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Abstract: Inefficient visible light photocatalytic degradation of organic pollutants,
such as Acetaminophen (ACE) and Triclosan (TS), is one of the main limiting factors for
implemh-effective metal oxide photocatalyst for large-scale deployment. Here, we
develop a&cient CuO thin film photocatalyst through rapid thermal annealing. The
CuO thi-n Ewas decorated with Pd nanostructures for enhanced visible light degradation of
ACE and L. Itms shown that compared to the as-deposited thin CuO film photocatalyst, the
rapid the“sisted CuO (A-CuO) photocatalyst can significantly enhance charge
generatiomparation efficiency through improvement of crystallinity and reduction of
recombination ogntres. Furthermore, it is demonstrated that the incorporation of Pd
nanostructu Id considerably increase optical absorption, which further improve the
photocataﬁ:brmance through the enhancement of surface plasmon resonance (SPR).
The CuO m the 40s of Pd sputtering (Pd40-CuO) showed the highest performance for
photoc i radation of both ACE and TS. The Pd40-CuO film showed good stability
and did not any considerable reduction in photocatalytic activity after 5 cycles. This

indicated the high potential of Pd40-CuO for water and wastewater treatment in industrial

scale.
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1. Introduction

In recent decades, concern about rising the concentration of organic pollutants such as
pharmaceuti nd personal care products (PPCPs) and pesticides in different types of water
resources idely increased. The organic pollutants are detected in different types of

N ‘ L [1-3] [45]
Wastewat! (municipal and industrial) and surface and groundwater "“. The
biodegrad@f PPCPs are low and conventional water and wastewater treatment is not
effective fo oving these pollutants. Various kind of oxidation processes are used for

destructiois compounds in the aqueous media ™. Due to difficulties in degrading

PPCPs, they are S)nsidered a serious threat to public health and aquatic ecosystem 2.

[13,14]

U treatment , Ozonation [13]

, Fenton/photo-Fenton oxidation [16’17],

heterogen talytic oxidation with H,O, ! and heterogeneous photocatalytic

Process[lgmbeen widely used for the degradation of organic pollutants. Among these

proces eneous photocatalytic process is considered as a suitable strategy for
removal organic pollutants from aqueous environment due to the durability, ease of
application and maintenance, nontoxic products and reusability of photocatalyst '],

Ba ascinating physical and chemical features of transition metal oxide, these

materials ly used in different fields and industries. Due to availability, non-toxicity
and high bsorption in visible light range, copper oxide is identified as promising
candidﬁcathode manufacturing *'*?). The two common types of the copper oxides
are CuO (jide) and Cu,0 (Cupric cuprous). Cu,O is a direct gap semiconductor with

optical ba £2.1-2.6 eV., while CuO is an indirect gap semiconductor with lower band

application in phOtocatalytic processes under visible light 2%,

This article is protected by copyright. All rights reserved.
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Various methods such as electrochemical deposition, evaporation, sputtering and

[31-34

thermal oxidation has been employed for the CuO thin film deposition®'>*. Among them,

Sputtering od provides the following advantages: (a) simplicity, (b) reproducibility of
the film p

H I
the sputte!ng conditions

promote Qformance of the photocatalyst under visible light illumination %%,

d (c) controlling the film's microstructure and its thickness by adjusting

135371 Several studies indicate that plasmonic nanostructures can

Plasmonic catalysis are prepared by dispersing noble metal (Au, Ag, Pd, Pt)

nanopartiw semiconductor photocatalysts. Plasmonic photocatalysis forms a Schottky

junction wi photocatalyst, resulting in localized surface plasmonic resonance (LSPR)
effect. The improves the photocatalytic activity through generation of more active
charge cﬁnd enhancing charge separation %, Some noble metal-semiconductor
composit prepared and used for the photocatalytic process to improve the
photoc i jvity 0521,

per, a highly efficient and stable CuO thin film photocatalyst was developed
by reducing recombination centers and improving optical absorption over wide range of

spectra thhrystal engineering and incorporating Pd plasmonic nanostructures. The

prepared were used as photocatalyst for degradation of acetaminophen (ACE) and
triclosan ( i-aqueous solution under visible light irradiation. Pd sputtered in 40 s on the
annealﬁin film (Pd40-CuQO) sample showed the best performance among the
preparemalysts. Most of the synthesized or commercial photocatalysts are in powder

form andD\'n challenge for their application in large scale is theirs recovery and
separatql‘ueous media. In this study, by deposition of CuO thin film on the substrate,
we could ovi e this challenge. For the first time, the mechanism of organic pollutants
degradation by CuO thin film was comprehensively studied. The identification of

This article is protected by copyright. All rights reserved.
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intermediates for both contaminants during the photocatalytic reaction was also investigated.
The influence of radical trappers on the photocatalytic degradation of the ACE and TS by
Pd40—CHso investigated. These results showed that -OH, ‘O, (or '0,) radicals did
not play aa role in degradation of the TS and their generations were not as the rate-
limiting- tﬁ TS photocatalytic degradation. It was found that CuO pathway for
degradatioggof pgllutants was different. For the first time, we found that for degradation of
ACE, theu procedure is oxidation; but for TS, initial procedure is reduction
(dechlorin@ti llowed by oxidation. The photocatalysts stability and recycling are the two
important @ers for application of them in industrial scale. In this study, the recycling

and stabili photocatalysts for ACE and TS photocatalytic degradation were

comprehe nvestigated. AsD showed the poor stability and a considerable amount of

the CuO @ departed from the substrate. The stability of A-CuO and Pd40-CuO was
much AsD and lower amount of CuO film departing from the substrate was

observed.

2. Résults and discussion

2.1. ccterization

Fig. 1 he powder X-ray diffraction (XRD) patterns of AsD, A-CuO and Pd60-
CuO. '&aks of the substrate was removed from XRD spectra. As can be seen, all
samples distinct peaks at 2-theta value of 35.482 ((002) plane) and 38.764 ((111)
plane) de DS# 05-0661) *°!. The corresponding full width half maximum (FWHM)

of the {are calculated and presented in Fig. 1a; by annealing of the samples (A-
CuO and Pd60-€u0), the XRD peaks become intense and value of FWHM decreases "¢
This illustrates that a better crystallinity was obtained by annealing of samples ®. The

This article is protected by copyright. All rights reserved.
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corresponding crystallite size of the main XRD peak of CuO (111) for AsD and annealed
samples (A-CuO and Pd60-CuQO) were determined from the Scherrer formula, D= KA/B cos6,
where D, and 0 are grain size, dimensionless shape factor, X-ray wavelength, line
broadenin M in radians and Bragg angle, respectively. Fig. 1b indicates the

N
crystallitesize of samples before (AsD) and after (A-CuO and Pd60-CuQO) annealing; as
shown, an@of samples leads to a larger size of crystallite.

Distinct sueface morphology was observed in FESEM images of AsD and rapid thermal
annealed mﬁs (A-CuO) (Fig. 2). The AsD CuO films had very smooth surface formed
with unif@o-sized crystallites (less than 20 nm). Annealing at 550 'C, induce
roughneszgﬁlm surface and the grain size was surprisingly increased (more than 100

nm) and ndaries became very prominent. Thus, FESEM analysis validates our XRD

results an@es that grain size was increased and crystalline property improved after

thermag

The SEM and corresponding elemental mapping analyses were conducted to

|

investigate the morphology of Pd40-CuO as indicated in Fig. S1. From Fig. Sla, it is

difficult to distinguish the Pd and CuO thin film in the low resolution SEM. The EDX

)

spectrum of the Pd40-CuO (Fig. S1b) exhibits the presence of signals of C, Cu, O and Pd
A\ 4
elements. The mapping results of the Fig. Sla (selected zone) are shown in Fig. Slc—e in

which the distributions of Cu and O elements are the very same. It clearly presents that Pd

t

element is uniformly dispersed on the surface of CuO thin film. The weight percentage of

)

elemental Cu, O and Pd were 40.7, 39.7, and 19.6, respectively.

Fig? ws the FESEM of A-CuO before doping and after of Pd sputtering at various

times (20, 40 and 60s). As can be seen, by increasing the sputtering time, concentration of Pd

This article is protected by copyright. All rights reserved.
6


https://www.nature.com/articles/srep19511#f2
https://www.nature.com/articles/srep19511#f2
https://www.nature.com/articles/srep19511#f2
https://www.nature.com/articles/srep19511#f2
https://www.nature.com/articles/srep19511#f2

in the surface of the samples clearly increased. It clearly presents that Pd element is

uniformly dispersed on the surface of CuO thin film.

I

To ev e Pd distribution on the surface of CuO thin film, top view TEM image of

Pd40-CuO and presented in the Fig. S3. It shows that Pd element is uniformly
N

distributed on the surface of thin film. To measure the thickness of the CuO thin film, the
—
cross sect@@hal NEM image of Pd40-CuO is taken and presented in Fig. S4. As shown, the

thickness o thin film is around 500 nm.

T(ﬂe the chemical state of samples, the X-ray photoelectron spectroscopy

(XPS) an shown in Fig. 3. As shown, peaks of C 1s, Cu 2p and O 1s are recorded
and show! in Fig. 3a. The peak of Pd 3d is just recorded and shown in Fig. 3a for Pd-CuO
sample; ot ples (AsD and A-CuO) did not show this peak that proves the existence of

Pd in Pd- ple. XPS signals from the Cu 2p region of AsD, A-CuO and Pd60-CuO are

indicate ig. 3b. The peaks at 935.60 eV and 955.60 eV were ascribed to the core levels
of Cu 2p1p, respectively 1 *11. The appearance of O 1s region peak at 530.60 eV
hinted the presence of crystal lattice oxygen in the samples (Fig.3c) [**). The peaks at 335.6
eV and 3& eV (Pd60-CuO) were related to the core levels of Pd 3ds, and Pd 3djp,
respective d) ***4 According to Fig. 3b, Shake-up features at 940-945 and 960-965
eV for Eupm and 2p;, core levels are evident and diagnostic of an open 3d9 shell of
Cu(+2). Tie pei positions and relative intensities of the satellites from these levels are

indicative esence of CuO at the surface 7,

22. P atalytic degradation of ACE and TS

Photocatalytic activities of photocatalysts (As-Deposited, A-CuO, Pd20-CuO, Pd40-

CuO and Pd60-CuO) were investigated by degradation of ACE and TS in aqueous solution

This article is protected by copyright. All rights reserved.
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under visible light (>420 nm) illumination. As shown in Fig. 4a & b, Pd40-CuO exhibited
superior visible light activity for photodegradation of ACE and TS in comparison with other
photoca.tayHﬂy 32% ACE and 79% TS were photodegraded by A-CuO after 4 hours,
while ne E and 99% TS were degraded by using Pd40-CuO, indicating an
improvgmngphotocatalytic performance. By comparison of photocatalytic performance of
the As- silgd and A-CuO, the results also showed that heat treatment (annealing)
improved uotocatalytic activity of CuO film. The kg, values for ACE and TS
degradati(w presented in Table 1. As shown, Pd40-CuO shows the highest

photodegradatiofyrate, which is much higher than that of A-CuO and As-deposited. As can be

seen, by in the sputtering time up to 40s, the photocatalytic degradation efficiency of
ACE and increased but after this time, a reduction was observed. This phenomenon
can be ex@n this way that if the amount of Pd in photocatalyst is lower than optimum,

less el il be transferred; it is also possible that more holes and electrons pair

recombinatio e place. At higher sputtering time (>optimum), the Pd can also act as a

shield for photocatalyst in front of irradiation and decrease the quantum efficiency **.

Thhcurrent is commonly considered as an important standard to examine the

separatioance of photogenerated h” and e pairs and the photocatalytic activity of
1 4

photocata 8] The photocurrent responses of Pd40-CuO, A-CuO and AsD samples are
presen igmS5 under visible light irradiation. An improvement in photocurrent density

demonstr the enhancement in separation efficiency of the photogenerated h” and ¢ pair,

which is_sui for photocatalytic and photoelectrochemical activity ™" *). The
photocu nsity of A-CuO was 80 pA cm™. After sputtering of Pd, the photocurrent
densities waS*raiged to 180 pA cm™ which demonstrated the considerable role of Pd in

generation and separation of h™ and e pair. By sputtering of Pd on the CuO thin film,

This article is protected by copyright. All rights reserved.
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absorption of visible light was also improved and this consequently raised the efficiency of

photogenerated ¢ and h" pair under visible light illumination (Fig. 6); enabling more
electrons jo::tion with electron acceptors in aqueous phase.

Fi he influence of radical trappers on the degradation of the ACE and TS

—
by Pd40-@uO. The ethanol P%, sodium azide °'* and hydrogen peroxide 1**! were applied

as the radj€al trappers for ‘OH, "O, (or 1Oz), and electrons, respectively. The concentrations

G

of ethanolm\ azide and hydrogen peroxide in aqueous solution were 5 mmol L. As can
be seen, thé cth@hol and sodium azide increased the photocatalytic degradation rate of TS by
Pd40—CuQ_but deition of H,O, showed the negative effect on the TS photocatalytic

degradaticcf he same results were also reported by other researchers [*!). These results

showed tlm ‘0, (or '0,) radicals did not play an important role in photocatalytic

degradatio e TS and their generations were not as the rate-limiting step for TS

photode ion. By contrast, hydrogen peroxide that acted as an electron trapper, reduced

the TS ic degradation rate; this results indicated that electron generation was the
key step in the TS photocatalytic degradation by Pd40—CuO. Addition of ethanol obviously
reduced thcatalytic degradation rate of ACE but for sodium azide, this reduction was
lower thal. Hydrogen peroxide also improved the ACE photocatalytic degradation
rate. Th ts showed that OH radicals played an important role in photocatalytic
degradatign of the ACE and their generations were as the rate-limiting step for ACE
photocata hyti radation. It found that for degradation of ACE, the main procedure is
oxidation; TS, initial procedure is reduction (dechlorinating) followed by oxidation.
As sh@CuO exhibited superior performance for TS photocatalytic degradation
(reduction) and it can be also concluded that this photocatalyst is more suitable for
photoreduction reaction of organic pollutant.

This article is protected by copyright. All rights reserved.
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2.3. Photocatalyst stability and Recycling

Mcatalysts stability and recycling are the two important parameters for

applicatio @ em in industrial scale. In this study, the recycling and stability of

S

photocgialystsefolr ACE and TS photocatalytic degradation were investigated and presented in
Fig. 8 a Mectively. After each cycle, the electrodes were washed with acetone and
water for @of the adsorbates. As can be seen, photocatalytic degradation percentage of
the A-Cu 40-CuO after 5 cycles did not significantly change. For the A-CuO, the

photocata radation percentage was reduced by less than 6 %; for Pd40-CuO, this
reduction s than 4%. FE-SEM images of the all electrodes after (five cycles) and

before usi!g in photocatalytic reactions are presented in Fig. 9. As can be seen, AsD showed

the poor stabililseand a considerable amount of the CuO thin film departed from the substrate.
The stabil e A-CuO and Pd40-CuO was much better than AsD and lower amount of
the Cu arted from substrate. The FESEM images (higher resolution) of fresh Pd40-
CuO a (after using 5 cycles for photocatalytic degradation) are shown in Fig. S5.

As can be seen, sputtered Pd showed considerable stability after 5 cycles and did not depart

from the s%f the thin film.

Autho

This article is protected by copyright. All rights reserved.
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3. Conclusion

In t“ highly efficient and stable thin CuO film photocatalyst was developed
by reducination centers and improving optical absorption over wide range of
spectragthioughy crystal engineering and incorporating Pd plasmonic nanostructures.
The samh used as photocatalyst for degradation of ACE and TS in aqueous
solution whder yisible light irradiation. Pd40-CuO showed the best performance among

the photogat s. The influence of radical trappers on the photocatalytic degradation

SC

of the A TS by Pd40—CuO is also investigated. These results showed that -OH,

'Oy (or lcﬂcals did not play an important role in degradation of the TS and their

generatioﬁe not as the rate-limiting step for TS photocatalytic degradation.

Generally catalysts showed the better performance for degradation of TS.
V]

Furtherm was shown that photocatalytic degradation percentage of the A-

CuO6 Pd40-CuO photocatalyst after S5 cycles does not significantly change
indica igni

deposited sample, considerable amount of the CuQO thin film departed from the

cant improvement of stability. FE-SEM images showed that for As-

substrate while much lower amount of CuO film separated from substrate for A-CuO

and Pd40mples.

4. ental
4.1. ials and instruments
Alﬁal reagents were of high purity and were used as received from Sigma-—
Aldrich— ingapore). A Milli-Q water purification system (Millipore Synergy 185, US)
provided the r used for all solutions and suspensions. The Field Emission Scanning

Electron Microscopy (FESEM) was used for the investigation of the sample morphology (FEI

This article is protected by copyright. All rights reserved.
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Verios 460 FESEM). The purity and crystalline structure of the samples was also examined
by a bruker D-8 general area detector XRD system (GADDS) in 626 scan using a CuKo (A=
0.15418 n diation. X-ray photoelectron spectroscopy (XPS, AXIS ULTRA) by a
monochro X-ray source was utilized for the analysis of the surface. To determine
N _ , .
the orga pollutants concentrations, a HPLC (Agilent; column, ZORBAX Eclipse
XDBCI18, QX 150 mm, 5 um) was utilized with a flow rate of 1.0 mL/min and UV
3 .

absorbanc ion at 242 nm.

4.2. mhin film and Pd sputtering

CuO thiniﬂm was sputtered onto FTO coated glass substrate. Before the deposition
process, t glass were ultra-sonicated in IPA for 10 min and then dried by blowing
nitrogen gas. chiometric CuO target and radio frequency (RF) sputtering system were

used for of CuO thin film on the substrate. The sputtering power, the evacuation
pressu ing pressure were 100 W, 3x10™* mTorr and 3.3 mTorr, respectively. The
deposiEms were annealed in 550 'C (A-CuO) in nitrogen atmosphere for 1 min
using the rapid thermal annealing (RTA) system. Heating and cooling rates of RTA system

were 15 M 10 'C s™', respectively. The Pd nanostructures were formed on A-CuO thin

films by d @ o of Pd at sputtering power of 25 W in 3 different sputtering times of 20s

(PdZO-(fPMO-CuO) and 60s (Pd60-CuO).

4.3. gPhotecatalytic experiments

ilm deposited on the FTO coated glass surface were used as photocatalyst

for batch mitents (Fig. S6). CuO samples after annealing were cut into cube with length,
width {h‘[of 15, 15 and 1 mm and then placed at the bottom of the beaker. Next, 20
mL of 10.0 mg E¥ ACE or TS solution was mixed in the beaker. Then the beaker was placed
on the shaker (50 rpm, ambient temperature) for 30 min in the dark. For the photocatalytic

This article is protected by copyright. All rights reserved.
12



experiments, a xenon arc lamp (150 W) with a 400 nm cut off filter was put at 100 mm above

the solution for visible light illumination. After photocatalytic degradation experiments in

required ti mL sample of each experiments were sampled and their concentration were

analyzed. ion 1 was used for determination of ACE and TS photocatalytic
N —— .

degradatlcs rate (%) from aqueous solution:

Pho(catal)’c degradation rate (%) = % x 100 (1)
0

Wher is the initial pollutant concentration and C; is the pollutant concentration at

S

time t in ution. The L-H model was used to describe the kinetic of pollutants

11

degradati visible light illumination:

@t
r=— = )

Where 1, C and t are the rate of the destruction of pollutant, the concentration of
solution an tion time, respectively. K and k; represent the equilibrium constant for
sorptio nt and the limiting rate constant of the reaction under the experimental
condition!respectively. At low concentration, KC value is much lower than 1 and this term
can be nebn equation 2. By neglecting this term, the equation 2 can be converted to a

first-order s model (eq. 3):

app (3)

th

the apparent first-order rate constant. By integrating from Eq. (3) and using

boundar n C=C,att=0 gives:

ln( “4)

In Eq. 4, C, is the pollutants initial concentration in aqueous solution.

This article is protected by copyright. All rights reserved.
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Photo-generated currents of samples were measured using a 0.1 M Na,SO4

electrolyte. A bias voltage of 0.1 V was applied for photo-generated currents measurement in

presence anfence (dark condition) of visible light illumination.
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Table 1.

-
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mples for photodegradation of ACE and TS under visible light irradiation

ACE TS
Samp, Kapp (h™) R’ Kapp () R?
As-depo® 0.06 99.17 0.138 99.6
A-E 0.162 98.89 0.366 99.14
pd2oudhomsd 0576 98.56 1.146 97.25
Pd40-C: 0.796 97.12 1.81 95.25
Pd6< 0.542 97.45 1.44 94.73
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2. FESEM images of (a) As-Deposited and (b) A-CuO samples
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