initially cleaned by ultrasonication in isopropanol
(IPA) for 10 mins followed by drying in a nitrogen gas flow. Subsequently, the substrates were
transferred to the sputtering chamber where CuO thin films were deposited in argon ambient
at room temperature using a stoichiometric CuO target. Prior to deposition the chamber was
pumped to high vacuum (6 × 10−4 mTorr) and then operated at 3 mTorr working pressure. The
sputtering rate was optimized to achieve CuO films of average thickness 300 ± 30 nm.
The sputtered CuO films were annealed at 375 °C on a hot plate in an ambient atmosphere
and simultaneously exposed to an APPJ for 5 minutes. The films were kept at a distance of 5
mm from the electrodes to avoid arcing between the sample and electrodes surface. [42] The
plasma jet was operated at a frequency of 13.56 MHz and 12 dBm Radio frequency (RF) level.
With helium as the carrier gas, flowing at 3 standard liters per minute (slm) mixed with oxygen
or nitrogen (1% of helium). The input power was adjusted to 10 watts and 5 watts for different
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samples. Details of the plasma jet can be found in our previous article.[30] The catalytic
properties were then compared between as deposited copper oxide (CuO), copper oxide
annealed at 375 °C for 5 mins [CuO(A)] and plasma functionalized CuO with simultaneous
annealing for 5 mins [CuO(P)].

2.2 Material Characterization
Water contact angle (CA) was measured using attention Theta Lite optical tensiometer
with high purity distilled water. Surface morphology of the thin films were investigated using
the Zeiss Supra 55VP scanning electron microscope (SEM). X-ray diffraction (XRD, M/s.
BRUKER D8 Advance) pattern for all samples was recorded in the 2θ range of 20-50° using
Cu-Kα radiation (λ = 0.154060 nm) with a scan rate of 0.5° min-1 at 40 kV and 40 mA. Raman
spectra were acquired on Horiba Jobin-Yvon LabRAM HR evolution spectrometer using an
Ar+ laser (514.5 nm) as the excitation source. The electronic properties of as-prepared, furnaceannealed and 10W plasma treated copper oxide samples were probed using X-ray
photoelectron spectroscopy (XPS) with a load-locked KRATOS XSAM-800 instrument
equipped with a dual anode X-ray source using a Mg Kα (1253.6 eV) excitation source operated
at 12 kV and 10 mA. The high magnification analyser mode was chosen to collect electrons
from the smallest possible area on the specimen, ~ 4.0 mm2, for Cu 2p, Cu LMM, O 1s core
levels and the valence band. All XPS spectra were analysed using CasaXPS software (version
2.3.16). Base pressure of the analysis chamber was maintained below 10-9 mbars throughout
the measurements. The XPS spectra were analysed using CasaXPS software (version 2.3.16).
The acquired spectra were aligned with respect to the binding energy position of C 1s peak of
adventitious carbon at 285.0 eV. All core lines were fitted with a combination of Gaussian and
Lorentzian line shape (30% Lorentzian) after Shirley background subtraction to keep the fitting
residue (χ2) <1. Kelvin probe force microscopy (KPFM) was performed using an Asylum
7

Research MFP-3D with Pt−Ir-coated conducing silicon probes (PPP-EFM, Nanosensors). The
tip was biased at +3 V. The surface potential map was acquired on an area of 25 μm2 with scan
rate of 1 Hz and 512 points and lines.
Ex-situ X-ray absorption spectroscopy measurements were carried out at the SuperXAS
beamline of the Swiss Light Source. [43] The storage ring operated at 2.4 GeV in top-up mode
with a ring current of 400 mA. The polychromatic X-ray beam from a 2.9 T bending magnet
was collimated by a silicon-coated mirror (which also served to reduce higher-order harmonics)
and subsequently monochromatised by a Si(111) channel-cut monochromator for the Cu K
edge XAS measurements. The data were collected in quick-scanning extended X-ray
absorption fine-structure spectroscopy (QEXAFS) mode at 1 Hz in fluorescence mode utilising
a PIPS fluorescence detector.[44] A Cu reference foil was measured for absolute energy
calibration. The data were processed using ProQEXAFS to extract, calibrate, normalise and
average. [45] The fitting of the extended X-ray absorption fine structure (EXAFS) was
performed using the Demeter suite. [46]
2.3 Electrocatalytic and Photocatalytic measurements
All the electrochemical tests were performed in a conventional three-electrode system
using Autolab PGSTAT M204 potentiostat/galvanostat equipped with a FRA32M. The
configuration consisted of Pt counter electrode, saturated calomel (4M KCl) electrode (SCE)
as the reference electrode and CuO thin films as working electrode in 0.1 M KOH (pH 13).
Current was collected using Copper wires attached to the base of FTO using silver paste. A
square active area was created by covering the substrates with polypropylene tapes, thus,
preventing any electrolyte leakage. Linear sweep voltammetry (LSV) was performed at a scan
rate of 1 mV s−1 after the system achieved equilibrium. Electrochemical impedance
spectroscopy (EIS) was performed over the frequency range of 0.1 Hz to 100 kHz and 10 mV
amplitude at an applied potential of 0.5 V vs SCE.
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The photocatalytic activity of CuO, CuO(A), and CuO(P) was evaluated by monitoring
the level of degradation of Methylene Blue (MB) dye irradiated under xenon light source (M/s.
Asahi Spectra, HAL 320). Thin-film samples having an area of 1.5 cm2 were placed inside the
reactor vessel containing 20 mL of MB solution (10 mg L-1 in deionized water), and the dye
solution mixed with 1 ml of H2O2 (0.5 M). The light source (300 W, 75 mW cm-2, 350-1100
nm, AM1.5G filter) was used to illuminate the samples vertically with a distance of 20 cm from
the top surface of the dye solution. The intensity of the light source was tuned to attain 1 SUN
condition, and the light illuminated area was maintained about 30mm x 30mm. During the 3
hours of light illumination, 1 mL aliquot of the MB solution was collected at a time interval of
every 30 mins. The liquid samples are transferred into a quartz cuvette, and absorption spectra
were recorded using a UV-vis spectrophotometer (M/s. Thermo Scientific, Evolution 220).

3.

Results and Discussion

(b)

(a)

(c)

(d)

Figure 1. Water contact angle for (a) as deposited CuO (b) air-annealed CuO (A), (c) CuO
annealed in presence of plasma (P) , (d) variation in contact angle for the three CuO surfaces.
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One of the fundamental factors that influence the electrocatalytic activity is the
surface wettability of the electrode.[47] During the process of water electrolysis, both
oxygen evolution at anode and hydrogen evolution at cathode, are affected by the
wettability of electrodes. [48,49] As electrolyte-wetting of the electrodes is critical for
faster redox electron transfer and evolution of gas during electrochemical reactions, it
has been reported that a hydrophilic surface enhances the extracellular electron transfer
rate between microbes and electrode in a microbial fuel cell assembly. [50] In a water
electrolysis process, the cell voltage, E, is represented as:
𝐸 = 𝐸0 + 𝜂𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 +𝑖𝑅

(2)

Where, “E0” is the theoretical thermodynamic term, "𝜂𝑎𝑛𝑜𝑑𝑒, 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 " stands for the
overpotential values at anode and cathode, respectively, and “iR” represents the Ohmic
resistance. [47] iR drop results from the interfacial contact resistance between electrodeelectrolyte and gas bubbles during electrolysis. During oxygen evolution at the
electrode, the nucleation and growth of oxygen bubbles is retarded for a hydrophilic
surface due to lowered adhesion of the generated gas.[51] This faster mass transfer
keeps the nucleation sites free for new bubbles to be produced in succession. Moreover,
the lower coverage of gas molecules on the electrode reduces the surface contact
resistance. In our case, the as deposited CuO demonstrated an average (CA) of ~ 95°
while after annealing for 5 mins, the CA value dropped to ~ 71° as can be observed from
Figure 1. This could be due to the reduction in surface roughness after annealing. For
CuO annealed in plasma atmosphere, the CA dropped drastically to ~10°, thus, turning
the surface super-hydrophilic. This could lead to a significant drop in charge transfer
resistance in the impedance spectra. Surface hydroxylation is one of the effective routes
to enhance the hydrophilicity of the electrode material/surface. [52] Hydroxyl radicals
induce polarity to the surface and enhances the hydrogen bonding between electrode
10

and electrolyte. As already mentioned, plasma jets are an abundant source of hydroxyl
and oxygen radicals, seen in Figure 2(d). The exposure to plasma acted as the
hydrophilic treatment resulting in the increase of electrodes surface energy.

(a)

(b)

(c)

(d)

Figure 2. Scanning electron microscope image of (a) CuO ,(b) CuO(A) , (c) CuO(P) thin
films, (d) optical emission spectra corresponding to He+O2 and He+N2 plasma jet.

Electron micrographs of the as deposited CuO films reveal a very smooth surface composed
of nano-sized crystallites. Thermally annealed CuO [Figure 2(b)] shows similar surface
morphology to the as-deposited CuO thin film [Figure 2(a)]. Our previous study showed that
grain boundaries become prominent when annealed at 550 ºC.[17] Annealing in the plasma
environment increases the surface roughness and noticeable patterns are formed on the surface
of the film [Figure 2(c)]. Increasing the surface area is one of the potent routes for enhancing
the electrocatalytic and phtocatalytic activity of the catalyst. By introducing nanoscale surface
11

features the active area of the catalyst could be increased, inturn enhancing the catalytic
activity. [53] The distinctive surface features observed in the plasma functionalised film could
be resulting from the the strain developed during grain boundary sliding. Interestingly, Studies
have shown that formation of patterned and rough surfaces increases the water contact
angle.[54–56]

However in contract to these reports, the patterned CuO surface is

superhydrophillic in nature. This could mostly be due to formation of surface oxygen or
hydroxyl gorups that promote water contact through hydrogen bonding. The evolution of
microstructure is initiated when the temperature is high enough to overcome the activation
energy of grain boundary motion. From the electron micrograph for CuO(A) it is clear that in
the described timescale and at 375 ºC there is no observable microstrutural evolution [Figure
2(b)]. However,plasma accelerates the process of grain growth by decreasing the interfacial
energy. Plasmas are known to increase entropy during lattice transformation by inducing
deformation and defects. [57] Figure 2(d) shows the optical emission spectra for He+O2 And
He+N2 plasma jets. The emission spectra reveal a variety of emission peaks within the
wavelength range of 200 nm to 880 nm. APPJ’s are rich in neutral and charged species and
radicals. Of these oxygen radicals are highly active and can diffuse into the surface resulting
in unusual surface morphologies.[57] Presence of these surface features in CuO(P) could play
a critical role in enhancing the catalytic properties of this electrode material.
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Figure 3. (a) X-ray diffractogram and (b) Raman spectra comparing CuO, CuO(A), and
CuO(P) thin films.
The structural properties of the three electrode materials were studied using X-ray
diffraction and Raman spectroscopy. No distinctive peak could be observed for as-deposited
CuO . This is due to the lack of long-range order in the lattice of as-deposited CuO thin films
due to the lack of long-range order in the lattice [Figure 3(a)]. Our previous study showed that
post synthesis annealing is essential to enhance the crystallinity of the sputtered films.[17] The
diffractogram for CuO(A) was found to be very similar to CuO, showing 5 mins of thermal
annealing is not sufficient to induce crystallinity in the lattice. [Figure 3(a)] However, for
CuO(P) the diffractogram showed for CuO(P),shows the presence of two prominent peaks
between 20-25 °. The peak at 23.4º could be assigned to (021) lattice of Cu(OH)2.[58] CuO(P)
showed enhanced crystallinity with grain growth along the (002)/(-111) lattice orientation at
35.7º as shown in the inset of Figure 3(a). This observation also confirms that plasma
accelerates the evolution of microstructure. The preferential growth along (002)/(-111) could
be due to the low binding energy of these low index crystal planes. At high temperature, thermal
energy provides the required energy to make the adatoms mobile, thus, reaching the favoured
lattice positions.[17] The increase in entropy from the presence of plasma enhances the
mobility of these adatoms. Raman spectroscopy is a complementary technique to identify the
structural disorder, defects, and crystallinity of thin film. Full width at half maxima (FWHM)
of the Raman peaks can be used as a measure of the crystallinity of nanostructure films. For
nanometre sized system, phonon confinement plays a crucial role. This phenomenon leads to
the apparent shift and broadening of the Raman peak. The Raman spectra for CuO (red line)
shows a broad feature at 570 cm-1. [Figure 3(b)]. The absence of any other phonon mode proves
the absence of any long-range order or crystallinity in the as -synthesised thin films. After
thermal treatment, characteristic modes of CuO could be observed in the Raman Spectra. For
crystalline CuO , distinct peaks are observed around 290, 340 and 620 cm-1 corresponding to
13

A1g , B1g and B2g phonon modes respectively. [31] In Raman spectra, peaks become intense
and show blue shift with increase in grain size whereas red shift is associated with lattice strain.
Both of these phenomena could be observed in the Raman spectra for CuO(A) and CuO(P).)
[Figure 3(b)]. The increase in intensity for A1g and B2g modes with plasma functionalisation
relates to the larger crystallite size for CuO(P). Moreover, the B2g mode shifts to higher wave
number for CuO(P) indicating the order in lattice. Interestingly, the A1g mode [inset of Figure
3(b)] red shifts by 10 cm-1 , revealing that plasma functionalisation introduces strain in the
lattice.

This could be due to lattice expansion or anisotropy caused by oxygen -rich

environment in the plasma. Findings from XRD and RAMAN analysis confirm that plasmas
can introduce degeneracy in morphology and crystal structure which could prove advantageous
for catalytic applications.

Figure 4. X-ray photoelectron spectra of (a) Cu 2p, (b) Cu LMM, (c) O1s and (d) valence band
of as-prepared, furnace-annealed and 10 W He+O2 plasma treated copper oxide films.

14

X-ray photoelectron spectroscopy (XPS) was used to understand the variation in
surface chemical and electronic properties of CuO, CuO(A) and CuO(P) thin films.
APPJ consists of abundant oxygen, hydroxyl radicals and excited molecules that can
induce disorder in the chemical, electronic and crystal structure of the surface being
treated XPS is a highly surface-sensitive technique with the signal originating from a
thin layer at the surface (<5 nm). Any changes in the surface electronic and chemical
environment would induce shifts in the core and valence energy levels. Figure 4 shows
the corresponding Cu2p, Cu Auger, O1s core level and valence band spectra of the
copper oxide samples. Figure 4(a) shows the characteristic Cu2p core level spectra of
the copper oxide films, characterized by a doublet feature at around 934.3 eV and 954.1
eV corresponding to Cu2p3/2 and Cu2p1/2 states, respectively, with a splitting of 19.8 eV.
The Cu2p spectrum also shows a characteristic ‘shake-up’ satellite at 943.0 eV, which
is ~8.7 eV separated from the primary Cu2p3/2 peak. Satellites are typical for copper
oxides and occur due to multi-electron transitions between unoccupied Cu3d orbitals
and O2p orbitals and confirm the Cu2+ state of the films. [59,60] For all samples , the
presence of a series of shake-up satellite peaks observed at 941.5 ± 0.1 eV, 944.1± 0.1
eV and 962.6 ± 0.2 eV can be assigned to the unfilled Cu3d9 shell and corroborates to
the +2 oxidation state of Cu . [59] Figure 4(a) illustrates the Cu 2p3/2 spectrum of CuO,
CuO(A) and CuO(P) could be deconvoluted into two components around 933.7 ± 0.1
eV and 935.4 ± 0.1 eV to gain deeper understanding of the oxidation state of copper
under different treatment conditions. The lower binding energy (BE) component for all
the samples at ~933.7 eV was assigned to Cu2+. [61] The higher energy component at
~935.4 eV is believed to have a contribution from Cu(OH)2 as well as the other species
adsorbed on the copper oxide films. This plasma-surface interaction to produce surface
adsorbed species would validate the ~0.7 eV shift in the BE position of Cu(OH)2
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reported elsewhere in literature. [62,63] In addition, FWHM of the Cu2+ 2p3/2 decreases
from 3.1 eV for as-prepared samples to 2.7 eV for CuO (A) and 2.9 eV for CuO(P) This
would suggest an enhancement in the crystallinity of the samples after heat treatment.
The disordered structure of CuO(P) could have resulted in relatively higher FWHM with
respect to CuO(A). The Cu2p1/2 peak has also been fitted with two components at 953.2
and 955.1 eV keeping the parameters same as the 2p3/2 state. The oxidation state of Cu
was further probed by investigating the Cu LMM region using X-ray induced Auger
electron spectroscopy (AES) as shown in Figure 4(b). A sharp peak is observed at about
918.7±0.1eV (kinetic energy) corresponding to the Cu LMM Auger feature. Observed
reduction in FWHM of the Cu LMM feature of the CuO films signifies rearrangement
of surface chemical structure upon heat and plasma treatment.
The O1s spectra of as-prepared CuO sample was deconvoluted into two
components corresponding to the lattice oxygen and a broad component with
contribution from hydroxyl groups and/or surface-adsorbed oxygen, at ~529.5 ± 0.1 eV
and ~531.3 ± 0.2 eV, respectively, as shown in Figure 4(c). The peak positions of the
different O1s components are within ± 0.2 eV of previously published reports.[62] The
spectra of CuO(A) and CuO(P)shows significant variation in spectral feature. As Figure
4(c) illustrates, the lattice oxygen content of the films show an increase, both upon heat
and plasma treatment, from 27.2% (as-deposited) to 53.4% (annealed) and 36.4%
(plasma).This is proposed to result from the desorption of the hydroxyl groups from the
surface upon thermal treatment along with crystallization of the lattice. In addition, a
0.2 eV reduction in the FWHM of the lattice oxygen also suggests the decrease in mixed
ionic states of Cu at the surface of films. This enhancement in crystallinity of the
samples post annealing can be corroborated from the reduction in the FWHM of the
Cu2+ main line as observed earlier. A considerable decrease in higher energy component

16

is observed for CuO(A), due to the temperature induced desorption of molecules.
Interestingly, for CuO(P) this component presents a strong spectral signature along with
a shift towards higher binding energy. Also, a 0.4 eV increase in FWHM of the higher
BE component at ~531.3 eV of CuO(P) maybe assigned to the adsorption of different
species from the APPJ which consists of abundant electronegative species including
NOx and oxygen radicals (O2, •O2- or •O-). Exposure to plasma may result in the
chemisorption of one or more of these species at the very surface of the films, thus
resulting in shift of the electron cloud from the hydroxyl core. The positive shift in the
O1s spectra maybe assigned to this charge separation. The valence band (VB) region of
the samples was also probed as shown in Figure 4(d). Limited variation is observed in
the line shape and position of the VB spectra of CuO and CuO(A) films. The Cu3d
region is detectable around 3.0 eV below the Fermi level, as well as the O2p region,
centred at around 5.0 eV. A significant shift of ~0.6 eV and enhancement in the partial
density of states at ~ 5.0 eV is observed in the VB spectrum of CuO(P) films. This is
most likely due to the enhanced contribution to the O2p states from the chemisorbed
oxygen species or due to the quenching of lattice hydroxyl groups within the lattice. The
0.6 eV shift in the VB maxima (VBM) could be assigned to the formation of CuO(OH)
due to the interaction of the OH- and other radical groups in the plasma with the CuO
film. The increase in density of states (DOS) around 5.0 eV also signifies the addition
of hydroxyl groups into the CuO lattice. The formation of additional features due to OHgroups can be corroborated from the O1s spectra (Figure 4c).
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Figure 5. (a) Cu K-edge XANES spectra of CuO thin films. The spectra are compared with
standard CuO, Cu2O and Cu samples. (b) first derivatives of the Cu K-edge spectra, (c) EXAFS
oscillations in k- space, (d) Fourier transforms (FTs) of the EXAFS oscillations.

To get insight into the variation in electronic and local structural properties with plasma
functionalisation of the CuO catalysts, Cu K-edge X-ray absorption fine structure (XAFS)
spectra including X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) was aquired. In contrast to XPS, XAFS probes the local
electronic and structural details of a specific atomic species in the material.[64] Careful
analysis of the EXAFS spectra provides information about the short-range order, atomic
distances and coordination number with high accuracy and sensitivity. Figure 5(a) shows the
normalized Cu K-edge spectra of the CuO catalysts. For comparison, a CuO reference has been
presented simultaneously. The pre-edge region consists of three distinctive features: an intense
peak at 8997.0 eV, a shakedown feature between 8980-8990 eV and a weak absorption preedge feature at 8977.0 eV. The intense edge feature corresponds to the dipole-allowed
transitions from 1s → 4p (continuum) states. The weak pre-edge peak at 8977.0 eV results
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from the quadarpule allowed 1s → 3d transitions. This feature is a signature of the Cu2+ state
stemming from its 3d9 configuration. For Cu1+ because of the closed shell d10 configuration,
these 1s → 3d transitions cannot exist. Although, this 1s→3d transition is forbidden under the
dipole selection rules, it could be detected due to the 3d + 4p orbital mixing along with vibronic
and direct quadrupole coupling. Here, the quadrapole transitions can be neglected due to the
much lower transition probability with respect to the dipole transitions. The shake-down feature
corresponds to 1s → 4pz transitions concurrent with ligand to metal charge transfer character.
For Cu2+ it can be observed as an intense peak at 8986 eV and shifts to lower energies for
Cu0 (8980 eV ) and Cu1+ (8982 eV).[65] It is to be noted that the features corrresponding to
Cu0 , but a small contribution from Cu1+ could not be disregraded aswell. However, there are
signatures in the XANES region for both Cu1+ and Cu2+, this could be due to the distortion in
the lattice symmetry of CuO. First dervative of the XANES spectra have been shown to make
the pre-edge features more distinctive. Figure 5(b) indicates that there is significant variation
in the local environment of copper between the samples. The as-deposited is partially in the
Cu2O type structure, as noted by the intensity of the feature at 8982 eV. After annealing for 5
mins, the structure reforms towards the characteristic CuO symmetry. Interestingly, the plasma
functionalised sample showed a mixed phase of the Cu2O-type and CuO-type structures,
plasma treatment appears to partially restore some Cu1+ species. The thin film annealed in the
plasma atmosphere attains a superlattice structure due to the pseudo presence of Cu2O like
symmetry.[66] This could be due to the increase in entropy caused by the various energetic
species in the plasma. Another reason could be the formation of bonds between Cu2+ and OH−
groups, which causes the formation of a distorted octahedron around Cu2+ during the crystal
growth. This observation can be corroborated to the distortion in thelattice in the form of red
shift of the A1g mode in Raman spectra. XRD data also supports the formation of crystalline
Cu(OH)2 along with the growth of CuO grains.
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To further understand the strutural evolution, the post-edge features of the absoprtion
spectra were analysed. Figure 5 (c,d) shows the EXAFS spectra of the CuO catalysts in k-space
and the Fourier transformed (FT) EXAFS spectra in R-space, respectively. For the k-space
transformation the data range was taken from 2 to 12 Å−1 and fitted in the R-space in the range
of 1−3.2 Å to obtain the structural parameters. In the (unphase corrected) R-space spectra, the
peak between 1−2 Å arises from scattering due the Cu and first coordinate O while the second
peak at 2-3 Å is associated with the Cu-Cu coordination.[65] Table 1 presents the calculated
shell parameters i.e. bond-distance (R), coordination number (N) and Debye–Waller factor (2).
From the XANES analysis, the chemical environment of the catalysts were found to be similar
to CuO. Thus, we considered CuO as the primary model for fitting of all the catalysts.The FT
oscillations reveals the difference in structural evolution of CuO annealed in two different
environments. Though the first Cu2+-O2+ ( ̴1.9 Å) and second Cu2+-Cu2+ ( ̴2.9 Å) shells have
similar structural parameters, the coordination numbers are distinctly different between
CuO(A) and CuO(P).)[66] The slight decrease in the Cu-O and Cu-Cu coordination numbers
suggests increased deformation in the local atomic arrangement of CuO(P) with respect to
CuO(A).[67]

Sample

Radial

Coordination

Debye Waller

Distance (Å)

Number

Factor (Å2)

Scattering Path
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CuO

CuO(A)

CuO(P)

Cu-O

1.93 ± 0.02

3.4 ± 0.3

0.005 ± 0.002

Cu-O

2.78 ± 0.04

0.8 ± 0.2

0.005 ± 0.002

Cu-Cu

2.86 ± 0.04

1.6 ± 0.2

0.010*

Cu-O

1.95 ± 0.02

3.8 ± 0.3

0.003 ± 0.001

Cu-O

2.82 ± 0.02

1.1 ± 0.2

0.003 ± 0.001

Cu-Cu

2.92 ± 0.04

3.0 ± 0.4

0.010*

Cu-O

1.94 ± 0.02

3.6 ± 0.3

0.004 ± 0.002

Cu-O

2.82 ± 0.02

1.0 ± 0.2

0.004 ± 0.002

Cu-Cu

2.91 ± 0.04

2.7 ± 0.3

0.010*

Table 1. Structural Parameters of CuO, CuO(A) and CuO(P) determined from EXAFS
measurement
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Figure 6. (a) Linear sweep voltammetry plots for CuO ,CuO(A) and CuO(P) in 0.1M KOH
taken at a scan rate of 1 mVs-1 (b) electrochemical impedance spectra for CuO ,CuO(A) and
CuO(P) at 0.5V vs SCE, (C) Expanded view of the LSV plot to show the difference in onset
potential between the three electrodes (d) comparison between the OER activity CuO(A) and
CuO treated at different plasma conditions KOH taken at a scan rate of 1 mVs-1.

The catalytic activities of the as-deposited, annealed and plasma functionalised CuO
films towards OER were investigated using linear sweep voltammetry (LSV) at a scan rate of
1 mV s-1 in 0.1 M KOH (pH 13) electrolyte. Electrocatalytic properties were measured in a
three-electrode configuration with Pt wire as the counter electrode and SCE (4M KCL) as the
reference electrode. Polarizations data was acquired without compensating for the iR drop,
which appears at the solid-electrolyte interface. Current density of the electrode was
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determined from the LSV curves after dividing by the electrode surface area. All the CuO
electrodes showed catalytic activity towards water oxidation as shown in Figure 6(a). With an
anodic scan from 0 to 1.5 V vs SCE, gas bubbles were discernible on the surface of the CuO
electrodes from ~0.9 V. LSV curves revealed that the activity towards water oxidation clearly
improved after annealing and plasma functionalisation with plasma functionalised electrodes
showing the best performance. The plasma functionalized electrode achieved a catalytic current
density of 10 mA cm-2 which was more than 3 times that in case of annealed CuO electrode (3
mA cm-2 ) at 1 V vs SCE, while the as deposited CuO electrode could achieve a meagre 1.4
mA cm-2 at same potential. Figure 6(b) shows the Nyquist plots for the electrodes taken at 0.5V
vs SCE. The semicircle feature of Nyquist plot results from the redox charge transfer process
at the electrode-electrolyte interface. The measured diameter of this semicircle represents the
charge transfer resistance (Rct). Rct dropped drastically after high temperature processing of
the electrodes, from 3.5 kΩ for CuO to 2 kΩ for CuO(A) before reducing further to 0.6 kΩ for
CuO(P) . This proves that with plasma functionalisation results in dramatic enhancement in the
redox activity of the electrodes substantially. Moreover, the onset potential could be reduced
by 130 mV for 1 mA cm-2 with plasma functionalisation, as shown in Figure 6(c). The
enhanced activity for the plasma functionalised electrodes could be attributed to the formation
of nanoscale surface features, increased crystallinity, as well as the electrostatically bonded
surface hydroxyl groups. Moreover, the drop-in water contact angle as shown in Figure 1 is
predicted to be a critical factor. During OER, the water oxidation is initiated via the formation
of CuOOH. The dissociation of CuOOH , results in evolution of O2 and the catalyst is
recovered. As observed in O1s spectra of CuO(P), the electrode surface is rich in OH-.
However, the pritine CuO surface also showed adundant OH- on the surface, which are either
loosely bound or adsorbed. These adsorbed species did not influence the catalytic activity.
Hence, the presence of CuOOH on the surface would make the process of water oxidation more
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energy efficient, resulting in lower onset potentials and faster redox kinetics as seen for
CuO(P). To validate this theory, the CuO films were treated with different plasma conditions.
One sample was exposed to He+O2 plasma but at 5W power, whilst a second sample was
treated with He+N2 plasma operated at 10 watts. The presence of N2 quenches the formation
of oxygen and hydroxyl radicals [as shown in Figure 2(d)] while at 5 W, radicals are present
in a lower concentration in the plasma. It can be seen from Figure 6(d) that the catalytic activity
is substially reduced in case of He+N2 plasma functionalised electrodes, whereas samples at
5W still show enhanced activity with respect to the annealed sample. The electrochemical
studies present an important breakthrough in enhancing the activity of electroctalysts by prehydroxilation through plasma functionalisation.
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Figure 7: (a) Dark mode adsorption and light mode photocatalytic degradation of MB by batchI samples of CuO, CuO(A) and CuO(P); (b) Photocatalytic degradation kinetics of MB by
batch-I samples of CuO, CuO(A) and CuO(P); (c) Light mode photocatalytic degradation of
MB by batch-II samples of CuO, CuO(A) and CuO(P); (d) Photocatalytic degradation kinetics
of MB by batch-II samples of CuO, CuO(A) and CuO(P); (e) UV-Vis absorption spectra
depicting photocatalytic degradation of phenol at different time intervals. CuO thin films kept
in 30 minutes dark(D) to reach equilibrium before exposure to simulated sunlight (L).
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CuO has been widely used as photocatalyst for degradation of organic pollutants. In this
section, we intend to demonstrate that the activity of CuO photocatalysts could be boosted with
plasma functionalisation and understand the possible underlying mechanism.

The

photocatalytic activity of CuO thin films (as-deposited, annealed, and plasma-treated) was
investigated by using them to degrade Methylene Blue under visible light matching solar
spectra, and the performance is compared in Figure 7. It is to be noted, all the photodegradation
measurements were carried out in the presence of H2O2. Hydrogen peroxide (H2O2) accelerates
the photocatalytic activity of CuO photocatalysts by acting as an electron scavenger and in
releasing high energy •OH species which degrades the organic dye molecules. Two batches of
CuO, CuO(A), and CuO(P) were used to study their photocatalytic activity. In batch-I [Figure
7(a))], the photocatalyst thin films were immersed in the MB dye solution and stored in dark
condition for 30 minutes at room temperature to attain the adsorption/desorption equilibrium.
After the dark mode, the photocatalysts immersed in dye solution were irradiated with visible
light. But in batch-II [Figure 7(c))], the photo-degradation test was undertaken directly under
light mode without involving dark mode adsorption/desorption equilibrium. Figure 7(b) and
7(d) show the degradation kinetics of MB for the CuO films, and the rate constant (k) of
degradation for each is obtained by calculating the slope of the plot ln(C/C0) vs. time where C0
and C represent the concentrations of MB before and after light irradiation, respectively. In
both the batches, the photocatalysts have the following order of photo-degradation efficiency
and kinetic rate constant (k): CuO(P) > CuO > CuO(A).
It is reported that amorphous CuO has larger bandgap (2.3 eV) compared to annealed
crystalline CuO (1.7 eV), which might favour the optical absorption property of visible spectra
in amorphous CuO. [68] XRD and Raman results (Figure 3) indicate to the amorphous nature
of the as-deposited CuO. Annealing at 375 °C (5 min), improves the crystallinity of the
CuO(A). Hence, the as-deposited CuO shows a higher MB degradation efficiency and rate
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constant (k) compared to CuO(A). However, (Figure 2) of as-deposited CuO and CuO(A) does
not show any characteristic difference in morphology. SEM image (Figure 2) of CuO(P)
showed the formation of nanodots on the surface. XRD and Raman spectra show further
improvement in crystallinity for CuO(P) sample compared to CuO(A). Increase in crystallinity
and grain size is one of the key factors which enhances the photocurrent generation or
photocatalytic degradation in CuO.[17] Also, these nanostructures could act as plasmonic
centres to trap the light and enhance the optical absorption. [69] Thus, CuO(P) with higher
surface area shows the degradation rate (k) of 0.0283 min-1 (batch-I) and 0.0227 min-1 (batchII) which is higher than CuO (0.0173 min-1) and CuO(A) (0.0139 min-1). The average
degradation efficiency of CuO(P) photocatalysts from the two batches was around 93% after
90 minutes of visible light irradiation, which is higher than CuO (80%) and CuO(A) (70%).
Table 2. Compare the activity of CuO(P) with respect to recently published data. This also
proves the effectiveness of the proposed process; a higher degradation rate could be achieved
with just 5 minutes of plasma treatment. Adsorption is another key factor that accelerates the
degradation and plays a major role in the photocatalysis process. An increase in surface area
and enhanced hydrophilic nature of CuO(P) promotes surface adsorption of dye molecules. The
surface hydroxyl groups on CuO(P) surface, changes the surface potential to negative, which
in turn shows greater adsorption affinity towards cationic MB dye molecules.[70] Upon solar
light irradiation, the photo-excited holes (h+) from the CuO(P) photocatalyst are captured by
surface hydroxyl groups and then oxidize the organic dye molecules, which are adsorbed on
the photocatalyst surface [equation 2]. The trapped holes within the hydroxyl groups also
activates the water oxidation process to release high energy hydroxyl radicals, which further
degrades the organic dye molecules in the aqueous medium [equation 3a and 3b]. [68]
h+ + organic pollutant → organic pollutant degradation

(3)

h+ + H2O → •OH + H+

(3a)

•OH + organic pollutant → organic pollutant degradation

(3b)
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Methylene Blue is used here as the model pollutant because its concentration can be easily
monitored using a UV-Vis Spectroscopy. However, as MB absorbs light in the visible range
the influence of this photo-absorption cannot be excluded while evaluating the real
photocatalytic activity of CuO thin film photocatalyst. To address this issue, we studied the
photocatalytic degradation of phenol, which absorbs in the UV region around 270 nm.[33]
Phenol is routinely found in industrial wastewaters, mostly chemical and petrochemical
industries. [71] Figure 7(e) shows the UV-Vis absorption spectra of phenol taken at different
intervals of time. The spectral features show drastic changes when CuO(P) is used as the
photocatalyst. During photo degradation, phenol changes to p-benzoquinone ( 240 nm) by the
superoxide (•O2−) radical and hydroquinone ( 240 nm) by the hydroxyl radicals (•OH) as
shown in the inset of Figure 7(e).[33] Hydroquinone and benzoquinone represent the first step
in oxidative degradation of phenol. Previous reports have suggested that, these entities degrade
further via ring opening reactions. [71] The spontaneous decay of

H2O2 to •O2− led to the

formation of benzoquinone even in the dark conditions, here H2O2 is used as the hole
scavenger. Comparing the UV-Vis spectra after180 mins of light, plasma treated CuO shows
faster oxidative decay of phenol with respect to annealed CuO. Mainly due to the faster photoinduced charge transfer accelerates the proposed reactions at the catalyst surface. These photogenerated charge carriers react with H2O2 producing hydroxyl and superoxide radicals, which
breakdown phenol via multi step ring opening reactions. The results resented here proves the
efficacy of CuO(P) towards photodegradation of a range of organic pollutants. It is understood
that the formation of surface nanodots and surface hydroxyl groups on CuO(P) are two main
aspects that determine both adsorption and photocatalytic degradation of MB represented
schematically in Figure 8.
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Figure 8: (a) Schematic illustration of CuO (or) CuO(A) with no characteristic surface
morphology showing low MB dye adsorption and photocatalytic degradation; (b) CuO(P) with
surface nanodots showing enhanced MB dye adsorption and enhanced photo degradation.
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Figure 9: Surface potential map for (a) CuO , (b) CuO(A) (c) CuO(P) (d) Average surface
potential value for the three CuO films. With plasma functionalisation the work function
dropped by 80mV.

To further investigate the enhanced photocatalytic activity after plasma functionalisation
Scanning Kelvin probe microscopy (SKPM) was carried out on these CuO thin films. In
SKPM, a conducting tip with an applied bias is made to raster the sample surface and the
feedback loop detects the surface potential (SP) as the difference in work function between the
tip and the sample surface, i.e. SP = Tip  Sample.[30] Hence the surface potential value can
indicate toward the relative increase or decrease in work function of the sample being
measured. It has been reported, that work function of the electrode material influence the
electron and proton transfer at the double layer region eventually effecting the rate of
catalysis.[72] In our case a considerable drop by 80 mV in surface potential is observed with
plasma functionalisation. This could be due to the formation of crystalline hydroxide. The
presence of OH group lowers the energy level of the unoccupied states. The drop is also
supported by the 0.6 eV shift towards higher BE the in the valence band emanating form the
increased density of O 2p states. This also indicates that, with plasma functionalisation the
Fermi level is positively shifted towards the water redox potential favouring the electron
transfer processes require for catalysis. The defects in the crystal structure as seen in EXAFS
can introduce additional states near the unoccupied region causing the shift of the Fermi level.
Also the large space charge region caused by the surface polar groups significantly enhances
the electron-hole separation efficiency which in turn results in higher photocatalytic activity of
the CuO. [73]

Sample

Method of synthesis
/
sample surface area

Dye molecule
concentration
/
volume
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Light Source /
Degradation time /
Degradation Rate/
Degradation efficiency

Ref

CuO
CuO
CuO

RF Sputtering
(300W, 300°C)
150 mm2
RF sputtering,
937.5 mm2
RF sputtering
(200W)

MB (10mg/L)
20 mL
MB (10mg/L)
70 mL
MB (10mg/L)
100 mL

RF Sputtering
(200W)
150 mm2

MB (10mg/L)
20 mL

CuO

Thermal evaporation
and Thermal
annealing (400° C, 2h)

MB (5µM)
5 ml

Au-CuO

Thermal Evaporation

MB (5µM)
5 ml

Ag-CuO

DC/RF magnetron
sputtering

MB (10mg/L)
100ml

CuO

CuO

CuO (P)

Electrodeposition and
Thermal annealing
(400° C, 2h)
100 mm2
RF sputtering and
APPJ (10W, 375° C)
150 mm2

Xenon arc lamp
(AM1.5G, 150W),
2.5h, K= 0.03 min-1, 99%
Tungsten lamp (150W),
3h, 74.3%
Tungsten lamp (100W),
3h, K= 0.008 min-1, 72%
Xenon arc lamp
(visible light, 300W),
5h, K ≈ 0.012 min-1,
78%
Sunlight,
2.5h, K=0.015 min−1,
70%
Sunlight,
2.5h, K = 0.021 min−1,
72.3%
Sunlight,
3h, K = 0.010 min−1,
85%

[74]
[75]
[76]

[77]

[78]

[79]

[80]

MB (5µM),
5 ml

Sunlight,
1.5h, K = 0.025 min−1,
91%

[81]

MB (10mg/L)
20 mL

Solar Spectrum (300W),
2h, K= 0.028 min-1, 93%

Current
work

Table 2: Comparison between the dye degradation activity of CuO(P) with recently reported
values.

4.

Conclusion

The present study demonstrates an innovative route to enhance the catalytic properties of CuO
thin films using a low power atmospheric pressure plasma jet. The process involves annealing
and simultaneously treating the CuO films with a helium-oxygen plasma jet. CuO films
functionalized with APPJ demonstrated significantly higher electrocatalytic oxygen evolution
and photocatalytic dye degradation activities. XRD and RAMAN studies revealed that plasma
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accelerated the crystallization of CuO domains and induced high degree of strain in the lattice.
XANES and EXAFS techniques were applied to probe the local electronic/atomic structure of
the CuO thin films. The spectral features revealed that for CuO(P) the atomic structure deviated
from typical CuO structure. Additionally, with plasma functionalization CuO surface became
highly hydrophilic and was attributed to the formation of polar surface groups. From XPS it
was found that the polar nature of the CuO surface stem from the electrostatically bonded
hydroxyl radicals. The enhance density of states at O2p region of the valence band indicating
the probable formation of CuOOH at near surface region. This unique surface chemistry
significantly reduces the onset potential for oxygen evolution reaction by 130 mV. Moreover,
these plasma treated electrodes achieved 3 times the current density compared to standard
annealed electrodes, 10 mA cm-2 against 3 mA cm-2 respectively at 1 V vs SCE in 0.1M KOH.
It was demonstrated that the presence of oxygen in the plasma is necessary for the enhanced
activities. The treated films also exhibited higher degree of dye adsorption and faster
degradation of Methylene Blue and Phenol under simulated solar light. This work presents
potential opportunities to develop highly active catalysts for water splitting and organic
pollutant degradation applications using atmospheric pressure functionalized thin films.
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