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Photoelectrocatalytic (PEC) inactivation of Escherichia coli K-12 by cuprous oxide (Cu,0) film irradiated by
visible light is firstly reported. A complete inactivation of about 7 log of E. coli was obtained for Cu,0 film
within 6 h. The bacterial inactivation efficiency was significantly improved in a photoelectrochemical
cell, in which 7log of E. coli could be completely inactivated within 2 h by Cu,0 film with a 0.1V bias.
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were investigated using membrane-separated reactor combined with short circuit photocurrent
technique. H,0,, hole, and toxicity of Cu,0 film were found responsible for the inactivation of E. coli.
Toxicity of copper ions (including Cu?* and Cu*) leakage from Cu,O films was determined and the results
showed that the amount of leakage copper ions was not toxic to E. coli. Finally, the Cu,0 film was proved
to be effective and reusable for PC and PEC inactivation of E. coli.

© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The n-type Cu,0 has attracted much attention recently owing to
its higher photoactivity than p-type counterpart [1] and potential
application for homojunction solar cells or photoelectrochemical
cell [2]. N-type film invariably gives better photoactivity than the
p-type film since holes with a lower mobility than electrons, are
very likely to be lost in e -h* recombination [3]. Cu,0 is also a good
antimicrobial material [4] and even found to have crystallographic
facet-dependent antibacterial activity [5,6], and Cu,O based
composites (Cu,0/ZnO [7], Cuy0-Cu0/Sr3Bi0s 4 [8], CuyO/mineral
wool fiber [9], CuyO[TiO, [10]) are widely reported for PC
disinfection. However, there is no report on photocatalytic (PC)
bacterial inactivation by pristine Cu,0 except a preliminary study
by our group [11]. Thus, we initiate an investigation on PC and PEC
bacterial inactivation by pristine n-type Cu,0.
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Investigation on direct electron transfer between microbes and
an electrode was first attempted in the early work of Matsunaga
et al. [12], who contributed the death of microbes to its direct
oxidation by TiO,/Pt powder [13]. Their work was the center of
attention in the field of PC and photoelectrocatalytic (PEC)
inactivation of microbes, but work on electric charge transfer
between microbes and a photoelectrode was very limited. In this
study, electric charge transfer between Escherichia coli K-12 (E. coli)
and Cu,0 film was investigated by PEC membrane-separated
(PECMS) reactor incorporated with short circuit photocurrent
(SCPC) technique [3,6]. The PECMS reactor is separated into two
compartments by a semipermeable membrane which separates
E. coli from Cu,0 film, or separates anode cell from cathode cell,
convenient for independent investigations of inactivation of E. coli
by Cu,0, Pt, or reactive oxygen species (ROSs). Meanwhile, SCPC
technique was used to monitor the charge transfer between an
electrode and E. coli, and to investigate bacterial inactivation by
electric charges of an electrode. To the best of our knowledge, no
PECMS reactor combined with SCPC technique was introduced to
date to study PEC bacterial inactivation.

Stability and reusability are the two most important factors for
the feasibility of application of photocatalyst(s). Extensive reports
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on the stability of p-type Cu,O film [14-16] and bulk [17-20]
demonstrated that the morphology and phase compositions
significantly effect on the stability of Cu,0 and the photocorrosion
of Cu,0 leads to degradation of its PC property. However, study on
the stability of n-type Cu,0 as a photocatalyst is of absence so far.
Therefore, here, we carry out the measurement of the stability and
reusability of n-type Cu,O film via repeated cycling PC tests for
bacterial inactivation.

Inactivation effect of Cu,O film towards E. coli was observed
under dark conditions, indicating that Cu,O film can inactivate
E. coli, not only in day time with light irradiation, but also at night.
The low cost and environmentally benign nature of Cu,O makes
developing Cu,0 and Cu,0-based photocatalysts very attractive.
Moreover, the use of PECMS reactor combined with SCPC technique
may promote more research interest in the investigation on
photoelectrochemical bacterial inactivation.

2. EXPERIMENTAL SECTION
2.1. Materials

Copper sulfate (CuSO4-5H,0, 98.0% purity) was obtained from
Clyde (Australia). Copper foil (99.999% purity), sodium sulfate
(99.0% purity), 2,3-bis(2-methoxy-4-nitro-5-sulfophehyl)-2H-tet-
razolium-5-carboxanilide (XTT) (>98% purity), terephthalic acid
(TA) (98% purity), horseradish peroxidase (POD) (activity:
250~330units/mg  solid),  N,N-diethyl-p-phenylenediamine
(DPD) (97% purity), and bathocuproine disulfonic acid were
received from Sigma-Aldrich. Nutrient agar (NA) and nutrient
broth (NB) were purchased from Lab M (Lancashire, UK). All were
used as purchased. The solutions used in this work were prepared
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with deionized water further purified with a Millipore Milli-Q
(Millipore, Bedford, MA, USA) purification system (resistivity
>18.2MQ).

2.2. Preparation of Cu,0 film electrodes

The details of preparation of Cu,O film can be found in our
previous work [1]. A 1.5 x 1.5cm? golden copper foil shown in
Fig. S1a in Supporting Information (SI) was immersed in 80 mL of
103 M copper sulfate aqueous solution in an autoclave. A brick-red
Cu,O0 film (Fig. S1b in SI) was prepared after the autoclave was kept
in a temperature of 160°C for 3 h.

2.3. PC and PEC reactors and light source

The schematic diagrams of the experimental reactors with
about 100 mL of volume glass container homemade for PC and PEC
regulation of E. coli are given in Fig. 1. There are four kinds of
reactors: (a) PC reactor, in which Cu,O film was dipped in
suspension; (b) PEC reactor, in which Cu,0 film, Pt, and Ag/AgCl
electrodes are used as working electrode, counter electrode, and
reference electrode, respectively; (c) membrane-separated (MS)
reactor, and (d) PEC membrane-separated (PECMS) reactor are the
same as (a), (b), respectively, except that the reactors were
separated into two compartments by a porous semipermeable
membrane. The molecular weight cutoff of the semipermeable
membrane is 12~14 x 10> dalton (pore size 5nm), whereas the
rod-shaped E. coli is about 2.6 x 10° dalton (size 500 nm), so that
the direct contact was prohibited because E. coli cell cannot pass
through the membrane [21]. The light source for photoelectro-
chemical characterizations and antibacterial tests was shown in

light
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Fig. 1. Schematic diagrams of experimental reactors with about 100 mL of volume glass container for PC and PEC regulation of E. coli.
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Fig. S2. A UV cutoff filter (A <400 nm) was used to ensure visible
light (VL) irradiation. The light intensity was measured by a light
meter (LI-COR, USA), and the light intensity for the experiments
was fixed at 1200 mW/cm?.

2.4. Characterization of Cu,0 film

XRD measurements were carried out on a PW 1840 powder
X-ray diffractometer, using Cu Ka (1.54 A) as the incident radiation.
Scanning electron microscopy (SEM) images and were obtained on
a field-emission scanning electron microscopy (FESEM, JEOL,
JSM-6700F) at 30KkV. Energy dispersive X-ray spectrometry
(EDX) (FESEM, OXFORD, INCA400) was carried out to characterize
the composition of the samples. X-ray photoelectron spectroscopy
(XPS) analyses of the samples were performed on a PHI-1600 ESCA
spectrometer (USA) using 300 W Mg Ka radiation, and the binding
energies were referenced to the Cls line at 285eV from
adventitious carbon. Photoelectrochemical characterization were
conducted on a CHI660D electrochemical station (Chenhua,
Shanghai) in 0.1 M air-saturated aqueous Na,SO4 solution with a
three-electrode system (Cu,0 film as working electrode, Pt sheet
(1.5 x 1.5cm?) as counter electrode, and KCl-saturated Ag/AgCl as
reference electrode, respectively).

2.5. PC and PEC antibacterial test

The bacteria were cultured in nutrient broth (Lancashire, UK) at
37°C and agitated at 200rpm for 16h. The culture was then
washed twice with 0.1 M sterilized Na,SO,4 solution by centrifuga-
tion at 5000rpm for 5 min. The cell pellet was re-suspended in
sterilized Na,SO4 solution and the cell density was finally adjusted
to about 2 x 107 cfu/mL. Na,SO,4 suspension of washed cells can be
added into different reactors to conduct different antibacterial
experiments. When antibacterial tests were conducted in PC, PEC
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and MS reactors, the reaction suspension was bubbled to ensure
E. coli disperse well in solution by using an air pump throughout
the experiments. When antibacterial test was conducted in PECMS
reactor, argon gas was introduced at 150™s to bubble the
suspension. At 2000"s, 1mL of ~10%cfu/mL E. coli (about
2 x 107 cfu/mL in solution) was added to Cu,O cell of PECMS
reactor (Prior to the addition, the E. coli suspension was bubbled
with Argon for at least 30 min). At different time intervals, aliquots
of the sample were collected and serially diluted with sterilized
Na,S0, solution. 0.1 mL of the diluted sample was then immedi-
ately spread on nutrient agar (Lancashire, UK) plates and incubated
at 37 °C for 24 h to determine the number of viable cells (in cfu). All
antibacterial experiments were performed in triplicates.

2.6. Determination of the concentrations of copper ion

Cuprous ion (Cu*) concentration was determined by colorimet-
ric analysis using bathocuproine disulfonic acid, which selectively
chelates Cu". Total copper ion concentration was also measured by
the addition of ascorbic acid to reduce all of the cupric ions (Cu®*)
to Cu™ [22]. The absorbance of the solution was measured at
457 nm using UV/Vis spectrophotometer (Blue Star A, US).

2.7. Detection of *OH, *0,~ and H>0,

Hydroxyl radical (*OH) was detected by a photoluminescence
(PL) method by using TA as a probe molecule [23]. TA readily reacts
with *OH to produce a highly fluorescent product, 2-hydroxy-TA
(TA-*OH), which was measured by an Infinite M200 fluorescence
spectrophotometer (Tecan, Switzerland) at emission wavelength
425nm with excitation wavelength at 315nm. Experimental
procedure was similar to the measurement of PC inactivation
process in PC reactor except that the suspension was added with
0.4 WM TA and 2 .M NaOH. At different irradiation exposure times,
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Fig. 2. Patterns of (a) SCPC of Cu,O0 film under VL irradiation; (b) open circuit photovoltage of Cu,O film measured under pulse irradiation; (c) linear sweep voltammogram for

Cu,0 film under VL and dark, sweep rate 100mVs~!

; and (d) Mott-Schottky plot of Cu,0 film; measured at 10 kHz, sweep rate 100 mVs~".
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Fig. 3. Inactivation of E. coli (a) in PC reactor without Cu,O film, but with Pt
electrode and Ag/AgCl electrodes under light control; (b) by Cu,O film in PC reactor
under dark; (c¢) in no Cu,0 cell of MS reactor under VL; (d) by Cu,O film in PC reactor
under VL; (e) in PEC reactor with 0V bias under VL; and (f) in PEC reactor with 0.1V
bias under VL.

1 mL of suspension was collected and filtered by centrifugation at
5000 rpm for5 min at 25°C, using the centrifuge (Hermle Z323,
Germany) to remove E. coli. Superoxide radical (*O,~) was
measured by XTT [24-26], which can be reduced by *O,~ to form
XTT-formazan. The formazan has an absorption spectrum
(measured by UV/Vis spectrophotometer (Blue Star A, US)) with
a peak at 470 nm that can be used to quantify the relative amount
of superoxide present. Experimental procedure was similar to the
measurement of *OH in PC reactor except that the 0.4 wM TA and

2 M NaOH was replaced with 0.2 uM XTT. H,0, was analyzed
photometrically by the Peroxidase (POD)-catalyzed oxidation
product of DPD [27,28], which was measured by UV/Vis
spectrophotometer (Blue Star A, US)) at 551 nm.

2.8. Fluorescence spectroscopy

E. coli before and after PC treatment in PC reactor was collected
and stained with the dyes of LIVE/DEAD BacLight bacterial viability
kit (L7012, Molecular Probes, Inc. Eugene, OR) following the
protocol recommended by the manufacture. After being incubated
at 25°Cin the dark for 15 min, the samples were transferred to the
coverslip and examined using a fluorescence microscopy (Nikon
ECLIPSE 80i, Japan) equipped with a filter block NUV-2A consisting
of excitation filter Ex 400-600 (Nikon, Japan) and Spot-K slider
CCD camera (Diagnostic instruments. Inc. Sterling Heights, MI).

3. RESULTS AND DISCUSSION
3.1. Photoelectrochemical characterization

Fig. 2 displays the patterns of electrochemical and photo-
electrochemical properties of freshly prepared Cu,O film in 0.1 M
Na,S0,. Fig. 2a shows an anode photocurrent response for Cu,0
film under irradiation, which is an n-type semiconductor behavior.
The open circuit potential further confirms Cu,O film electrode
also have an n-type character for a negatively shifted potential
response under irradiation (Fig. 2b). The current-potential curves
(Fig. 2¢) of the Cu,O film under dark and irradiation were recorded

Fig.4. Fluorescence microscopic images of E. coli (about 2 x 107 cfu/mL, 80 mL) photocatalytically untreated (a) or treated (b-d) in the presence of Cu,O0 film in PC reactor with

(a) 0h (untreated E. coli), (b) 2h, (c) 4h, and (d) 6h irradiation.
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Fig. 5. (a) Fluorescence emission spectral changes for the filtrate from the suspension in PC reactor with Cu,0 film with 0.4 wM TA and 2 wM NaOH at different time under
irradiation (excitation at 315 nm, emission at 425 nm); (b) absorption spectral changes of for the filtrate from the suspension in PC reactor with Cu,0 film and 200 wM XTT at
different time under irradiation (absorption peak 470 nm); (c) H,0, yield in Cu,O cell of MS reactor, and no Cu,O cell of MS reactor, respectively.

within the potential range —0.2 and +0.2V (vs Ag/AgCl, the same
below) at a potential sweep rate of 100 mVs~ . The potential range
from —0.2 V to +0.1V, the Cu,O film shows nearly perfect blocking
characteristics, while an increase in dark current density for
potential higher than +0.1V is due to the oxidation of Cu,0 film
(Fig. 2¢). A significant increase in the anodic photocurrent density
above —0.2V occurred, indicating photogenerated carriers are
generated and separated at the Cu,O film electrode under
irradiation. The anodic photocurrent appeared at —0.2 V suggests
that the flatband potential of the Cu,0 film is blow —0.2 V. A more
accurate position of the flatband potential was obtained by taking
the x intercept of the Mott-Schottky plot of the Cu,0 film (Fig. 2d),
which gave flatband potential of —0.35 V. The positive slope of the
plot again proved the n-type nature of the Cu,O film. The
application of a potential over flatband potential can suppress

o
=

S
=
T

Cu ion concentration (mg/L)

charge carrier recombination resulting in extension of the lifetime
of electrons and holes. Thus, a bias over —0.35 V on the n-type Cu,0
film electrode may improve the PEC efficiency. However, a negative
bias on an n-type photoelectrode is not encouraged because of low
efficiency and extra energy consumption whereas a positive bias
on an n-type semiconductor electrode contributes to a highly PEC
efficiency. Therefore, 0 and +0.1V bias (positive enough but not
result in oxidation of Cu,O film) were chosen in photoelectro-
chemical experiments for the inactivation of E. coli.

3.2. PC and PEC inactivation
Fig. 3 shows the inactivation of E. coli under different

conditions. Light control (Fig. 3a) shows the bacterial
population remained essentially unchanged within 6 h, suggesting
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Fig. 6. (a) Concentrations of copper ion (leakage from Cu,O films, including Cu* and Cu®*) as a function of time when Cu0 film immersed in 0.1 M Na,SO, solution under
irradiation and dark; (b) inactivation of E. coli in 0.1 M Na,SO, solution with different concentrations of copper ion under irradiation and dark.
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Fig. 7. (a) SCPC measured as the function of time for Cu,0 film electrode in PECMS reactor under different control conditions, (b) enlarged diagram of 0~250ss, (c) enlarged

diagram of 250~2400s, and (d) enlarged diagram of 500~26500s.

Pt and Ag/AgCl electrodes no toxic and photoactive to E. coli. In dark
control (Fig. 3b), the bacterial population reduced about 0.5 log,
indicating Cu,O0 film toxic to E. coli. Under VL irradiation (Fig. 3d),
about 7log of E. coli can be completely inactivated in 6 h. The
results demonstrate Cu,O film enjoys a good PC inactivation
activity.

The PC inactivation activity of Cu,O film was further confirmed
by BacLight kit fluorescent microscopic method [29]. Fig. 4 shows
the fluorescence microscopic images of E. coli, which is photo-
electrocatalytically untreated or treated in the presence of Cu,0
film in PC reactor. Fig. 4a shows the viable cells with intense green
fluorescence. After being photoelectrocatalytically treated for 2 h,
some cells turned to red fluorescence, indicating some bacteria
were cracked and intracellular component was released (Fig. 4b).
With prolonged irradiation time, fewer living bacterial cells were

15000p @ ¢€u.0
’ Cu,0 film with
~ 3 5-time reuse
B a
. ,._J__,J( ) L_JJL_,J )
S 10000 ‘ o
u,0 film wit
% ’ | 1-time reuse
2 @) | | |
8 -_JL_..'._J&._.../\JL«._.J N )\ i)
= 5000f e
10y @ i 1 (220) Fcrcs(l;ly"- rrcparcd
04 200 u,0 film
J (al) ( .) N
30 40 50 60 70 80
20 degree

observed after 4 and 6h (Figs. 4c and d), more red stained
intracellular DNA and protein came out, indicating that Cu,O film
performed excellent PC inactivation effect.

By contrast, the inactivation efficiency was substantially
improved in PEC process (Figs. 3f and e), in which about 7 log of
E. coli can be completely inactivated within 5 and 2 h by Cu,0 film
with a 0 and 0.1V bias, respectively, further confirming that a bias
over flatband potential (—0.35 V) on the n-type Cu,0 film electrode
may improve the PEC efficiency and a positive bias on an n-type
semiconductor electrode contributes to a highly PEC efficiency. The
bactericidal effect was further examined in MS reactor. About
3 log-reduction of E. coli in the no Cu,0 cell of MS reactor was
observed (Fig. 3¢), indicating PC inactivation still worked even no
direct contact between E. coli and Cu,O film. Obviously, the
inactivation of E. coli in the no Cu,O cell of MS reactor was

4000
® gy |@0 ecuo @20
. . e Cu \
3 3000 < v Cuo
& N (220)
Z (200) ¢
I Y
§ 2000 i) N
2 @311)
= . n 202 .
= ©02) 141y \ \[@22)
1000, | N WK - u‘.
30 20 50 50 70 80
20 degree

Fig. 8. (a) XRD spectra of (al) fresh prepared, (a2) 1- and (a3) 5-time reuse Cu,O films; (b) Enlarged XRD pattern of Fig. 8a(3).
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originated from either ROSs or copper ion, both of which were
generated in Cu,0O cell and passed through the membrane to the
no Cu,O cell by diffusion.

3.3. The role of ROSs

As we know, electrons and holes generated in a semiconductor
when illuminated by light with photoenergy greater than the band
gap exhibit high reducing and oxidizing power, respectively. The
electron can react with molecular oxygen to produce O, through
a reductive process [30]. The hole can abstract electrons from
water and/or hydroxyl ions to generate *OH through an oxidative
process [31]. Singlet oxygen (10,) is mostly produced indirectly
from aqueous reactions of °O,~ [26]. *OH is a strong and
nonselective oxidant [26] that can damage virtually all types of
organic biomolecules and '0, can irreversibly damage the
treated tissues [31]. Consequently, these three types of ROSs
(*OH, *0,~, and '0,) contribute to the major oxidative stress in
biological systems [25].

The roles of ROSs are clarified according to the energy levels of
Cu,0 and the events possibly occurring during PC processes as well
as the testing results for ROSs given in Fig. 5. The band gap of Cu,0
is about 2.0eV, and the potentials of its conduction band and
valence band are —1.4V and +0.6 V, respectively [32]. Since hole is
produced at about +0.6V, no overpotential is available for the
oxidation of water (about +0.57V, Eq. (1)) [33,34].

0,+2H,0+4e~ — 40H" (1)

It also cannot oxidize H,0 and OH™ to form H,0, (+1.763 V) and
*OH (about +2.8V), respectively. Indeed, no *OH signal was
detected for the intensity of PL signal did not increase with the
increasing irradiation time (Fig. 5a). Since hole were not the origin
of H,0,, electrons were responsible for production of H,0,. The
production of H;0, could proceed as the cited publication [30]
reported: photogenerated electron is likely to react with molecular
oxygen to produce *0,~ (—0.28V, Eq. (2)), then to H,0, through a
reductive process.

Ox+te” =0y (2)

However, no *0,~ signal was detected due to no appearance
of absorption peak (470nm) (Fig. 5b), so '0, was not produced
[26] and the H,0, came from the direct reduction of O, by
photogenerated electron (+0.28V, Eq. (3)), which is more
thermodynamically available [35].

02+2H20+267—>H202+20H7 (3)

Fig. 5¢ shows the H,0; yield in the MS reactor increased at first
and became stable with prolonged irradiation time, due to the
decomposition of H,0, in parallel with its production [36]. The
equilibrium concentration for H,O, in Cu,0 cell and no Cu,O0 cell of
MS reactor was estimated to be 7.28 and 2.56 M, respectively. It is
no doubt that no PC process happened in no Cu,O cell, so the
source of supply for H,O, in no Cu,0 cell attributed to diffusion of
H,0,, which was produced in Cu,O cell and had a long life span and
could pass through the membrane [37]. Note that the total amount
of H,0, is much more than actually measured value of 7.28 and
2.56 wM, H,0, was generated continuously and dynamically
consumed in situ in the system. Thus, E. coli can be inactivated
by H,0, in such a low concentration [29,38].

3.4. The role of copper ion

Copper is an essential trace metal required by aquatic micro-
organisms for their growth [39], but is toxic at high concentration,
as it can also bind to biomolecules, such as proteins and nucleic
acids, which leads to denaturation and loss of function [40]. In
addition, the underlying Fenton-like reactions described as
copper-catalyzed Haber-Weiss reactions can produce ROSs to
inactivate E. coli. The overall reaction for oxidation of Cu(l) in the
presence of oxygen can be described as Eq. (4) [41] below:

CU(]) + 02 — ROSs (02.7, HzOz,.OH) (4)

So, copper ion leakage from Cu,O films may contribute to
inactivation of E. coli. Fig. 6a shows the variation of copper ion
concentration when Cu,0 film immersed in Na,SO4 solution under
light and dark. The copper ion leakage from Cu,O film increased
fast at first 2 h and slowly later, but with a totally low leakage rate.
The concentration of copper ion under dark control was a little less
than that under light control, suggesting the n-type Cu,0 film more
stable under dark. After 6 h irradiation, 0.536 mg/L of total copper
ion were present in Na,SO,4 solution. The leakage amount of Cu*ion
was also detected and the final concentration was less than
0.1 mg/L. The low concentration of copper ion leakage from Cu,0
film did not contribute to the antibacterial activity [22]. In order to
confirm this, the experiments for the inactivation of E. coli in
Na,SO,4 solution with different concentrations of copper ion were
carried out. As shown in Fig. 6b, low concentration copper ion (less
2 mg/L) might be nutrient and contribute to bacteria reproduction
whereas a high concentration copper ion (over 10 mg/L) was quite
the opposite. So, copper ion leakage from Cu,O film here was not
toxic to E. coli. In addition, since *0O,~ and *OH were not detected,
the copper-catalyzed Haber-Weiss reactions was probably too
weak to be observed under current experimental condition.
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Fig. 9. EDX-SEM patterns and SEM images (insets) of (a) freshly prepared, (b) 1- and (c¢) 5-time reused Cu,O films. Each EDX-SEM pattern was obtained based on whole SEM

image area.
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Fig. 10. XPS spectra of freshly prepared (a),

3.5. The role of electric charge of electrodes

Let’s return to the inactivation of E. coli in the no Cu,0 cell of MS
reactor, which was lower level than that without membrane,
indicating the inactivation process was partially inhibited and
direct contact between Cu,O film and E. coli was also important
during PC process. The results suggest electrons and holes may
directly inactivate E. coli. In order to confirm this, SCPC was
employed to monitor charge transfer between electrodes and
E. coli in PECMS reactor.

Fig. 7a shows the panorama of SCPC response to different
control conditions. Fig. 7b is the enlarged diagram of 0~250s
part in Fig. 7a. The irradiation began at 50™s. A stable SCPC
(1air=25.6 pA) for Cu,O film electrode in air-saturated Na,SO4
solution was observed. Argon was introduced to bubble the
solution at 150" s. Subsequently, the SCPC gradually increased to a
maximum 46.0 WA (iargon-max. Fig. 7b) and eventually reduced to a
minimum 0.11 WA (iargon-min, Fig. 7¢). The temporary increase of
SCPC contributed to the agitation of solution bubbled by Argon,
enhancing the charge transfer between electrodes and solution.
Half an hour later, the SCPC reduced to 0.11 wA, which corre-
sponded to the reduction of H" to H, due to the purge of O,
dissolved in the solution [2]. At 2000"s, 1 mL of ~10%/mL E. coli
was added to Cu,O cell of PECMS reactor. It is clear that SCPC
quickly increased to a maximum 3.78 wA (Fig. 7d) and then
decreased very slowly, indicating electric charge did transfer
between Cu,0 film electrode and E. coli. However, no any change of
SCPC was detected when E. coli added into the Pt cell of PECMS
reactor (data not shown here), indicating no charge transfer
proceeded between Pt electrode and E. coli. So, in this case, it is
holes, not electrons can be consumed by E. coli. Since E. coli can
capture holes, whether E. coli can be inactivated by holes need to be

1-time (b) and 5-time reused (c) Cu,O film.

clarified. As shown in Fig. 7d, a complete inactivation of about 7 log
E. coli was observed in 4.5 h (+0.5 h for deviation in triplicates). It
is clear that no ROSs was residual and produced when dissolved O,
was purged by Argon for over 30 min. So, no ROSs was responsible
for the inactivation of E. coli in anaerobic condition. In this case,
only holes, toxicity of copper ion and Cu,O film, are possibly
involved in the inactivation of E. coli. It has been reported that Cu®*
can converse to Cu* and Cu* is more toxic than Cu?* to E. coli under
anaerobic condition [42]. We determined the total copper ion
leakage from Cu,O film in anaerobic condition with 5 h irradiation
was 0.324 mg/L. In order to detect the toxicity of copper ion and
Cu,O0 film, the inactivation of 7 log E. coli by 0.324 mg/L copper ion
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Fig.11. Photocatalytic inactivation of E. coli (about 2 x 107 cfu/mL, 80 mL) by freshly
prepared (a), 1-time reused (b), 5-time reused (c), and 10-time reused (d) Cu,0 films
in PC reactor.
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and Cu,0 film in anaerobic condition was conducted under dark.
Fig. S3 shows that about 1.2 log-reduction of E. coli were observed
in 5h. So, it is no doubt that besides the toxicity of copper ion and
Cu,0 film, holes contributed to the inactivation of E. coli.
Considering holes produced at about +0.6V, in this case, the hole
can directly inactivate E. coli by electrochemically oxidizing
co-enzyme A (CoA) in the cell wall to dimeric CoA, resulting in
the death of E. coli [43].

3.6. Stability and reusability

The stability of Cu,0 film was investigated by comparing the
structures, valence states, composition and morphology among
freshly prepared, and reused Cu,0 films.

The XRD pattern of the freshly prepared Cu,O film (Fig. 8a(1))
showed Cu,0 peaks with preferential orientation along (220)
direction, indicating the n-type Cu,O film synthesized by
hydrothermal method have a relatively high percentage of
(220) facets. However, as the increase of reuse times, the
diffraction intensity of (2 20) plane gradually decreased together
with a gradual increase in diffraction intensity of (111) plane
(Figs. 8a(1)-(3)), indicating that a prolonged irradiation led to the
phase transformation of the n-type Cu,0O film. After 5-time reuse, a
weak but new peak (22 2) appeared (Fig. 8b), also indicating the
phase transformation for the n-type Cu,O film. The (111) peak
became dominant after 5-time reuse, suggesting Cu,O with
dominant (111) plane was more stable than that with other
planes under irradiation. Similar results were reported on the
phase transformation of p-type Cu,O by Zheng et al. who
concluded that Cu,0 could be used as a stable photocatalyst with
exposing (111) facets [19]. Study on crystal face dependence of
p-Cu,0 stability as photocathode shows that the (111) surfaces of
Cu,0 can be stoichiometrically terminated with Cu® against
photodecomposition [16]. So, it is expected that the 5-time reused
n-type Cu,O film with highly oriented (111) plane may also be
used as a stable photocatalyst. However, we observed the freshly
prepared Cu,O film with brick-red color turned from light black to
dark black (See Fig. S1c and S1d) after 1- and 5-time reuse,
suggesting a change of phase composition. The enlarged XRD
pattern of Fig. 8a(3), which is shown in Fig. 8b, confirmed the
change did happen due to the appearance of the three new peaks at
20 =35.60°, 38.73°and 48.65° corresponding to (002), (111) and
(202) planes of tenorite phase CuO (PDF, Powder Diffraction File,
No. 02-1040). The diffraction intensity of the CuO peaks was much
weaker than that of Cu,0 film, indicating that just a slight change
of phase composition happened.

The EDX spectra (Fig. 9) were also suggestive of the oxidation of
Cu,0 to CuO for a gradual increase in the oxygen components for
the freshly prepared, 1- and 5-time reused Cu,O films. Considering
that copper components (93.23%, 92.93% and 92.19% for the freshly
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prepared, 1- and 5-time reused Cu,O films, respectively) were
much higher than that (88.81%) for stoichiometric Cu,0, these
Cu,0 films were likely thin in thickness and could be penetrated by
the X-ray during the measurement of EDX, so the copper
components of Cuy0 films and their copper foil substrates were
all included in the process of the measurement, resulting in high
copper components in these Cu,O films. The morphology
transformations again suggest the n-type Cu,0 film proceeded a
phase transformation and was unstable under irradiation. After
1-time reuse, the morphology of Cu,0 film gradually transformed
from stone-like structure (Inset of Fig. 9a) to a mulberry-like one
(Inset of Fig. 9b), which finally changed into nanonods and
nanosheets (Inset of Fig. 9¢) after 5-time reuse.

XPS spectra of the freshly prepared, 1- and 5-time reused Cu,0
films shows the variations of valence states of these films and
further confirm the oxidation of Cu,0 to CuO (Fig. 10). The Cu2ps,,
level of Cu,0 is narrow (FWHM=2.0+0.1eV) and has a binding
energy of 933.05+0.75eV while that of CuO is broad (FWHM =
2.854+0.25eV) with a binding energy of 935.2 +£0.35eV [44]. The
peak in Fig. 10a is hard to be simulated since the peak is not so
broad and there is no shoulder peak. The binding energy of
932.7 eV for the peak is the same as the standard binding energy of
Cu2p in Cu,0, indicating that the film was prepared as pure Cu,0,
which is well in agreement with the XRD data. The Cu2ps;
spectrum of 1-time reused Cu,O shows a broad and asymmetry
peak simulated with Gaussians fits (Fig. 10b). The binding energy of
932.5eV and 934.8 eV corresponded to Cu,0 and CuO, respectively,
suggesting that surface layer of the Cu,0 film was partly oxidized
to CuO after 1-time reuse. However, XRD spectra of 1-time reused
Cu,0 film cannot identify the oxidation of Cu,0 to CuO (Fig. 8a(2)),
suggesting that the amount of CuO is too low to be detected by the
XRD measurement. After 5-time reuse, the Cu2ps;, spectrum
(Fig. 10c) presented a peak with binding energy of 935.1eV
corresponding to CuO, indicating the surface layer of Cu,O was
completely oxidized to CuO, which was supported by the XRD data
(Fig. 8a(3)). It seems that as the increase of reuse times, more and
more Cu,0 was oxidized to CuO. However, no significant change of
the XRD pattern, morphology, components was observed for
10-time reused Cu,0 film (data not shown) in comparison with
5-time reused one, indicating that no more Cu,0 was oxidized to
CuO after 5-time reuse. The reason is that CuO on surface of Cu,0
can protect Cu,0 from photo-corrosion [45]. The result suggests
that despite the n-type Cu,O with highly oriented (220) plane
unstable under irradiation, it can form a stable compound
structure of Cu/Cu,0/CuO after reuse and may be used as a good
photocatalyst.

The reusability of Cu,O film was investigated by repeated
cycling PC tests for bacterial inactivation in PC reactor. A small
decrease of inactivation efficiency was observed for 1-time reused
Cu,0 film (Figs. 11a and b). However, the inactivation efficiency
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Fig. 12. (a) Short circuit photocurrent, and (b) open circuit photopotential of freshly prepared Cu,O film and 5-time reused Cu,O film.
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was substantially reduced for 5-time reused Cu,O film (Fig. 11c)
and only about 4 log E. coli can be inactivated in 6 h. The decrease of
inactivation efficiency was due to the oxidation Cu,0 to CuO. CuO
is a semiconductor with a narrow band gap of about 1.4eV,
although it can absorb VL, the PC efficiency is poor due to the
serious recombination and the weak redox ability [20]. The result
can also be supported by comparing the photoelectrochemical
properties between freshly prepared Cu,0 film and 5-time reused
Cu,O0 film. SCPC (Fig. 12a) and open circuit photopotential (Fig. 12b)
were decreased for 5-time reused Cu,O film in comparison with
the freshly prepared Cu,O film, indicating that the oxidation of
Cu,0 to CuO results in the degradation of PC efficiency. Fortunately,
no significant differences were observed for SCPC and open circuit
photopotential between 5- and 10-time reused Cu,O films (data
not shown here), indicating that Cu/Cu,0/CuO system became
stable after 5-time reuse. The similar inactivation efficiency of
5- and 10-time reused Cu,O films (Figs. 12c and 12d) further
indicates that Cu/Cu,0/CuO system was stable and available for
reuse as a good photocatalyst.

4. CONCLUSIONS

We initiate an investigation on PC and PEC inactivation of E. coli
by pristine n-type Cu,O film. 7 log of E. coli could be completely
inactivated by Cu,O film within 6h in a PC process while the
bacterial inactivation efficiency was significantly improved in a
PEC process, in which 7log of E. coli could be completely
inactivated within 2 h by Cu,0 film with a 0.1V bias. Hole, H,0,
and toxicity of Cu,O film could directly inactivate of E. coli and the
amount of leakage copper ions (including Cu?>* and Cu*) leakage
from Cu,O0 films was not toxic to E. coli. The Cu,O film was proved
to be effective and reusable for PC and PEC inactivation of E. coli.
The use of PECMS reactor combined with SCPC technique may
contribute to the evaluation and mechanism investigation towards
PEC disinfection.
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