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ABSTRACT: The food hygiene problems caused by bacterial biofilms in food
processing equipment are directly related to human life safety and health.
Therefore, it is of great strategic significance to study new food sterilization
technology. An acidic electrolyzed water (AEW) disinfectant is an electro-
chemical sterilization technology which has the characteristics of wide
adaptability, high efficiency, and environmental friendliness. However, since
the sterilization efficiency of AEW for biofilms is not ideal, it is necessary to
increase the available chlorine content (ACC) in AEW. A feasible method to
increase the ACC is by increasing the chlorine evolution reaction (CER)
selectivity of the electrode for AEW preparation. In this paper, the RuO,@TiO,
electrode was prepared by thermal decomposition combined with high-vacuum
magnetron sputtering. Compared with the oxygen evolution reaction (OER)
activity of an ordinary RuO, electrode, the OER activity of the RuO,@TiO,
electrode is significantly reduced. However, the CER activity of the RuO,@TiO, electrode is close to the OER activity of RuO,. The
CER mechanism of the RuO,@TiO, electrode is the second electron transfer, and the OER mechanism is the formation and
transformation of OH, 4. The potential difference between the CER and OER of the RuO,@TiO, electrode is 174 mV, which is 65
mV higher than that of the RuO, electrode, so the selectivity of the CER of the RuO,@TiO, electrode is remarkably improved.
During the preparation of AEW, the ACC obtained with the RuO,@TiO, electrode is 1.7 times that obtained with the RuO,
electrode. In the sterilization experiments on Escherichia coli and Bacillus subtilis biofilms, the logarithmic killing values of AEW
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1. INTRODUCTION

Food-borne diseases are widespread in all parts of the world,
especially the food hygiene problems caused by bacterial
biofilms in food processing equipment. According to statistics,
more than 80% of bacterial infections are related to bacterial
biofilms in food processing equipment.' > A bacterial biofilm is
a complex microbial community with multiple cells, which has
a three-dimensional self-assembled extracellular polymeric
substance structure (extracellular polysaccharide, protein,
extracellular DNA, etc.).*™” Compared with the planktonic
cells, biofilms are more resistant to fungicides, so they are
extremely difficult to kill."*~'* Therefore, it is of great strategic
significance to study new food sterilization technology with
high efficiency, broad spectrum, safety, and no residue.
Electrochemical sterilization technology is a kind of
nonthermal food sterilization technology, which is beneficial
to maintain the physiological activity of functional components
in food, as well as the color, aroma, taste, and nutritional
components. The commonly used electrochemical sterilization
technology is chemical sterilization by active chlorine (Cl,,
HOCI, and ClO~) produced by electrolysis. An acidic
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electrolyzed water (AEW) disinfectant is an electrochemical
sterilization technology which has been widely studied in
recent years, and it has the characteristics of wide adaptability,
high efficiency, and environmental friendliness."*™*" At
present, there are many research studies on the sterilization
effect of AEW on the planktonic cells but few research studies
on the bactericidal effect of the biofilms in food process-
ing.zz_27 In addition, AEW can also be used in combination
with other sterilization technologies for food sterilization, such
.28 L 129 30 1 .

as ultrasonic,” ultraviolet,” ozone,” fumaric acid,”" ascorbic

132 . 33
acid,” and antioxidants.

AEW is generated by electrolysis of an extremely dilute
NaCl solution. In order to improve the sterilization efliciency
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Figure 1. SEM images of RuO, (a—c) and RuO,@TiO,-3 (d—f) electrodes.

of AEW on biofilms, it is necessary to increase the content of
available chlorine in AEW. In the process of electrolysis,
accompanied by the occurrence of the chlorine evolution
reaction (CER), the oxygen evolution side reaction (OER) is
carried out simultaneously. Especially when the CI™ content of
the electrolyte used in the preparation of AEW is very low (0.1
g L"), the potential of chlorine evolution (E = 1.52 V) of the
electrode material is very close to the potential of oxygen
evolution (E = E° + = 129 V + 02 V = 149 V). If the
concentration of NaCl decreases from 4 to 1 mol L™}, the
selectivity of the CER of the Ti—Ru—Ir electrode decreases
from 90 to 80%.>* In addition, different electrode materials
possess different overpotentials for the CER and OER, which
leads to different selectivities of the CER in the electrochemical
reaction process.”> Therefore, it is necessary to modify and
optimize the electrode materials to improve the selectivity of
the CER. In theoretical analysis, density functional theory
(DFT) thermodynamic analysis can predict the activity of the
CER and OER of the anode’*™* In 2014, the DFT
calculation of a typical dimension-stable anode (DSA) of
ruthenium—titanium oxide was studied by Karlsson et al.’’
Meanwhile, some new electrodes have been made in
experiments, such as RuO,—I1rO,—Sn0,—Sb,0,*"
Rul_ngsz,42 Ir,_Ni,0,,** Ir0,—-Ta,05,** and 1rO,—
Ta,0,—Ti0, " In addition, the DFT calculation of the
monolayers of TiO, on the RuO, (RuO,@TiO,) electrode
have also been studied by Exner et al.’”’ According to DFT
calculations, using the RuO, electrode modified with 1 ML
TiO, can reduce its CER and OER activities, but the OER
activity decreases more notably, so the CER selectivity is
improved (increased by several orders of magnitude).
However, at present, there is little experimental research on
the CER selectivity of the RuO,@TiO, electrode.*® Moreover,
the highly CER-selective electrode aimed at increasing the
available chlorine content (ACC) of AEW is also rarely
investigated. """

In this paper, a RuO,-coated electrode prepared by the
thermal decomposition method was used as the substrate, and
trace TiO, was modified on the surface of the RuO,-coated
electrode by the high-vacuum magnetron sputtering method.
Then, the RuO,@TiO, electrode was obtained. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
X-ray fluorescence (XRF) spectroscopy were used to
characterize the crystal structure, surface morphology, and
TiO, loading of the RuO,@TiO, electrode. Furthermore,
linear sweep voltammetry (LSV) was used to study the CER
and OER activities of the RuO, electrode and RuO,@TiO,

electrode. The results indicate that the OER activity of the
RuO,@TiO, electrode is lower than that of the RuO,
electrode, but the CER activity of the RuO,@TiO, electrode
is close to that of the RuQO, electrode. Therefore, the CER
selectivity of the RuO,@TiO, electrode is much higher than
that of the RuO, electrode. The preparation of AEW with the
RuO,@TiO, electrode can increase the content of available
chlorine in AEW, and the generated ACC is 1.7 times that of
the RuO, electrode, thus improving its sterilization efficiency
on biofilms.

2. RESULTS AND DISCUSSION

The ultra-low loading of TiO, can be achieved by low-power
magnetron sputtering. When the sputtering time is 120, 240,
and 480 s, the TiO, loading of RuO,@TiO,-1 (120 s), RuO,@
TiO,-2 (240 s), and RuO,@TiO,-3 (480 s) electrodes is
0.114, 0.124, and 0.155 pg cm™2, respectively (Table S1). The
surface morphology of RuO, and RuO,@TiO, electrodes is
characterized by SEM. SEM images of RuO, electrodes
prepared by thermal decomposition are shown in Figure la—
c. A relatively dense structure is formed on the surface of the
RuO, electrode. The surface of the RuO, electrode is smooth,
without prominent particles or cracks. Figure 1d—f shows the
SEM images of the RuO,@TiO,-3 electrode. During magnet-
ron sputtering, Ti atoms bombarded by Ar® react with O,
molecules in the vacuum chamber to form TiO,, which is
deposited on the substrate in the form of molecular clusters. A
layer of TiO, nanoparticles is uniformly deposited on the
surface of the RuO, electrode, as shown in Figures 1d,e and S1.
Moreover, the deposited TiO, particles are very small, with a
size of about 10—20 nm, as shown in Figure 1f.

Figure 2 shows the XRD pattern of RuO, and RuO,@TiO,
electrodes. In the XRD pattern of RuO,, many diffraction
peaks can be observed, which belong to the characteristic
diffraction peaks of RuO, and the Ti matrix. The diffraction
peaks at 38.4, 40.2, 53.0, 63.0, 70.7, and 76.3° correspond to
the (002), (101), (102), (110), (103), and (112) crystal planes
of the Ti matrix, respectively, while the diffraction peak at
35.1° corresponds to the RuO,(101) crystal plane. In Figure 2,
it can be observed that the diffraction peak of the Ti matrix is
due to the extremely thin surface layer of RuO, (the loading of
RuO, is 60 pg cm™?). Further observation indicates that there
is no difference between the diffraction peak of the RuO,@
TiO, electrode and that of the RuO, electrode. Moreover,
there is no difference in the characteristic diffraction peaks of
RuO,@TiO, electrodes with different TiO, loadings, as shown
in Figure S2. No characteristic diffraction peak of TiO, is
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Figure 2. XRD patterns of RuO, and RuO,@TiO,-3 electrodes.

observed, which indicates that TiO, does not exist in a
crystalline form. Of course, this is also related to the extremely
low loading and very small particle size of TiO, deposited on
the surface of the RuO, electrode by magnetron sputtering.

The electrochemical characteristics of the electrode can be
analyzed by cyclic voltammetry (CV). In Figure S3, it can be
seen that the electrochemical characteristics of RuO, and
RuO,@TiO, electrodes are basically the same. At a potential of
0.6V, the redox peaks of Ru®*/Ru*" can be clearly observed for
all electrodes. It is confirmed that the deposition of trace TiO,
on the surface of the electrode does not change the original
electrochemical characteristics of the RuO, electrode.

The electrochemical surface area (ECSA) represents the
surface area that can actually participate in the electrochemical
catalytic reaction. It can be obtained by analyzing the
relationship between the current density (j) and scan rate
(v) of the double-layer capacitance region [0.38—0.48 V vs
reversible hydrogen electrode (RHE)], as shown in Figure S4.
According to Figure S4, the ECSAs of RuO, and RuO,@TiO,
electrodes are calculated and listed in Figure 3a. The ECSA of
the RuO, electrode is 35 cm?”. After the addition of TiO,, the
ECSAs of RuO,@TiO, electrodes increase significantly,
reaching 58 (RuO,@TiO,-1), 55 (RuO,@TiO,-2), and 59
cm? (RuO,@Ti0,-3). However, there is little difference in the
ECSAs of RuO,@TiO, electrodes with different TiO,
loadings.

For the DSA electrode, the total surface charge (g,*) can
be divided into the inner surface charge (g,,*) and outer
surface charge (gou*). It can be obtained by analyzing the
relationship between g* and the scan rate (v) of the CV curves
(0-1.3 V vs RHE) given in Figure SS. As can be seen from
Figure 3b, the g,,* of the RuO, electrode is only 16.1 mC
cm™2 After the doping of TiO, on the surface of the RuO,
electrode, the g, * of the RuO,@TiO, electrode is increased
to 21.3-23.3 mC cm > By further observing the changes of
qin* and g, * of different electrodes, the following conclusions
can be obtained. For g,*, there is no significant difference
between the RuQ, electrode and RuO,@TiO, electrode. The
Gout™ Of the RuO,@TiO, electrode is significantly higher than
that of the RuO, electrode. Therefore, it can be proven that the
increase in g, * of the RuO,@TiO, electrode comes from the
increase in g,,*. The increase in g,,* may come from the
deposition of TiO, in the process of magnetron sputtering.

The main bactericidal activity factor of AEW is the ACC,
which is brought by the CER in the anode region. Therefore, it

o
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Figure 3. ECSA (a) and surface charges (b) of RuO, and RuO,@
TiO,-1, -2, and -3 electrodes.

is very important to study the CER activity of different
electrodes. The higher the activity of the CER is, the higher the
ACC is. Considering the apparent activity of the CER, there is
little difference between RuO, and RuO,@TiO, electrodes, as
shown in Figure 4a. The potential difference at a current
density of 100 mA cm ™2 is only 12 mV. If the different ECSA
of all electrodes is further considered, the specific activity of
the CER is obtained, as shown in Figure 4b. The specific
activity of the CER of the RuO, electrode is higher than that of
other RuO,@TiO, electrodes. For the RuO, electrode, the
potential with a specific activity of the CER of 1 mA cm™ is
1.537 V. For the RuO,@TiO, electrode-3 with the worst
specific activity of the CER, its potential is 1.575 V. The
difference between them is only 38 mV. It is mainly due to the
fact that during the preparation of the RuO,@TiO, electrode,
the ECSA of the electrode is increased by depositing TiO, on
the surface of the RuO, electrode. However, the addition of
TiO, does not improve the apparent activity of the CER.
Therefore, the CER specific activity of the RuO,@TiO,
electrode is a little worse than that of the RuO, electrode.
For RuO,@TiO, electrodes with different TiO, loadings, the
difference of the specific activity of the CER is even smaller,
only 7 mV. Therefore, the above results can prove that the
addition of trace TiO, has some influence on the activity of the
CER, but the influence is not significant.

The mechanism of the CER is further analyzed by Tafel
curves shown in Figure S. The Tafel slopes of RuO, and
RuO,@TiO0, electrodes are both in the range of 41.9—46.9 mV
dec™!, which indicates that the CER mechanism should be the
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Figure 4. Apparent activity (a) and specific activity (b) of the CER of
RuO, and RuO,@TiO,-1, -2, and -3 electrodes with the LSV curves
in 4.0 M NaCl (pH = 1.0) at a sweeping rate of S mV s™".
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Figure S. Tafel curves of the CER of RuO, and RuO,@TiO,-1, -2,
and -3 electrodes.

unconventional electrochemical desorption scheme®” (eqs
1—3). Here, step 2 (the second electron transfer) is a rate-
limiting step; its Tafel slope is 40 mV dec™. Therefore, the
rate-limiting step of the CER on the surface of the electrode
should be an electron-transfer step and not an adsorption step.
This can further explain why the apparent activity of the CER
has nothing to do with the ECSA of the electrode.

23173

S+ClT—>S—Cl+e (1)
S—Cl->S—-Cl"+e (2)
S—CI"+CI" > s+l (3)

In the preparation of AEW, the NaCl solution with a very
low concentration is used as an electrolyte (Cy,c; < 0.1 wt %),
so there is a large amount of OER in the anode region in
addition to CER. Therefore, in order to improve the selectivity
of the CER, it is necessary to reduce the activity of the OER.
From the above results, it can be proven that the addition of
TiO, has little effect on the apparent activity of the CER,
which is consistent with Exner’s theoretical calculation
results.® At the same time, Exner’s theoretical calculation
has also indicated that the addition of TiO, has a great
influence on the OER activity of the RuO, electrode. It will
greatly reduce the OER activity and substantially improve the
selectivity of the CER. Therefore, it is very important to study
the OER activities of RuO,@TiO, electrodes. In Figure 6a, it
can be clearly seen that the apparent activity of the RuO,
electrode is significantly higher than that of RuO,@TiO,
electrodes. Moreover, with an increase in TiO, loading, its
apparent activity gradually decreases. When the current density
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Figure 6. Apparent activity (a) and specific activity (b) of the OER of
RuO, and RuO,@TiO,-1, -2, and -3 electrodes with the LSV curves
in 0.5 M H,SO, + 1.33 M Na,SO, at a sweeping rate of 5 mV s™".
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reaches 100 mA cm™?, the potential of the RuO, electrode is
1.729 V. However, for the RuO,@TiO, electrode, its potential
is 1.771 (RuO,@Ti0,-1), 1.793 (RuO,@TiO,-2), and 1.807
V (RuO,@Ti0,-3), respectively. Compared with the potential
of the RuO, electrode, the potential increases by 42 (RuO,@
TiO,-1), 64 (RuO,@Ti0,-2), and 78 mV (RuO,@Ti0,-3),
respectively. While for the CER, the potential difference
between RuO, and RuO,@TiO, electrodes is only 9 mV.
Therefore, from an experimental point of view, it is proven for
the first time that the addition of TiO, has a greater influence
on the OER activity of the RuO, electrode than on the CER
activity. If the influence of the ECSA on the apparent activity
of the OER is further considered, the specific activity of the
OER can be obtained, as shown in Figure 6b. When the
specific activity is 1 mA cm™2 the potential of the RuO,
electrode is only 1.597 V. For the RuO,@TiO, electrode, its
potential is 1.675 (RuO,@TiO,-1), 1.685 (RuO,@Ti0,-2),
and 1.701 V (RuO,@TiO,-3), respectively. Compared with
the potential of the RuO, electrode, the potential increases by
78 (RuO,@TiO,-1), 88 (RuO,@TiO,-2), and 104 mV
(RuO,@Ti0,-3), respectively. Obviously, the influence of
TiO, addition on the specific activity of RuO,@TiO, is more
significant than that on the apparent activity. Therefore, the
TiO, loading has a significant effect on OER activity, which is
reflected in the fact that OER activity gradually decreases with
an increase in TiO, loading.

Because the OER activity of the RuO,@TiO, electrode
decreased significantly, it is necessary to analyze the
mechanism of the OER. In Figure 7, the Tafel analysis of

0.7
0.6
0.5
>
< 0.4
0.3 ;
RuO, 60.1 mV dec”
02 RuO,@TiO,-1 67.2 mV dec’
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Figure 7. Tafel curves of the OER of the RuO, and RuO,@TiO,-1,
-2, and -3 electrodes.

RuO,@TiO, and RuO, electrodes is carried out. The Tafel
slopes of RuO,@TiO, electrodes are in the range of 67.2—78.7
mV dec™'. However, the Tafel slope of RuO, is only 60.1 mV
dec™. In the acid solution system, it is generally believed that
the mechanism of the OER is as follows (eqs 4—8). If the
symmetry factor  is 0.5, and eqs 4—6 are rate-limiting steps,
respectively, the Tafel slopes are 120, 60, and 40 mV dec™},
respectively. Therefore, the value of the Tafel slope of the
RuO, electrode is near 60 mV dec™’, indicating that the
reaction-control step is the formation and transformation of
OH_q4,. As for the RuO,@TiO, electrode, the increased Tafel
slope indicates that the reaction rate of the rate-limiting step
decreases. This is because the electronic properties of the
RuO, electrode will change after adding TiO,. In XPS spectra

shown in Figure S6, the binding energy peak of the Ti** 2p
orbital can be clearly observed, which proves the existence of
TiO, on the electrode surface. In Figure S7, the binding energy
peaks of the Ru*'/Ru®* 3p,,, orbital of the RuO,@TiO,-3
electrode shift negatively by 0.1—0.2 eV compared with those
of the RuO, electrode. The change in the electronic properties
will lead to the weakening of the oxygen adsorption energy on
the surface of the RuO,@TiO,-3 electrode, thus reducing the
reaction rate in step S. This is also consistent with Exner’s
calculation results.

S+ H,0 > S—OH +H"'+e (4)
S - OH;kds - S - OHads (5)
S—OH,, —»S—-04 +H +e (6)

S—O0OH, +S—-0H,4 — S - 04 + H,O (7)

S—04 +S—0,4 225+ 0, (8)

S

As shown in Figures 4 and 6, the potential difference
between the CER and OER (AEcpp.opr) of the RuO,
electrode is only 109 mV at a current density of 100 mA
cm™2 However, for the RuO,@TiO,-3 electrode, the
AEcgr.opr is 174 mV, far exceeding that of the RuO,
electrode. The AEcgp opr of the RuO,@TiO,-3 electrode is
significantly higher than that of the RuO, electrode, which
indicates that the RuO,@TiO,-3 electrode has excellent CER
selectivity. If the influence of ECSA is considered, AEqgg_ogg is
compared under the same specific activity. When the specific
activity was 1.0 mA cm ™, the AEcg_opr of the RuO, electrode
is 60 mV, while the AEcpg opr of the RuO,@TiO, electrode
increases to 126 mV. At this time, the AEcppopr of the
RuO,@Ti0,-3 electrode is still significantly higher than that of
the RuO, electrode. The large AE g opr greatly inhibited the
occurrence of the OER and enormously improved the
selectivity of the CER. If the loading of TiO, is further
increased greatly, the CER and OER activities of RuO,@TiO,
both decrease obviously, as shown in Figure S8. Further
analysis of the CER stability of the RuO,@TiO,-3 electrode
indicates that the CER activity has not changed significantly
after the 13 h chronoamperometry experiment at a potential of
2.0 V, as shown in Figure S9.

Therefore, the RuO,@TiO, electrode has excellent CER
selectivity and is suitable for the preparation of AEW at a low
concentration of NaCl. Then, the ACC analysis of AEW
prepared by RuO, and RuO,@TiO, electrodes is shown in
Figure 8a. As far as the ACC is concerned, the ACC of AEW
obtained by electrolysis with the RuO,@TiO,-3 electrode is
34.17 mg L', which is 1.7 times that obtained by electrolysis
with the RuO, electrode (20.46 mg L™'). Moreover, the
current efficiency of ACC in AEW prepared by the RuO,@
TiO,-3 electrode is 25.83%, which is also obviously higher than
that by the RuO, electrode, as shown in Figure S10. Thus, it
can be proven that the electrolysis efficiency of the CER of the
RuO,@TiO, electrode is higher than that of the RuO,
electrode, and it will generate the more ACC during the
preparation of AEW.

Furthermore, AEW prepared by RuO, and RuO,@TiO,
electrodes was used for sterilization experiments. Bacterial
biofilms of Escherichia coli and Bacillus subtilis were sterilized,
and the killing logarithm values are shown in Figure 8b. The
killing logarithm values of E. coli and B. subtilis of AEW
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Figure 8. ACC in AEW prepared by the RuO, and RuO,@TiO,-3
electrodes (a). Logarithmic killing values of E. coli and B. subtilis of
AEW prepared by the RuO, and RuO,@TiO,-3 electrodes (b).

prepared by the RuO, electrode are 1.1 and 0.59 log;, CFU/
mL, respectively. The logarithmic killing values of AEW
prepared by the RuO,@TiO, electrode of E. coli and B. subtilis
are 3.74 and 2.64 log,, CFU/mL, respectively. Obviously, the
sterilization effect of AEW prepared by the RuO,@TiO,
electrode is good because the ACC of AEW prepared by the
RuO,@TiO, electrode is high. The high ACC of AEW is due
to the high CER selectivity of the RuO,@TiO, electrode. In
this way, through the regulation of electrode materials, the
CER selectivity of the electrode is changed, and AEW is
prepared more efficiently, thus obtaining more efficient
sterilization efficiency.

3. CONCLUSIONS

In order to enhance the ACC in AEW and thesterilization
efficiency of biofilms, it is necessary to improve the CER
selectivity of the electrode for AEW preparation. In this paper,
the RuO,@TiO, electrode was prepared by thermal decom-
position combined with high-vacuum magnetron sputtering.
Compared with the OER activity of an ordinary RuO,
electrode, the OER activity of the RuO,@TiO, electrode is
greatly reduced. However, the CER activity of the RuO,@
TiO, electrode is close to the OER activity of RuO,. The
potential difference between the CER and OER of the RuO,@
TiO, electrode is 175 mV, which is 58 mV higher than that of
the RuO, electrode, thus improving the selectivity of the CER
of the RuO,@TiO, electrode. The CER mechanism of the
RuO,@TiO, electrode is the second electron transfer, and the
OER mechanism is the formation and transformation of OH,_,.
The RuO,@TiO, electrode was used in AEW preparation, and
the ACC produced by it was 1.7 times that produced by the
RuO, electrode. The logarithmic killing values of both E. coli
and B. subtilis biofilms of AEW prepared by the RuO,@TiO,
electrode are higher than those of AEW prepared by the RuO,
electrode.

4. EXPERIMENTAL METHODS

4.1. Electrode Preparation. A Ti plate was utilized as the
electrode substrate, which was sand-blasted and degreased in 2
mol L™" H,SO, with ultrasonication. Then, a gray surface with
a uniform roughness was produced by boiling it in 10 wt %
H,C,0, at 96 °C for 1 h. The preparation of the RuO,
electrode by thermal decomposition is described in detail as

follows. The RuCl;-3H,O precursors were dissolved in the 1:1
volume ratio ethanol and n-butanol mixed solutions. The ion
concentration of Ru** was 0.02 mol L™". After the solution was
uniformly dispersed by ultrasonication, 30 uL of the solution
was dripped onto the Ti foil. When the surface solvent was
completely volatilized, it was calcined at 400 °C in a muffle
furnace for 1 h. The Ru loading was about 60 g cm™2 The
RuO, electrode processed above was placed on the sample
stage of the vacuum chamber of the high-vacuum magnetron
sputtering apparatus (TRP-450, SKY Technology Develop-
ment Co., Ltd). During the experiment, a Ti target with a
purity of 99.99% was used as a sputtering target and connected
to a DC power supply. The vacuum chamber was evacuated to
4 X 107* Pa before sputtering. Then, a mixture gas of Ar and
O, was introduced, and their flow rates were 20 and 10 mL
min~", respectively. The pressure of the vacuum chamber was
adjusted to 1.0—1.2 Pa. When the sputtering time was 120,
240, and 480 s, respectively, the obtained samples were
recorded as RuO,@TiO,-1, RuO,@TiO,-2, and RuO,@TiO,-
3 electrodes.

4.2. Material Characterization. SEM images were
captured with a Zeiss SIGMA field-emission scanning electron
microscope. XRD patterns were acquired using an XRD-7000
X-ray diffractometer. Analysis of the composition of the
electrode was carried out by XRF (EDX-7000, Shimadzu,
Japan).

4.3. Electrochemical Measurements. In the electro-
chemical experiment, a three-electrode system was used for
testing using the CHI600E instrument. The working electrodes
are RuO, and RuO,@TiO, electrodes. The counter electrode
and the reference electrode are a platinum wire and the
Hg,S0,/Hg/K,S0, (0.1 mol L") electrode, respectively. CV
was carried out in the potential range of 0—1.3 V vs RHE in a
0.5 mol L™' H,SO, solution. The double-layer capacitance
scanning was performed in the potential range of 0.38—0.48 V
vs RHE in a 0.5 mol L™ H,SO, solution. The CER activity
was characterized by LSV in a 4.0 mol L™ (pH = 1) NaCl
solution at a scanning speed of S mV s™' in the range of 1.2—
1.7 V. The OER activity was characterized by LSV in a 0.5 mol
L' H,SO, + 1.33 mol L' Na,SO, solution at a scanning
speed of S mV s™' in the range of 1.2—1.9 V.

4.4, AEW Preparation and Analysis. 0.1 wt % NaCl was
electrolyzed to produce AEW in an anion-exchange membrane
electrolytic cell with a volume of 50 mL. The anode was the
RuO, or RuO,@TiO,-3 electrode and the cathode was a Ti
plate. The electrode area was 1 cm® The current density was
20 mA cm™? and the electrolysis time was 30 min. The
concentration of total active chlorine dissolved in the solution
was determined using the 3,3',5,5'-tetramethylbenzidine
(TMB) colorimetric method. In this method, TMB was
oxidized to form a yellow product, and its concentration was
analyzed immediately using a spectrophotometer (TU-1900,
Beijing Purkinje General Instrument Co., Ltd.) at 450 nm.

4.5. Sterilization Effect of AEW. E. coli (ATCC8739,
purchased from Guangdong Huankai Microbial Sci. & Tech.
Co., Ltd) and B. subtilis (ATCC9372, purchased from
Guangdong Huankai Microbial Sci. & Tech. Co., Ltd) were
used as representatives of Gram-negative and Gram-positive
bacteria, respectively. The bacterial culture solutions were
grown at 37 °C for 24 h, and the final concentration reached
about 10° CFU mL™". The biofilm carrier is a stainless steel
sheet, which was cut into a 1 X 1 cm square sheet. First, the
stainless steel sheet was soaked in absolute ethyl alcohol
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overnight to remove the grease on the surface, and then, it was
cleaned by ultrasonication with S mol L™" hydrochloric acid for
1S min, and finally, it was rinsed with distilled water 3—35 times.
The treated stainless steel plate was put into a test tube
containing 10 mL of the nutrient agar medium, and then, 0.1
mL of the above bacterial suspension was added. The bacterial
biofilm was obtained by continuous culture for 7 days
(changing the culture solution every 24 h) in a constant
temperature oscillator at 37 °C and 150 rpm. The cultured
biofilm was taken out and washed with phosphate-buffered
saline solution. The biofilm was placed into the test tube
containing 10 mL of AEW for sterilization for 10 s and then
quickly moved to the test tube containing 10 mL of the sodium
thiosulfate neutralizer to stop sterilization. The biofilm was
removed after sterilization, to which 10 mL of normal saline
was added, and then, it was peeled off by ultrasonication for 15
min (100 W, 25 °C). The survival of E. coli or B. subtilis was
determined by the colony counting method using a nutrient
agar plate.
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