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Perovskite-type lanthanum cobaltate (LaCoOs3) has been attracting extensive attention in photocatalysis; yet the
performance is generally limited by the low structural defects and poor oxygen migration. Herein, results from
first principles calculations show that Al and Ce codoping at the A and B sites of LaCoO3 can induce the formation
of oxygen vacancies, which, along with the exposed Co (012) facets, facilitate the adsorption of oxygen and
water molecules, a critical step in the photocatalytic production of reactive oxygen species that are known as
potent antimicrobial agents. Motivated by these theoretical insights, Ce and Al codoped LaCoOs is prepared
experimentally via a simple sol-gel procedure. Spectroscopic measurements show that the cationic doping leads
to the generation of abundant oxygen vacancies and Ce**/Ce®" species, fast electron transport, as well as a
reduced band gap, as compared to the undoped counterpart. These unique structural characteristics enhance the
separation and transport of photogenerated carriers and hence the generation of reactive oxygen species. Indeed,
the obtained LaggCep1C00.9Alp 103 exhibits excellent photocatalytic antibacterial activity, where 98.8% of
Escherichia coli is eliminated with Lag.9Cep.1C0¢ 9Alp 103 at 1 mg mL~! under visible photoirradiation for 30 min,
in comparison to only 46.8% with undoped LaCoOs. These results underline the significance of structural en-
gineering in enhancing the photocatalytic activity of perovskite materials for antibacterial applications.

1. Introduction synthesized nanoparticles (NPs) may possess unique antibacterial ac-

tivity towards both Gram-positive and Gram-negative bacteria [4-6].

Bacterial infections have become one of the most serious threats to
public health, which may arise in postoperative wounds, bacterial
spoilage in food breeding, and illnesses caused by the misuse of antibi-
otics [1]. Studies have shown that more than half of bacterial infections
are caused by Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) [2]. Moreover, the misuse/abuse of
antibiotics has led to an increase in bacterial resistance, resulting in the
emergence and rapid spread of “superbugs” that pose a great danger to
the ecological environment and human health [3]. Thus, rational design
and engineering of high-performance, low-cost antibacterial agents have
been attracting extensive interest. It has been shown that chemically
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For example, silver nanoparticles mixed with titanium dioxide nano-
powders can inhibit bacterial growth [7,8], and gold, copper, and silver
nanoparticles have been exploited for water disinfection [9].

Recently, photocatalysis has emerged as a green technology to
combat bacterial infection [10], where the development of effective,
stable, and low-cost semiconductor photocatalysts plays a key role, such
as metal oxides [11], metal sulphides [12], metal polyhalides [13-15],
polymeric carbon nitride [16], and perovskite (ABO3) [17], due to the
production of a range of radical species [18,19]. Among these,
perovskite-type lanthanum cobaltate (LaCoOs) has been attracting
particular attention [20]. However, the relatively wide forbidden
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Fig. 1. Schematic diagram of sample preparation by the sol-gel method.

bandgap of LaCoOg greatly limits its solar energy harvesting efficiency
and hence the photocatalytic activity due to a high recombination rate of
photogenerated electron-hole pairs [21]. Such issues can be mitigated
by deliberate structural engineering so that the electronic energy
structure can be manipulated, in particular, for enhanced absorption in
the visible light range.

Notably, the BOg octahedral structure of Co>* and 0% and the eg
orbitals have been known to determine the adsorption energetics of
reactant species onto LaCoOs [17,22]. The Co 3d orbitals act as the
conduction band (CB) of LaCoOs, and modulate the upward shift of the
O 2p orbitals (valence band, VB) relative to the Fermi level. This facil-
itates the formation of oxygen defects in the crystal structure [22], and
enhances the conduction of oxygen ions and the catalytic activity of the
perovskite. Therefore, one can see that the electronic properties of
LaCoOs3 can be readily manipulated by the introduction of cationic
dopants into the lattice, as the replacement of La>" and/or Co®" by
foreign cations is anticipated to induce the formation of oxygen va-
cancies and accelerate the migration of oxygen species, such as surface
adsorbed oxygen and lattice oxygen [23,24]. For instance, the intro-
duction of Ce in the variable oxidation state (Ce**/Ce3*) at the A sites
can increase the surface area, reduce the grain size, and produce a high
number of defects, leading to an increase of both oxygen storage and
oxygen conversion active species and hence enhanced optical absorption
and oxidation/reduction activity of LaCoO3 [25,26]. Wang et al. [27]
showed that the methane reforming activity of Lag 4Ceg ¢Nio.sFeg 503
was enhanced due to the formation of low-valence Ni?* and abundant
oxygen vacancies induced by Ce** at the A sites. Tang et al. [28] used K™
to partially replace La>* at the A sites to promote the formation of Co**,
achieving a high oxidation activity due to the formation of abundant
oxygen vacancies.

In general, the B site of LaCoOs consists of transition metal elements
to modulate its electronic structure and oxygen vacancy concentration
for high catalytic performance. For instance, Lu et al. [29] found that the
photocatalytic activity of LaCoO3 towards phenol degradation could be
markedly enhanced by introducing transition metal elements, such as
Mn, Fe, and Cu, at the B sites, among which LaCog 4Cug 03 stood out
with the best performance. Al-doped LaCoOs has also been prepared for
photocatalysis. For instance, doping of aliovalent metal cations to
SrTiO3 was found to lead to an apparent quantum yield (AQY) of 56% at
360 nm and an effective water splitting efficiency of 0.4% under simu-
lated sunlight [30,31]. This was accounted for by the Al dopants at the B
sites that inhibited the recombination of electron-hole pairs [32]. In fact,
for Al**-modified materials, mid-infrared transient absorption spec-
troscopy measurements confirmed an extended electron-hole carrier
lifetime [33]. In these studies, the adsorption capacity and oxygen
migration efficiency of the catalysts can be readily altered by adjusting
the valence and species of the A and B sites. Nevertheless, thus far the
photocatalytic activity of LaCoO3 has mostly focused on the degradation
of organic pollutants [25,29,34], whereas few studies have been re-
ported in antibacterial applications.

In the present study, Ce and Al-codoped LaCoOs is prepared via a
facile sol-gel method, where the doping of Ce and Al into the A and B
sites of the LaCoOj3 lattice leads to the modulation of surface Co ions and
the formation of oxygen vacancies, and hence a remarkable photo-
catalytic antibacterial performance towards both Gram-negative and
Gram-positive bacteria. This experimental design is motivated by results
from computational studies based on density functional theory (DFT)
calculations, where the non-active center atoms, in particular, oxygen
vacancies, are found to improve the photoresponse, reduce the material
bandgap, and facilitate photocarrier separation. Among the series, the
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Lag.9Ce.1C00.0Al.103 sample exhibits the best antibacterial perfor-
mance, due to excellent adsorption and charge transfer properties. Re-
sults from this work highlights the unique potential of LaCoOs-based
materials as high-performance antimicrobial agents.

2. Experimental section
2.1. Chemicals

Lanthanum nitrate hexahydrate (La(NO3)3-6H20, >99%), cerium
nitrate hexahydrate (Ce(NO3)3-6H20, >98%), aluminum nitrate non-
ahydrate (Al(NO3)3-9H20, >98%), and cobalt nitrate hexahydrate (Co
(NO3)2-6H20, >98%) were purchased from Macklin Biochemicals Co.,
Ltd. Sodium hydroxide (NaOH, >96%), ammonia solution (NHs-H20
25%), and sodium sulfate anhydrous (NazSO4, >99%) was purchased
from Tianjin Tianli Chemical Reagents Co., Ltd. All chemical reagents
were of analytical reagent grade.

2.2. Sample preparation

A series of La;.,CexCo1.,Al,O3 samples (0 < x, y < 1) were synthe-
sized by the sol-gel method, where the A and B sites were respectively
doped with Ce and Al at systematically varied concentrations. Experi-
mentally, lanthanum nitrate hexahydrate (La(NO3)3-6H20), cerium ni-
trate hexahydrate (Ce(NO3)3-6H20), aluminum nitrate nonahydrate (Al
(NO3)3-9H20), cobalt nitrate hexahydrate (Co(NO3)2-6H20) and citric
acid (CgHgO7) were dissolved in deionized water at a molar ratio of 1:1.2
of total metal ions to citric acid but with varied initial feeds, and the
solution pH was adjusted to 9 by ammonia (NHs-H20). The solution was
placed in an 85 °C water bath until a wet gel was formed. The gel was
dried and calcined at 600 °C in air to obtain the corresponding perov-
skite nanoparticles, as illustrate in Fig. 1.

2.3. Characterization

The crystal structure of the perovskite samples was determined by X-
ray diffraction (XRD) measurements using a Rigaku D/Max-2200
diffractometer (Cu Ky, A = 0.154 nm) at a scanning step of 0.02"
within the range of 20 to 80°. The morphology of the samples was
examined with a scanning electron microscope (SEM, S4800) and
transmission electron microscope (TEM, Tecnai G2 F20-Twin), and
elemental analysis was performed with an attached energy-dispersive X-
ray spectrometer (EDS). The optical absorption was tested with a
Lambda-950 UV-vis spectrophotometer within the range of 200 to 800
nm. The valence states were characterized by X-ray photoelectron
spectroscopy (XPS, AXIS SUPRA) measurements with the C 1 s binding
energy (284.6 eV) as the calibration reference. Infrared spectra were
acquired with a Bruker VERTEX 80v instrument. The recombination
efficiency of the photogenerated electron-hole pairs was characterized
by transient photocurrent measurements with an Ag/AgCl reference
electrode in 0.1 M NaySO4. Photoluminescence (PL) spectroscopy mea-
surements were carried out with an F-7000 spectrometer at the excita-
tion wavelength of 420 nm with an excitation/emission slit of 5.0 nm.
Electron paramagnetic resonance (EPR) measurements were conducted
with a JEOL-JES-FA200 instrument and 5,5-dimethyl-1-pyrroline
(DMPO) as the spin-trapping agent.

2.4. Photodynamic antibacterial activity

The bacteria solution in logarithmic growth phase and the samples
prepared above were mixed at a volume ratio of 1:1, and the mixture
was placed under visible light for 0, 10, 20 and 30 min (100 mW cm 2,
Shenzhen Jiansheng Lighting Co., Ltd.) after adsorption equilibrium in
the dark. 28 pL of the above solution was evenly applied on the surface
of a solid agar medium and incubated at 37 °C for 20 h, where the
number of surviving bacterial colonies was counted by ImageJ®
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Fig. 2. Crystal structures of (a) LaCoOs, (b) LaCogoAlg103, and (c,d)
Lag.9Cep.1C0p.9Alp.103 after optimization. Color legends: O, red; Co, pink; La,
cyan; and Ce, dark blue. The coordination numbers of the surface species are
highlighted in each structure.

software.

2.5. SEM analysis

The samples were mixed with bacteria under shaking, after which
the bacterial cells were centrifuged and fixed with a glutaraldehyde
(2.5% mass fraction) solution at 4 °C for 12 h. The fixed bacteria were
rinsed three times with a 0.1 M phosphate buffer solution (PBS) and
dehydrated in a gradient of 30%, 50%, 70%, 80%, 90% and 100%
ethanol for 10 min, before being dried in a fume hood for 1 h and in a 50
°C oven for 2 h.

2.6. Bacterial fluorescence labeling

Bacteria in logarithmic phase were inoculated in a fresh LB medium
at a ratio of 1:10, into which the samples and bacteria were added at a
volume ratio of 1:1. The mixture was shaken at 37 °C for 10 h in a
constant-temperature water bath shaker, followed by centrifugation and
rinsing twice to collect the bacteria. The collected bacteria were stained
with propidium iodide (PI, 15 mM) for 15 min and SYTO 9 (3 mM) for
10 min in the dark, before being examined with a LSM800 laser confocal
fluorescence microscope.

2.7. Computational study

The Vienna Ab Initio Simulation Package (VASP) [35] was adopted
to perform all DFT calculations within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formu-
lation [36]. The projection augmented wave (PAW) [37] potentials were
used to describe ionic cores, and valence electrons were considered
using a plane wave basis set with a kinetic energy cutoff of 520 eV.
Partial occupancies of the Kohn — Sham orbitals were allowed using the
Gaussian smearing method with a width of 0.05 eV. The electronic en-
ergy was regarded as self-consistent when the energy change was
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Fig. 3. DFT-based optimized slab structure corresponding to the unique low-
index (012) facets of (a) rhombohedral LaCoOs, (b) LagoCeg.1C0g.9Alg 103,
(c) Vo-decorated LaCoOs, and (d) Vo-decorated Lag oCeq 1C0g.0Alg103. Color
legends: red, pink, cyan and dark blue for O, Co, La and Ce, respectively. The
coordination numbers of the surface species are highlighted in each structure.

smaller than 10° eV. Moreover, a geometrical optimization was
considered convergent when the force change was < 0.05 eV A~L.
Grimme’s DFT-D3 methodology [38] was used to describe the dispersion
interactions. The Brillouin zone integral used the surface structures of 2
x 2 x 1 monkhorst pack K-point sampling. Finally, the adsorption en-
ergies (Eags) were calculated as E,gs = Ead/sub — Ead — Esub, Where Ead/sub,
E,4, and Egyp, were the total energies of the optimized adsorbate/sub-
strate system, the adsorbate in the gas phase, and the clean substrate,
respectively.

3. Results and discussion
3.1. Computational studies

The structures of Ce, Al-codoped LaCoOgs were firstly optimized by
computational studies. Fig. 2 shows the optimized crystal structures of

(€)) LaC003, (b) LaCOO.gAlo.log, and (C, d) Lao.gceoll(:Oo.gAlo,lOg. The
latter entails two different crystal configurations, one with Ce situated

Chemical Engineering Journal 464 (2023) 142710

away from Al (Eya = -221.2958 eV, Fig. 2¢), and the other with Ce
situated close to Al (Eptal = -221.1059 eV, Fig. 2d). Secondly, the
optimization of the low-index (012) crystal plane was used as a pre-
requisite for the introduction of oxygen vacancy (Vo) defects. Hence,
DFT-based optimized slab structures were obtained corresponding to the
unique low-index (012) rhombohedral LaCoOs and LagoCep.
Cop.9Alp 103 facets (Fig. 3a-b). To investigate the effect of doping on
oxygen vacancy formation in depth, DFT calculations were carried out to
compare the oxygen vacancy formation energy on the surface of LaCoOg
and Lag 9Ceg.1C00.9Alg 103, which was lower on the latter (Vo — FE =
+0.51436 eV, Fig. 3d) than on the former (Vo — FE = +1.36593 eV,
Fig. 3c). This is because oxygen vacancies can produce defective-state
energy levels, function as electron traps for carrier separation, and act
as active centers for catalytic processes [39]. Taken together, these re-
sults show that codoping at the A and B sites can induce the formation of
defect states in a way that contributes to the formation of oxygen
vacancies.

To examine the effects of oxygen vacancies on the production of
reactive oxygen species (ROS) for antibacterial applications, DFT cal-
culations were carried out to compare the adsorption of HO and O, on
the surfaces of Vo-decorated LaCoO3 (LaCoO3-Vo) (Fig. 4al and c1) and
La0‘9Ce0,1C00‘9A10,103 (La0‘9Ce0‘1C00,9A10,103-Vo) (Fig. 4b1 and d].)
Notably, the adsorption energies of HyO and O increased from
—1.36914 and —0.53921 eV on LaCoOs3-Vo to —1.78993 and —1.10859
eV on LaggCep1Cop9Aly103-Vo, suggesting that oxygen vacancies
drastically facilitate the adsorption of HoO and Oz molecules [40], a key
step in the photocatalytic generation of ROS and the eventual antibac-
terial pathway [41,42].

Additionally, from the charge density difference diagrams (Fig. 4a2-
d2), one can see that charge transfer may occur between the crystal
surface and adsorbed H0 and O3 molecules. This indicates that oxygen
vacancies indeed enhance chemical adsorption [43]. In particular, the
adsorption of HoO and Oz on Lag gCep.1C0g.9Alp 103-Vo boosts charge
transfer and enables the generation of ROS (e.g., «OH and «03). In
addition, the presence of Ce3*/Ce** (Fig. 4b2 and d2) enhances charge
transfer within the crystal, not just on the sample surface, resulting in
efficient catalytic performance, as observed below [44,45].

3.2. Characterization of Lag ¢Ceg .1C0¢.9Alp 103

Motivated by the computational insights, a series of La; ,Ce,Coi.
yAl,O3 samples were then prepared via a facile sol-gel method. The XRD
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Fig. 4. Optimized structures of (al, bl) HyO and (c1, d1) O, absorption on the low-index (01 2) facets of rhombohedral LaCoO3-Vo and Lag 9Cep.1C00.9Alg.103-Vo.
Charge density differences of optimized (a2, b2) H,O and (c2, d2) O, absorption on LaCoO3-Vo and Lag 9Ceg 1C00.9Alg 103-Vo. Color legend: red, pink, cyan and dark
blue for O, Co, La and Ce, respectively. The coordination numbers of the surface species are highlighted in each structure. In panels (a2-d2), light blue represents

charge loss and yellow denotes charge gain.
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Fig. 6. (a, b) TEM images, (c) HRTEM image and (d-i) EDS-based elemental maps of Lag 9gCen.1C0p 9Alg.1O3. Scale bars are (a) 200 nm, (b) 100 nm, (c) 10 nm, and (d-
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patterns of LaCoOs, LaCogoAlp103 and LagogCep1Cog9Aly103 are rhombohedral LaCoO3 (JCPDS No: 48-0123), respectively [25], sug-
shown in Fig. 5a. One can see that all three samples possess the gesting almost identical crystal structure. In fact, the diffraction patterns
diffraction peaks at 20 = 23.2°, 33.2°, 40.6°, 47.5° and 59.0° that can be remained virtually unchanged with the doping of Al even at y > 0.1
ascribed to the (012), (104), (202), (024), (214) crystal planes of (Figure S1a), due to the consistent phase property of LaCoOs and LaAlO3
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[46]. Yet, from the zoom-in of the (1 04) diffraction peak in Figure S1b,
it can be seen that the peak position shifts slightly to a higher angle with
increasing Al content from 20 = 33.2° aty = 0 to 20 = 33.3° aty = 0.5,
likely due to the smaller ionic radius of AI** (0.53 A) than that of Co®*
(0.74 A) [46]. This suggests that the samples at low doping (x, y < 0.1)
largely retained the perovskite structure [47]. However, as ce3t (1.01
A) and Ce*t (0.87 A) are smaller than La®" (1.03 A) [44], lattice
distortion is prone to occur, leading to the emergence of a new phase
(LagO3, JCPDS No: 22-0369) [48], which appeared at x > 0.1
(Figure S2a). It has been previously reported [26] that the change of the

structure of perovskite rhombohedral phase depends on the size of the
substituent lanthanides, and lattice distortion generates oxygen va-
cancies. The substitution at the La lattice (A) sites leads to different
orders of ions and vacancies, which impacts the eventual catalytic
activity.

The crystalline grain size (D) of the Lag9Ceg 1C09.9Aly.103 perov-
skites was then evaluated by the Scherrer equation, D = /%’ where ) is
the X-ray wavelength (0.1540 nm), K is the constant (0.91), p is the full-
width at half-maximum of the diffraction peak, and 0 is the diffraction
angle. From the calculation, one can see that the average grain size of the
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Lag.9Ce(.1C00.9Alg.103 was within the range of 20 to 30 nm.

In FTIR measurements (Fig. 5b), all samples can be seen to show
vibrational bands at ca. 3450, 1480 and 1360 cm™!, due to the O-H
stretching, bending and shear vibrations of adsorbed HyO molecules,
respectively [48]. The peak at 600 and 660 cm ™! correspond to the Co-O
bending vibration and Al-O stretching vibration of LaCog9Aly 103,
respectively [21,49]. In addition, the vibrational bands below 700 cm!
changed significantly with the Ce doping (Fig. 5¢c and S2b). Figure Slc
depicts the corresponding UV-vis diffuse reflectance spectra. As
compared to undoped LaCoOs, one can see that the overall absorption
was enhanced with Al doping across the wide wavelength range of 200
to 800 nm, with the absorption edge extended to the visible range from
the UV region.

The morphology and elemental distribution of the LagoCe .
Cog.9Alg 103 sample were then analyzed by TEM measurements. From
Fig. 6a-b, the sample can be seen to consist of a number of nanoparticles
of 50-100 nm in diameter. High-resolution TEM measurements of the
nanoparticles (Fig. 6¢) show clearly-defined lattice fringes with an
interplanar spacing of 0.323 nm that can be ascribed to the (01 2) planes
of LaCoO3 (JCPDS No: 48-0123). In EDS-based elemental mapping
analysis (Fig. 6d-i), the elements of La (cyan), Ce (yellow), Co (purple),
Al (red), O (green) can be found to be evenly distributed across the entire
sample, consistent with the above XRD results.

The UV-vis diffuse reflectance spectra of LaCoO3, LaCog 9Alp.103 and
Lag.9Ce(.1C00.0Aly.103 are shown in Fig. 7a. One can see that the ab-
sorption range extends from the UV to visible region upon Ce doping,
and Lag gCey1C0g.9Aly 103 exhibited the highest absorbance. This is
likely due to partial substitution of La by Ce at the A sites that created
lattice defects and enhanced the transfer of electrons from the O 2p
orbital [26]. When the doping amount (x) of Ce was > 0.1 (Figure S3a),
the absorption intensity started to decrease, likely due to the destruction
of the crystal structure of the sample. Fig. 7b and S3b shows the corre-
sponding Tauc plots, from which the band gaps of LaCoOs and Laj .
Ce,Cog.9Alg 103 were estimated to be 3.13, 2.79, 2.48, 3.05, and 2.71 eV
atx =0, 0.05, 0.1, 0.15, and 0.2, respectively, in comparison to 3.24 eV
for pristine LaCoOs. That is, the utilization of visible light was maxi-
mized by the doping of Ce at x = 0.1 (and Al at y = 0.1, Figure S3) in
LaCoOj3, which would be beneficial to improve the photocatalytic anti-
bacterial performance (vide infra).

This is consistent with the photocurrent profiles of the LaCoOs,
LaCog 9Alp.103 and Lag 9Cep 1C0g.9Aly.103 samples, as shown in Fig. 7c.
Both LaCog9Alp 103 and LaggCeg 1C0¢9Aly.103, with partial cationic
substitutions, can be seen to exhibit stable photocurrent intensities
under visible light irradiation, whereas the photocurrents of undoped
LaCoOs decayed gradually with increasing irradiation time, due to
recombination of photogenerated electrons and holes [45]. Notably, it
can be seen that Lag 9Ce.1C00.9Alg 103 exhibited the largest photocur-
rents, suggesting a highest separation efficiency of the photogenerated
electron-hole pairs. This is further confirmed in PL emission

measurements (Fig. 7d), where the LaCoOs, LaCogogAlg103, and
Lag.oCep.1C00.9Alp.103 samples can all be seen to exhibit a PL emission
peak at 570 nm. Compared to the undoped LaCoOs, the emission of the
Ce and Al codoped samples was significantly quenched, consistent with
enhanced separation of the photogenerated electron-hole pairs [45,50].

In addition, the CB and VB energies of the samples can be determined
by the following equations [51],

Ecg =y —E° —0.5E, (€8]
Evg = Ecg +E, (2)

where E, is the bandgap energy of the sample, E® is the energy of free
electrons vs. hydrogen (4.5 eV), and y is the electronegativity of the
material. Based on the bandgap of the materials, the Ecg and Eyg were
estimated and listed in Table S1 for LaCoOs, LaCogoAlp103 and
Lag.oCep.1C00.9Alp.103, and graphically presented in Fig. 7e.

The valence states of lanthanum, cobalt, aluminum, cerium, and
oxygen in the LaCoOs, LaCog 9Alp 103, and Lag gCep.1C0g.9Alp 103 sam-
ples were then characterized by XPS measurements. From the survey
spectra in Figure S4, the Al 2p, O 1 s, Co 2p, La 3d and Ce 3d electrons
can be clearly identified at 73, 530, 780, 836, and 882 eV, respectively.
On the basis of the integrated peak areas, the elemental composition was
estimated to be 14.21 at% for La, 15.67 at% for Co, and 70.12 at% for O
for the undoped LaCoOs3 (Table S2), which is rather close to the stoi-
chiometric ratio. For the doped samples, the elemental contents were
also consistent with the initial feeds, 13.67 at% for La, 1.44 at% for Ce,
11.44 at% for Co, 1.23 at% for Al, and 72.22 at% for O in Lag ¢Ceq 1.
Cog.9Alp.103, in comparison to 14.79 at% for La, 11.91 at% for Co, 1.36
at% for Al, and 71.94 at% for O in LaCog 9Aly 103 (Table S2).

The high-resolution La 3d scans are shown in Fig. 8a, where the
doublet at 850.87/834.23 eV can be assigned to the 3ds/2/3ds,2 elec-
trons of La* [26,47]. Two additional peaks can be resolved at 854.67
and 838.13 eV, due to electron migration from the O 2p orbitals to the
empty La 4f orbitals [21]. In the high-resolution profiles of the Co 2p
electrons (Fig. 8b), two doublets can be resolved at 794.99/779.85 eV
and 796.41/781.24 eV that can be assigned to the 2p3,2/2py, electrons of
Co>* and Co?*, respectively [34,47,52].

Notably, whereas Al is doped into the sample in the form of AI*", the
Al 2p binding energy (ca. 73.2 eV) was markedly lower than that of
standard AI*" (74.7 eV) [53] (Fig. 8c). This is likely because of the
formation of Co-O-Al bonds where the electron density of O was biased
toward Al due to the stronger electronegativity of Al than Co [45,54].
The high-resolution scan of the Ce 3d electrons is depicted in Fig. 8d,
which confirms that the Ce atoms were successfully doped into the
sample in the forms of Ce>* and Ce** [55] (Table $3). Three oxygen
species were deconvoluted in the high-resolution O 1 s spectra (Fig. 8e),
where the peaks at 528.9 eV (01), 531.4 eV (02) and 533.2 eV (03)
correspond to lattice oxygen, oxygen vacancies, and surface adsorbed
oxygen, respectively [56]. It is worth noting that the ratio of the
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Fig. 10. EPR spectra of LaCoO3, LaCog 9Alp 103 and Lag 9Ceg.1C0g.9Alp.103 nanoparticles after visible light irradiation: (a, b) O3 and (c, d) ¢OH.

integrated areas of O2 to Ol increases upon the doping of Al and Ce,
indicating that heteroatom doping at the A and B sites indeed facilitated
the formation of oxygen vacancies. This was confirmed in EPR mea-
surements (Fig. 8f), which clearly exhibited a spectral feature at g =
2.001 [56], and the intensity of the signal increased with the introduc-
tion of Al and Ce dopants. Note that the formation of oxygen vacancies is
anticipated to promote the separation of photogenerated electron-hole
pairs and enhance the photocatalytic activity, a critical step in the
antibacterial activities [42], as observed below.

3.3. Antibacterial activities and mechanism

Gram-negative E. coli was selected as the illustrating example in the
investigation of the antibacterial performances of the sample series.
From Fig. 9a, it can be seen that in comparison to the blank control, the
addition of the samples into the cultural media diminished markedly the
bacterial growth both in the dark and under visible light irradiation. The
antibacterial activity in the dark was likely due to the trace of dissolved
ions that were bound to bacterial cells and membrane proteins, thus
preventing the gene expression of enzymes and functional proteins in
the electron transport system [57]; and the performance was signifi-
cantly enhanced under visible light irradiation. As shown in Fig. 9b, the
antibacterial efficiencies of LaCoOs, LaCogoAlg103 and LaggCep 1.
Cog.9Alp 103 under visible light irradiation for 30 min were 52%, 79.9%
and 98.8%, respectively, in comparison to only 20.1%, 29.2% and
49.8% in the dark. The fact that Lag 9Ceg 1C0q.9Aly.1O3 exhibited the best
antibacterial performance indicates the significant role of the doping of

Al and Ce into LaCoOs in inhibiting bacterial growth, likely due to
enhanced production of ROS that impede normal bacterial metabolism
and damage cell membranes, in particular, when excited by visible light
[58,59].

EPR measurements were then carried out to investigate the visible
light-driven antibacterial mechanism of the samples. From Fig. 10 it can
be seen that only a featureless profile was observed in the dark, sug-
gesting no production of radical species by the various samples. Yet,
under visible light photoirradiation, a quartet that corresponded to the
DMPO-e05 (intensity ratio 1:1:1:1, Fig. 10 a-b) and DMPO-eOH (in-
tensity ratio 1:2:2:1, Fig. 10c-d) adducts can be readily resolved, and the
intensity increased with prolonged exposure. Furthermore, one can see
that the DMPO-e0O3; and DMPO-eOH signals became intensified from
LaCoO3 (red curve) to LaCoggAly103 (blue curve) and further to
Lag.9Cep.1C00.9Alp.103 (green curve), confirming the significant role of
Al and Ce doping in ROS production (Fig. 10a-d). This may be attributed
to the formation of structural defects that improved the visible absorp-
tion and carrier separation efficiency of LaCoO3 [50]. In addition, the Ce
and Al co-doped LaCoOj3 exhibited good stability (Figure S5), which
facilitated a long-lasting antibacterial activity under visible light irra-
diation [34,60].

The above results show that codoping of the A and B sites in LaCoO3
(Lag.9Cep.1Cop.9Alp 103) led to markedly enhanced antibacterial perfor-
mance under visible light irradiation. This can be ascribed to the
following factors. (a) Ce and Al codoping facilitates the formation of
oxygen vacancies in LaCoOs which enhances ROS production and
adsorption of bacteria [42]. (b) Ce and Al ions occupy the LaCoOs
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Fig. 11. (a) Stained images of live/dead bacteria after the treatment of different nanomaterials and (b) the related quantitative analysis results.

Fig. 12. SEM images of E. coli (a) treated without nanomaterials, (b) treated with LaCoO3 nanomaterials, (c) treated with LaCog 9Alg ;O3 nanomaterials, (d) treated

with Lag 9Ceg.1C0g. 9Alp 103 nanomaterials.

lattices, enhance electron traps and active centers and accelerate the
photocatalytic reaction process [26,44]. (c) Additional contributions of
Lag.9Cep.1C0p.9Alp 103 may arise from ion solubilization effect (Table S4)
[61,62]. Photographs and statistical analysis of E. coli after the treat-
ment of Lag gCeg.1Cog.9Alg 103 at different concentrations are shown in
Figure S6 and S7. The antibacterial effect of LaggCep.1C09.9Alp 103
under visible light increased with the increase of the sample concen-
tration, and reached ca. 100% at 1 mg/mL.

To further investigate the antibacterial mechanism, the treated
bacteria were stained with membrane permeable dye SYTO 9 and non-
membrane permeable dye PI. SYTO 9 can be used to mark both live
and dead cells, whereas PI can only mark cells with damaged cell
membranes [62]. The live/dead staining assay in Fig. 11a showed that
the Lag.9Cep.1C0¢.9Alp 103 exhibited the best antibacterial activity, with
the largest fraction of dead cells (red fluorescence) at 74.3%, as
compared to only 25.9% and 36.5% with LaCoO3 and LaCog 9Alj 103,
respectively (Fig. 11b). Because the bacterial membrane is a critical

10

protective barrier for the cells, it can be inferred that light-driven ROS
production induces lipid peroxidation in the cell membrane, which en-
hances cell membrane permeability and ultimately leads to intracellular
protein leak and irreversible damage to bacteria [63].

This is indeed confirmed in SEM measurements (Fig. 12). In com-
parison to the pristine E. coli cells which exhibited a smooth surface
(Fig. 12a), photodynamic treatment by Lag 9Ceg 1C00.9Alg.103 led to the
formation of a large number of folds and breakages of the bacterial cell
membranes (red arrows, Fig. 12d), as compared to those with LaCoO3
(Fig. 12b) and LaCog¢Alp 103 (Fig. 12c¢). Importantly, some nano-
particles remained attached to the bacterial surface (yellow arrows,
Fig. 12) even after washing. Such intimate contacts most likely facili-
tated the rapid and concentrated transfer of the generated ROS (e.g., O3
and ¢OH) to the bacterial cells during the photodynamic treatment. The
morphological changes in the bacteria provide further evidence that the
produced ROS damaged the E. coli cells, which allowed for the release of
intercellular components, such as proteins and DNA [63,64].
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Fig. 13. Schematic diagram of the antibacterial mechanism of Lag 9Ceg 1C00.9Alp 103 with doping-induced oxygen vacancies.

Based on the experimental and DFT results, a schematic diagram of
the antibacterial mechanism of Lag 9Cep 1Cog 9Alp 103 under visible light
irradiation is depicted in Fig. 13, to illustrate the key role of oxygen
vacancies in the antibacterial action. The antibacterial mechanism is
proposed as follows: (a) Lag 9Ceq.1Cog.9Alp 103 acts as an electron donor.
Upon irradiation by visible light, electrons in the valence band con-
sisting of the O 2p orbitals leap to the conduction band consisting of the
Co 3d and Al 3 s + p orbitals through the defective energy level formed
by oxygen vacancies, and H3O is oxidized by the holes in the valence
band to generate hydroxyl radicals (¢OH). (b) Oxygen vacancies acts as
catalytical active centers and as electron traps and oxygen adsorption
centers for the facile reduction of O3 to superoxide anions (e03). At the
same time, the redox chemistry of Ce**/Ce®" enables the efficient
transfer of electrons, thus greatly enhancing the catalytic performance.
(c) ROS is the main antibacterial reagents, where the generated super-
oxide anion and hydroxyl radicals attack the surface of the bacterial cells
damaging the cell membranes. Additional (minor) contributions may
arise from the trace amounts of dispersed ions from the samples.

4. Conclusions

In this study, the deliberate integration of theory and experiment led
to the development of effective photocatalysts that exhibited remarkable
photodynamic antibacterial activity under visible light irradiation. Re-
sults from DFT calculations showed the significant impacts of Ce and Al
doping at the A and B sites on the formation of oxygen vacancies in
LaCoOs3, which facilitated the adsorption of oxygen and water mole-
cules, a critical step in the photocatalytic production of ROS. This was
indeed confirmed in experimental measurements, where LaggCep 1.
Cog.9Alp 103 was synthesized by a facile sol-gel method, and exhibited a
significantly enhanced antibacterial efficiency of 98.8% after visible
irradiation for 30 min, as compared to 46.8% for undoped LaCoOs. This
was accounted for by the formation of oxygen vacancies, which effec-
tively narrowed the materials band gap, extended the optical absorption
from the UV to the visible range, and enhanced the carrier separation
and transport efficiency. This ultimately led to the enhanced production
of ROS and hence inhibition of bacterial growth. In conclusion, results
from this work offer a unique strategy based on defect engineering for
the rational design of high-performance perovskite photocatalysts. Such
fundamental insights may be exploited for the further improvement of
the visible-light antimicrobial activity as well as photovoltaic perfor-
mance, among others.
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