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HIGHLIGHTS GRAPHICAL ABSTRACT

e Co(OH), provides a rapid electron
transfer pathway from CeO; to g-C3Ng.

e Co(OH), as a linker metal hydroxide,
enhance the interaction between g-C3N4
and CeOs.
e Co-doping of Co(OH), and CeO, further
improved the photocatalytic efficiency.
e The valence changes of cobalt release
more OH react with h™ on the VB of
C802.

e DFT results confirm the multi-layer
structure of  Co(OH),/Ce0,-g-C3Ny
ternary heterostructure.

ARTICLE INFO ABSTRACT

Editor: Yang Deng In this work, we report a one-step synthesis of ternary Z-scheme Co(OH);/CeO2-g-C3N4 (CoCe-CN) hetero-
structure via hydrothermal method. Owing to the modification of Co(OH)3 and CeOs, the existence of Co(OH)3 as

Keywords: an electron acceptor-donor center between CeOy and g-C3Ny4 accelerates the electron transfer and provides extra

Ternary heterostructure OH' reaction pathway for photocatalytic oxidation of NO. As a result, 50CoCe-CN (Co and Ce accounting for 25%

Co(OH),/Ce0,-g-C3Ny4
NO photocatalytic oxidation
Z-scheme heterostructure

mass ratio separately) achieved a 53.5% conversion efficiency of NO at 600 ppb concentration, which is 1.82
times that of g-C3N4 under visible light The results of the DFT analysis and element distribution of cobalt and
ceria provide convincing evidence supporting the existence of a novel multi-layer structure in the CoCe-CN
photocatalyst. This structure involves the loading of CeO2 and Co(OH), on the g-C3Ny4 surface, and Co(OH)y
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as a co-catalyst introduced between CeO, and g-C3Ny4 realizes the synergy between CeOs and Co(OH); which
further improve the photocatalytic properties. The higher photocatalytic efficiencies observed in the CoCe-CN
photocatalysts compared to those containing only cobalt (Co-CN) or ceria (Ce-CN) provide further evidence of
the synergistic effect of these two elements. This work demonstrates a more efficient and effective ternary
photocatalytic system, with greater practical potential for photocatalytic oxidation of NO.

1. Introduction

Exposure to hazardous indoor air pollution (IAP), such as carbon
monoxide (CO), nitrogen oxides (NO,), particulate matter (PM), and
others, is considered a potential long-term hazard to human health, as
people spend about 80% of their lifetime indoors [1,2]. Although the
concentrations of these indoor air pollutants are sometimes even below
the indoor air quality (IAQ) standards at ppb level, long-term exposure
and air pollutants accumulation will lead to premature mortality and
reduced life expectancy [3-5]. In 2014, the World Health Organization
(WHO) reported about 7000,000 premature deaths caused by air
pollution, of which 4300,000 were related to IAP. Due to the vast di-
versity and variability of indoor air pollution, it may lead to various
health impacts due to the short- and long-term exposure without effec-
tive control.

NO is a harmful air pollutant which leads to tropospheric ozone
depletion, the formation of photochemical smog, and acid rain in
accumulated high concentrations. It also induces health problems such
as pinkeye, respiratory diseases, and lung cancer [6-8]. In the indoor
environment, it is usually produced from gas appliances such as stoves,
ovens or water heaters, environmental tobacco smoke (ETS), and fire-
places [9-11]. Furthermore, there is a positive correlation between
outdoor and indoor NO levels, resulting in an increased indoor NO
concentration due to its high outdoor concentration [12]. Consequently,
the efficient removal of low concentration indoor NO has become a
critical environmental issue in recent years.

Recently, g-C3N4 has been identified as a promising photocatalytic
material due to its moderate band gap, good chemical properties, and
high stability [13-15]. Moreover, its strong capability for harvesting
visible light contributes to its application as an effective photocatalytic
material [16]. Owing to its photochemical properties, g-C3N4 is widely
studied for low concentration NO photo-oxidation reactions. However,
its photocatalytic performance is not particularly high due to its rapid
recombination of e /h" pairs and low specific surface area [17]. To
address this challenge and enhance its photocatalytic properties, various
methods like chemical modification, element doping, and combination
with other semiconductors have been developed [18,19]. Nevertheless,
its photocatalytic activity for low concentration NO remains low. For
example, g-C3N4/SnO; possesses a Z-scheme heterojunction, leading to
an efficient capability to separate and transfer photogenerated carriers.
As a result, g-C3N4/SnO- attained about 35% NO photocatalytic effi-
ciency in 30 min under visible light [20]. Therefore, the photocatalytic
properties of g-C3Ny4 based photocatalyst are needed to be improved to
enhance its conversion efficiency.

Cerium oxide (CeOy), as a typical rare earth oxide, has a widespread
application as a photocatalytic material owing to its strong oxygen
storage capacity, exceptional chemical stability, and stable Ce3t/Ce*t
redox couple [21]. However, the rapid recombination of its photoelec-
tron hole pairs, and wide bandgap limit its application under visible
light. To overcome this limitation, CeO5 was modified with other ma-
terials to form a heterostructure with improved charge separation and
reduced the recombination of e /h™ [22-25]. For example, a Flower-like
Bi®/Ce0,_5 plasmonic photocatalysts was synthesized to achieve up to
43% photocatalytic NO conversion, 1.7 times as high as that attained by
CeO, [26]. Despite the improved photocatalytic properties of
Bi’/Ce0,_5 compared to CeO,, the NO photocatalytic efficiency is still
not so high. Consequently, further improvement of e /h" pairs separa-
tion and further suppressing recombination is needed to enhance the

photocatalytic properties of catalysts utilized in NO oxidation, particu-
larly through the manufacturing of ternary heterostructure.

Recently, cobalt has been explored as a photocatalyst owing to its
low cost, earth abundance, and p-type property [27]. In addition, cobalt
can easily form a p-n heterojunction with n-type photocatalytic mate-
rials, resulting in efficient charge separation and inhibited recombina-
tion of e/h™ pairs [28]. Among the cobalt-based photocatalysts, Co
(OH); is considered as a potential co-catalyst material [29-31], which
has stronger adsorption to carrier due to its enhanced separation and
transmission of charge carriers and increased charge carrier lifetime by
hydroxyl [32].

Ternary heterostructures are a promising class of photocatalysts for
NO removal, as they can enhance the light absorption, charge separation
and photocatalytic reaction efficiency of single-component or binary
photocatalysts [33]. Some examples of ternary heterostructures used in
the photocatalytic oxidation of NO are g-C3N4s @Ag/BiVO4 and
TiOo/Ag/AgsP0Oy4 [34,35]. These photocatalysts can achieve high NO
conversion rates under visible light irradiation by utilizing Ag as a linker
metal or a plasmonic sensitizer or by forming type-II band alignment
between different semiconductors. However, silver is known as a noble
metal, and its high cost restricts its application in industry or real-life.

This research addresses the issue of the rapid recombination of e /h™
pairs, which hinders NO oxidation under visible light through the for-
mation of a ternary heterostructure photocatalyst. This was achieved by
improving the photocatalytic properties of g-C3sN4 via its combination
with CeO5 and Co(OH); to construct a p-n type ternary heterojunction.
The CeO2/Co(OH),/g-C3N4 ternary heterostructure was synthesized by
a facile one-step hydrothermal process [36]. In this composition, Co
(OH),, as a p-type semiconductor, exists between the surface of CeOq
and g-C3N4, which not only provides a rapid electron transmission
pathway between CeO, and g-C3N4 but also further decreases the
recombination of e /h™ pairs via the formation of the heterostructure.

2. Materials and Methods
2.1. Preparation of photocatalysts

g-C3N4(CN): g-C3N4 was prepared based on previous literature as
follows [37]: 4 g melamine was placed into a 30 mL alumina crucible
with a cover, then heated to 550 °C for 4 h to obtain the final sample.
After heating, the resulting power was grounded for subsequent use.

Co(OH)2/Ce04/g-C3N4 (CoCe-CN): Co(OH),/CeO,/g-C3N4 photo-
catalysts were synthesized as follows: 0.4 g g-C3N4 was mixed with 180
mL deionized water and 20 mL ethanol. Then the calculated amount of
Co(NO3)3e7 Hy0 and Ce(NO3)3e7 Hy0 were added to the above mixture
of g-C3N4 followed by ultrasonication for 10 mins and stirring for 30
mins. Afterwards, 4 mL of 3 mol/L NaOH solution was added in, the
mixture of which was sonicated for 5 mins and stirred for 15 mins
subsequently. The final solution was then put into a 500 mL autoclave
heated at 100 °C for 6 h. After that, the suspension was centrifuged, and
washed alternately with deionized water and ethanol until the pH of the
mixture was close to 7. Finally, the mixture was dried at 60 °C for 12 h
under vacuum. The mass ratios of cobalt and ceria were controlled at 5%
Co/5%Ce, 15%Co0/15%Ce, 25%Co/25%Ce and 35%Co/35%Ce, and the
sample were denoted as xCoCe-CN (where x = 10%, 30%, 50% and
70%).

Co(OH),/g-C3N4 (Co-CN): The synthesis procedure of Co(OH)./g-
C3N4 was the same as described for CoCe-CN above without using Ce
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(NO3)3e7 H20. In order to analyze if there was any synergistic effect
between Co and Ce, the mass ratios of Co were controlled at 10% Co,
30% Co, 50% Co, and 70% Co, and designated as yCo-CN where y rep-
resents the mass ratio %.

Ce05/g-C3N4 (Ce-CN): The synthesis procedure of CeO5/g-C3N4 was
the same as described for CoCe-CN above without adding Co(NO3)3e7
H50. The mass ratios of Ce were controlled at 10% Ce, 30% Ce, 50% Ce,
and 70%Ce, and designated as zCe-CN where z represents the mass ratio
%.

Co(OH)3/CeO4 (CoCe): The synthesis procedure of Co(OH),/CeO4
was the same as for CoCe-CN above without adding g-C3Ny4, and the
sample was taken as CoCe.

2.2. Characterization

The synthesized catalysts were characterized using various tech-
niques using Bruker D8 Advance X-ray diffractometer (XRD) with Cu Ka
radiation (5°—90°, A = 1.5406 /o\, 40 KV and 40 mA), Scanning electron
microscopy (SEM, ZEISS, sigma500, Japan), high-resolution trans-
mission electron microscopy (HRTEM, JEOL, JEM 2100 F, Japan), X-ray
photoelectron spectroscopy (XPS, Thermo K-alpha spectrometer, USA),
Electron paramagnetic resonance (EPR, Bruker A300, Germany) spec-
troscopy, UV-vis diffuse reflectance spectroscopy (UV-vis-DRS, Shi-
madzu UV-3600 +, Japan), Photoluminescence spectrum (PL, HITACHI,
F-4600, Japan), and Fourier transform infrared spectroscopy (FT-IR,
Nicolet iS5, Thermo, USA). Ion Chromatography (IC, Thermo, ICS 1100,
USA). The XPS spectra were calibrated utilizing the C 1 s peak at 284.6
eV on the adventitious carbon surface.

In addition, the Electrochemical impedance spectroscopy (EIS) and
Transient photocurrent (TPC) response measurements were employed to
determine the electronic properties of photocatalysts. A traditional
three-electrode system was setup using an electrochemical workstation
(CHI660E, Shanghai Chenhua, China). In this setup, the working elec-
trode, counter electrode, and reference electrode were photocatalyst, Pt
electrode, and Ag/AgCl electrode, respectively. The working electrode
was prepared by adding 10 mg of catalyst to 1 mL of DI water/ethanol
and 50 pL of Nafion ethanol solution, which was then sonicated for 30
min to form a uniform suspension. The suspension was then transferred
to an FTO glass and dried with an infrared lamp at room temperature.
During photocurrent response experiments, EIS, and Mott-Schottky
tests, a 300 W xenon lamp and the 0.1 mol/L Na3SO4 solution were
used as the visible-light source and electrolyte, respectively.

To clarify the respective roles of different active species involved in
the photocatalytic oxidation of NO, we carried out an active species
trapping experiment. We used potassium iodide (KI), potassium di-
chromate (K3Cry07), tert-butanol (TBA), and p-benzoquinone (PBQ) to
capture h™, e”, «OH, and O3, respectively.

To evaluate the adsorption capacity of synthesized catalysts, NO
adsorption experiment was conducted in a fixed-bed reactor, consisting
of a quartz tube column with an inner diameter of 8 mm to be placed in a
tube furnace. Prior to the adsorption experiment, 0.1 g of the as-
prepared photocatalysts was loaded in the middle of the quartz tube
column. The inlet gas mixture contained 200 ppm NO equilibrated with
N, and the total flow rate was set to 200 mL/min. The reaction tem-
perature for NO oxidation was maintained at room temperature
throughout the adsorption experiment. The inlet (Cy) and outlet (C;)
concentrations of NO were measured and recorded using a NO analyzer
(Gasboard-3000plus, Hubei). The adsorption capacity (q) of NO was
calculated using the following equations [38]:

FC(jtq
— 1
W @
- C,
1 :/ (1 ——=")dr )
0 0

where F represents the total molar flow (mL/min), W is the mass of
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photocatalyst loaded in the column (g), and tg is the stoichiometric time
(min).

In addition, the NO3 extraction experiment was conducted on the
spent 50CoCe-CN catalyst sample to prove the oxidative conversion of
NO to nitrate. In this experiment, two types of duplicate samples were
prepared as follows: two portions of 0.1 g of the pristine catalysts
(background samples, labelled as B1 and B2) and two portions of used
50CoCe-CN samples (used catalysts, labelled as Ul and U2) were added
to four beakers containing 100 mL of deionized water, respectively.
After that, Bland U1l were ultrasonicated for 20 mins and the other two
(B2 and U2) were done so for 40 mins, respectively, to extract the NO3
on the surface of the photocatalysts; thereafter, the powder catalysts
were separated by centrifugation and supernatants were collected, from
which there were in total four aqueous extract samples (B1-20, B2-40,
U1-20, and U2-40). The nitrate concentrations in the aqueous samples
were analyzed using Ion Chromatography (IC, Thermo, ICS 1100, USA).
The concentration of nitrate converted from NO and deposited on
50CoCe-CN catalysts were calculated by subtracting the nitrate con-
centrations on B1-20 and B2-40 from those on U1-20 and U2-40,
respectively.

The characterization of these catalysts provides valuable information
about their structure, morphology, surface electronic states, structural
defects, optical properties, and structural vibrations, all of which were
utilized to better understand the properties and catalytic mechanism of
as-prepared catalysts.

2.3. Catalytic activity test

The activities of synthesized catalysts for NO photocatalytic oxida-
tion were evaluated in a continuous flow cube reactor. The quartz-made
reactor was covered with aluminum foil on all sides except for the top
(20 x 15 x 10 cm). Before each experiment, 0.2 g prepared catalysts
were mixed with 15 mL deionized water, and ultrasonicated for 15 min.
Then, the mixture was put into the glass dish with 12 cm diameter and
drying at 60 °C for 6 h under vacuum. After that, the glass dish was
placed in the center of the cube reactor. To initiate the photocatalytic
reaction, a 300 W Xe lamp with a 420 nm cutoff filter was positioned
vertically above the catalyst surface (20 cm). During the photocatalytic
reaction, 50 ppm NO provided from a compressed gas cylinder (Nj
equilibrium) was diluted by the pure air stream to 600 ppb, which was
flowed through the sample surface and the total flow rate in the reactor
was 2 L/min. The Xe lamp was turned on to commence the photo-
catalytic NO oxidation reaction when the adsorption-desorption bal-
ance was reached between NO and catalyst. The light intensity,
measured using an optical power meter (PL-MW2000, PerfectLight,
Beijing) positioned vertically below the lamp at a distance of 20 cm, was
1.516 W. Throughout the entire reaction, the concentrations of NO and
NO, were measured and recorded by a NOy analyzer (API-T200, USA)
and the photocatalytic efficiency of NO was calculated according to the
following equation:

Cy—-C
Q=

0

x 100% 3)

where Cy (ppb) and C (ppb) are NO concentration at the beginning of
reaction and given time, respectively.

2.4. Computational details

All the first principles based on density functional theory (DFT)
calculations were carried out using the BAND (periodic DFT) module
implemented in the Amsterdam modelling suit, which employs localized
basis sets (Gaussian and Slater Type Orbitals). The exchange-correlation
functional Perdew-Burke-Ernzerhof (PBE) with D4 dispersion energy
correction in conjunction with the DZP basis set was employed for the
geometry optimization. Before exploring the properties of the CeO,/Co
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(OH)2/g-C3N4, we first optimized and investigated the lattice structure
of g-C3N4 nanosheets. Geometry optimization calculation is performed
using the gradient descent approach with the convergence criterion of
0.001 Hartree/A for the gradient, 10> Hartree for the potential energy,
0.01 A for the distance and 0.0005 Hartree stress energy per atom. PBE
is known to underestimate the band gap. Therefore, the Heyd-Scuseria-
Ernzerhof 2006 (HSE06) hybrid functional was utilized to obtain accu-
rate electronic structure and energy gap of CN, Co, Ce and CoCe-CN
photocatalysts. This functional has been wildly used for computing the
electronic and adsorption properties of 2D materials ([39,40]; P.H.T.
Philipsen; [41]).

2. Results and Discussion
2.1. Catalyst characterization

In order to analyze the phase structure of the synthesized catalysts,
the crystal structures of CN, Co-CN, Ce-CN and CoCe-CN catalysts were
identified by XRD patterns, as shown in Fig. 1(b). The XRD spectra of CN
indicate the successful synthesis of a graphite-like carbon nitride phase
with two prominent diffraction peaks of 27.4° (0 0 2) and 13.1° (1 0 0),
which belong to the stacking of the conjugated aromatic structure and
in-plane repeated units, respectively [13,29,30]. The XRD patterns of
Ce-CN and Co-CN show obvious peaks ascribed to (001),(100),(101)
planes of Co(OH); and (2 0 0), (22 0), (31 1) planes of CeO [42,43,32,
44-46], all of which confirm that cobalt and ceria were loaded on g-C3N4
surface in the form of Co(OH); and CeOs, respectively. As for CoCe-CN,
only the characteristic diffraction patterns of g-C3N4, Co(OH), and CeO,
were observed, indicating the co-existence of cobalt and ceria in g-C3Ny.
All these results consistently indicate that the Co(OH), and CeO2 were
successfully loaded on the g-C3N4 surface without destroying their
crystal structures.

a

(,\/

550°C 5h

Co(NO)+6H:0/Co(NO)+6H:Q i
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The structures and chemical functional groups were investigated by
FT-IR spectroscopy and depicted in Fig. 1(c). These spectra exhibited
broad absorption peaks at 3000-3400 cm ™! that were attributed to the
N-H stretching vibration, as well as a variety of peaks at
1239-1641 cm™! assigned to the aromatic CN heterocyclic ring. The
sharp peak at 809 cm ! was due to the typical vibration of tri-s-triazine
units [47,48]. These results revealed that the synthesis of CoCe-CN did
not destroy the chemical functional groups and structure of g-C3Ny.
However, distinct peaks attributed to cobalt and ceria were observed in
the spectra of Co-CN, Ce-CN and CoCe-CN. The peak centered at
494 cm ™! belongs to the Ce-O bond [49], while the absorption bands at
669 cm ™! and 585 cm ! are derived from the O-Co-O bridge vibrations
and Co-O stretching modes, respectively [50]. Additionally, the typical
peak at 3632 em™? suggests the presence of Co(OH)3, matching the XRD
results [45,46]. All of these further confirm the successful loading of
CeO2 and Co(OH); on the g-C3N4, which are consistent with the XRD
results.

The morphological structure and elemental distribution of synthe-
sized catalysts were analyzed using SEM, TEM and energy-dispersive X-
ray spectroscopy (EDS) mapping. Fig. S1(a, b) and Fig. Sl(c, d) in
Supporting Information (SI) illustrate the surface morphologies of the
CN and CoCe-CN samples, respectively, revealing the successful com-
bination of Co(OH); and CeO; with g-C3N4. Additionally, the HRTEM
images (Fig. 2(a, b)) demonstrate that the lattice spacing of 0.237 nm
and 0.332 nm can be assigned to the (101) plane of Co(OH)2 and (111)
plane of CeO2 which further confirms the existence of Co(OH)2 and
CeO2 on the g-C3N4 surface [51-54]. EDS element mapping (Fig. 2(c-g))
shows a uniform distribution of C and N on the surfaces of the samples,
indicating that g-C3N4 is the primary constituent of the catalysts.
Moreover, it further confirms the presence of Co and Ce on the surface of
g-C3Ny in the form of Co(OH); and CeOo, respectively, as evidenced by
the similar distribution of O, Co, and Ce in Fig. 2(c, f, g). Notably, their

100°C 12h

NaOH/Sonification/Stirring

e

Melamlne

(=3
N’

—— & (PDF87-1526#) g-C;N,
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Fig. 1. (a) Schematic illustration for the synthesis of CN and CoCe-CN. (b) XRD patterns and (c) FT-IR spectra of the of CN, Co-CN, Ce-CN and CoCe-CN

photocatalysts.
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Fig. 2. (a, b) HRTEM images and (c-g) EDS mapping of CoCe-CN.

homogeneous element distribution also indicated an interaction be-
tween the Co(OH), and CeO».

The BET result in Table S1 (SI) indicates the mesopores (2-50 nm)
existence on the CoCe-CN which is illustrated in Text S1(SI).

The XPS analysis of 50Co-CN, 50Ce-CN and 50CoCe-CN was con-
ducted to investigate the surface element composition and identify the
chemical states of g-C3Ny4, Co and Ce elements in synthesized catalysts.
The spectra of g-C3Ny4 (Fig. 3(a)) reveal two prominent peaks centered at
288.4 eV and 284.8 eV, attributed to sp?>-bonded carbon (N-C=N) spe-
cies and sp>-bonded carbon (N-C) species, respectively [55-57]. Upon
combining g-C3N4 with Co(OH), or CeOo, the peak located at 288.4 eV
shifted to 288.28 eV or 288.32 eV, respectively. In the case of
50CoCe-CN sample, the peak shifted even further towards lower binding
energy (288.06 eV). These results suggest a strong interaction and
charge transfer process between Co(OH),, CeO,, and g-C3Ny, facilitating
electron transfer from CeO, and Co(OH); to g-C3Ny4 [32]. Additionally,
the interaction between Co and Ce accelerates the electron transfer from
them to g-C3N4 due to higher electron density of 50CoCe-CN on the
g-C3Ny. This finding is further supported by shifts in the N 1 s spectra
(Fig. 3(b)). Four peaks were observed at 398.8 eV, 400.6 eV, 401.4 eV,
and 404.5 eV, corresponding to sp>-hybridized aromatic N in C-N = C,
tertiary N bonded to N-(C)s, quaternary N bonded to three carbon atoms
in C-N-H and = excitation in heterocycles [55,57]. As observed in Fig. 3
(b), all the corresponding N peaks of CoCe-CN shifted to lower binding
energies of 398.6 eV, 399.7 eV, 401.0 eV, and 404.3 eV compared to the
g-C3Ny4 sample. These findings suggest a strong interaction between Co
(OH),, Ce0y, and g-C3Ny, leading to electron transfer from the respec-
tive loaded materials to g-C3Na.

The Co2p spectrum (Fig. 3(e)) exhibits two prominent peaks
centered at 781.1 eV and 796.7 eV ascribed to Co 2ps,2 and Co 2p; /2,
respectively, as well as two satellite peaks indicating the simultaneous
presence of Co®" and Co®" chemical states in Co(OH), [32,45,46].
Comparing the spectra of CoCe and CoCe-CN, a strong interfacial effect
is evident due to the coupling of g-C3N4 and Co(OH),/CeOo, as reflected
by the shift of Co 2p peaks towards higher binding energy while the
peaks located at 780.43 eV, 785.15 eV, 796.37 eV and 802.07 eV moved
to 781.23 eV, 786.09 eV, 796.91 eV and 802.72 eV, respectively [45,
46]. The Ce 3d spectra (Fig. 3(d)) reveal two types of cerium oxidation
states simultaneously present, as the characteristic peaks at 916.5,
906.9, 900.7, 898.2, 888.6, and 882.2 eV are ascribed to Ce*t and the
peaks at 882.5 and 903.3 eV are attributed to Ce>" 3ds 5 and Ce>* 3d35

[58,59]. In comparison with CoCe sample, the peaks at 903.8 eV,
906.5 eV, and 915.9eV in CoCe-CN sample moved to 904.5eV,
907.6 eV, and 916.6 eV, respectively, which is due to the transfer of
electrons from CeO, to g-C3N4. Moreover, the peaks at 903.8 eV and
906.5 eV in 50Ce-CN also shift towards higher binding energy when
compared with 50CoCe-CN, which indicates the electron transfer be-
tween Co(OH); and CeO5. As a result, the XPS analysis revealed electron
transfer processes between CeO2, Co(OH),, and g-C3Ng. Specifically, the
electron transfer occurs from CeO; to Co(OH); and g-C3Ng, as well as
from Co(OH); to g-C3Ng. As for the O 1 s region in Fig. 3(c), an asym-
metric peak indicates the presence of at least two types of oxygen species
[60]. The strongest peak located at 531.0 eV is due to the Co-O-H bond,
and the peaks at 529.3 eV and 532.3 eV are ascribed to lattice oxygen of
CeO3 and surface chemisorbed oxygen, respectively [45,46,60].

2.2. Photoelectrochemical properties and band structure

In order to evaluate the absorption performance and the energy
bandgap of as-prepared CN, Co(OH),, CeO,, 50Co-CN, 50Ce-CN and
50CoCe-CN samples, their UV-vis spectra were obtained via DRS. It is
clear from Fig. 4(a) that all the samples have a relatively strong light
absorption intensity under visible light. Interestingly, the absorption
intensity in the range of 200-800 nm is greatly strengthened after the
loading of Cobalt, which is a result of color change due to the presence of
Cobalt [29,30,61]. Therefore, it can be concluded that the loading of Co
(OH);, can apparently enhance the light absorption of the photocatalyst,
and that Co(OH), contributes to the observed increased visible light
absorption of 50CoCe-CN rather than CeOs.

Fluorescence analysis was further conducted to evaluate the sepa-
ration and recombination of the electron-hole carriers of the photo-
catalysts. Fig. 4(b) presents the PL spectra of the as-prepared
photocatalysts when the excitation wavelength is 419 nm. The stron-
gest PL intensity was observed in the CN sample; however, the intensity
decreased upon loading CeO; or Co(OH),, implying that both compo-
nents effectively suppressed electron-hole pair recombination. In addi-
tion, the ternary heterostructure formed by the simultaneous
incorporation of CeOy and Co(OH), further improved the carrier
transport and separation properties of the photocatalyst.

The charge separation and recombination for e /h" pairs at the
interface of photocatalysts were further investigated via photocurrent
response and EIS, as depicted in Fig. 4(c, d). Our results showed that
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Fig. 3. The XPS spectra of CN, Co-CN, Ce-CN and CoCe-CN photocatalysts. (a)Cls spectra. (b)N1s spectra. (c)O1s spectra. (d)Ce3d spectra. (e) Co2p spectra.

50CoCe-CN possesses the least electrical impedance and more free
electrons compared to 50Co-CN and 50Ce-CN, as revealed by the
smallest semicircle diameter of all the catalysts in Fig. 4(c). Fig. 4(d) also
demonstrates the photocurrent density for each sample under visible
light irradiation cycles, suggesting 50CoCe-CN exhibits the strongest
photocurrent density that is around 3 ~ and 4 ~ fold as high as 50Co-CN
and 50Ce-CN, respectively. Overall, our findings suggest that Co(OH)3
and CeO- inhibit charge carrier recombination and facilitate e /h™ pair

separation for g-C3N4, and that more improvements of these properties
can be achieved by co-loading of g-C3N4 with Co(OH), and CeOs,.

In terms of the band structure, the band gaps of the as-prepared
samples with a direct band gap were obtained according to the
Kubelka-Munk equation:

(ahv)" = A(hy — E,) )
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Fig. 4. (a) UV-vis spectra, (b) PL spectra, (c) EIS plots, (d) transient photocurrent responses, (e) Tauc plots and (f) M-S plots of CN, Co-CN, Ce-CN and CoCe-CN

photocatalysts.

where « is the optical adsorption coefficient, hv represents the absorp-
tion energy, Eg is the band gap, and n is equal to 1/2 for direct band gap
materials [62-64]. The band gaps of CN, Co(OH)3, CeO5 and 50CoCe-CN
were obtained from the Tauc plots as shown in Fig. 4(e) and estimated to
be 2.73 eV, 1.27 eV, 3.03 eV and 2.66 eV, respectively [14,15,10,64,
11]. According to the bandgap result, 50CoCe-CN exhibits a lower
bandgap energy compared to CN which facilitates the migration of
photogenerated charge carriers between impurity levels and CBs/VBs
[65]. The conduction band (CB) was obtained according to

Mott-Schottky plots. From Fig. 4(f), CeO4 and g-C3Ny4 exhibit a positive
slope of C2E plots, indicating CeOy and g-C3N4 were attributed to
n-type semiconductors. On the contrary, Co(OH); shows a negative
slope which means that it belongs to a p-type semiconductor, as ex-
pected [66-68]. Therefore, the conduction band edge potentials of
g-C3N4 and CeO; are — 1.25 and — 0.5 V vs Ag/AgCl, respectively, and
the CBs of g-C3N4 and CeOy are — 1.19 and — 0.44 eV vs reversible
hydrogen electrode (RHE), respectively. On the other hand, due to the
p-type properties of Co(OH),, the valence band edge potentials of Co
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(OH), is 0.13 V vs Ag/AgCl, and the valence bands (VBs) of Co(OH) is
0.19 eV vs RHE. According to the band gap measured from Tauc plots
(Fig. 4(e)), VBs of g-C3N4 and CeO2 are 1.54, and 2.59 eV vs RHE, and
the CBs of Co(OH)2 is 1.46 eV vs RHE [14,15,10,11]. To further validate
our band analysis, we conducted a valence band X-ray photoelectron
spectroscopy (VB-XPS) experiment, as presented in Fig. S2 (SI). The VB
positions of CN, Co(OH),, and CeO, samples were determined by linear
extrapolation of the valence band leading edge considering the baseline
of the background signal [22-24]. The results revealed VB energies of
1.63 eV, 1.45 eV, and 2.50 eV for CN, Co(OH),, and CeOo, respectively,
which are consistent with the findings obtained from the Mott-Schottky
analysis.

2.3. Photocatalytic activity tests

To assess the impact of Co(OH), and CeO- and their respective mass
fractions on the photocatalytic activity, the NO oxidation efficiencies of
the photocatalysts were evaluated. The results, as shown in Fig. 5(a),
indicate that CN exhibits a relatively low photocatalytic activity with a
NO oxidation efficiency of approximately 29.4%. This finding is
consistent with previous reports [69,56,20]. However, the introduction
of Cobalt and Ceria significantly enhances the NO oxidation efficiency.
Furthermore, the NO oxidation efficiency increases with increasing mass
fractions of cobalt and ceria, with the best performance observed at mass
fractions of up to 25% (50CoCe-CN). Additionally, apart from achieving
the highest NO oxidation efficiency of 53.5%, 50CoCe-CN also demon-
strates the highest NO3 selectivity compared to g-C3N4, as depicted in
Fig. 5(b). Further increasing the loading ratios of Co(OH), and CeO,
resulted in a decreased NO oxidation efficiency due to particle
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aggregation and blockage of active sites by excessive Co(OH)5 and CeOs.
This indicates that the mass fraction of loaded material is an essential
factor that impacts the photocatalytic oxidation of NO by photocatalysis.
Consequently, 50CoCe-CN exhibits relatively high efficiency in the
photocatalytic oxidation of NO when comparing with previous research,
demonstrated in Table 1.

In order to confirm the synergistic effect of cobalt and ceria on g-
C3Ny, the photocatalytic activities of Co-CN and Ce-CN were investi-
gated and shown in Fig. 5(c). It can be seen that 50Co-CN and 50Ce-CN
achieved 39.5% and 43.9% NO oxidation efficiency, respectively, which
are less than that of 50CoCe-CN (53.5%). This indicates that the inter-
action between cobalt and ceria is consistent with the photo-
electrochemical characterization results, which further improved the
oxidation efficiency of NO. To demonstrate the stability of the photo-
catalyst, the oxidation tests of five cycles with 120 mins per cycle was
carried out. The stability test results depicted in Fig. 6(a) showed the
long-lasting photocatalytic performance achieved by the 50CoCe-CN
Additionally, the new XRD results were acquired for the used 50CoCe-
CN samples, as shown in Fig. 6(b). These results consistently indicate
that the crystal and morphological structures were preserved after
600 mins test, which confirms the good stability of the 50CoCe-CN
photocatalyst.

2.4. DFT analysis

The multi-layer structure of CoCe-CN was confirmed by the result of
geometry optimization calculation, as described in Text S2 (SI). To
assess the adsorption behavior of NO on a multi-layer CoCe-CN struc-
ture, the structure in Fig. S2 (e, f) was employed to simulate NO
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Fig. 5. (a) Conversion of NO for 10/30/50/70CoCe-CN and CN, (b) concentration of NO, and selectivity for CN and 50CoCe-CN, (c) Conversion of NO of 50Co-CN,
50Ce-CN and 50CoCe-CN and (d) The capture experiments for photocatalytic removal NO of CoCe-CN.
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Table 1
Comparison of NO photocatalytic efficiency.
Photocatalyst Catalyst dosage/mg Initial NO concentration ppb Light source Efficiency % Year Reference
50CoCe-CN 200 600 300 W Xe lamp 53 2023 This study
CaCO3/g-C3Ny4 200 550 LED lamp 51.18 2023 [70-73]
CQD-OVTNs 75 1000 500 W Xe lamp 57.8 2023 [70-73]
Au/BiyTiz0q2 100 430 300 W Xe lamp 48 2023 [14,15]
BrGLx 200 550 LED lamp 48.2 2023 [70-73]
0-g-C3N4 @W1g049 100 500 300 W Xe lamp 56.7 2023 [70-73]
CNN-S 200 600 150 W LED lamp 53 2023 [74]
STO-SCO 100 400 300 W Xe lamp 44 2023 [42,43]
Bi/BiOBr 50 800 300 W Xe lamp 63 2023 [75]
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Fig. 6. (a) stability of 50CoCe-CN for five repeated photocatalytic runs and (b) XRD result of used photocatalyst.
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Fig. 7. (a) Schematic illustration for NO adsorption on CoCe-CN and (b) photogenerated electron transfer before and after contact.

adsorption. Fig. 7(a) displays the spontaneous adsorption process of NO
on CoCe-CN photocatalyst, implying that CeOy possesses a stronger
adsorption energy towards NO in comparison with g-C3N4. Conse-
quently, a high concentration of NO adsorbed on CeO2 was oxidized by
«OH or h™ during the photocatalytic oxidation reaction. This finding is
constituent with the trapping experiments, which suggest that h™ is the
most crucial active species in photocatalytic oxidation of NO. To

evaluate the electron transfer pathway in CoCe-CN composites, the
bandgap and work function of CN, Co(OH)2 and CeO2 are analyzed, and
the calculated details are shown in Text S3 (SI). From Fig. 7(b), the the
work functions of g-C3N4, CeO2 and Co(OH);, are calculated as 6.38 eV,
4.50 eV and 5.20 eV, respectively. Consequently, due to the disparity in
their Fermi levels, electrons will transfer from CeO; to g-C3N4 and Co
(OH);, until equilibrium levels are achieved. This process results in the
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accumulation of photogenerated electrons on g-C3N4 and Co(OH), and
holes on CeO,, respectively, effectively creating the internal electric
field (IEF) which is shown in Fig. 7(b) [76-81]. Consequently, it caused
the thermodynamically transfer of electrons from CeO5 to g-C3N4 and Co
(OH),, which are consistent with our XPS results discussed in Section
2.1.

The charge density difference (CDD) calculation is a useful tool that
can be used to describe the redistribution of charge that occurs due to
the formation of heterojunctions. The formula for CDD is similar to that
for adsorption energy, and it can be expressed as:

()

Pad = Pgas—sub — Psub ~ Pgas

CDD can be defined as the difference in the total electron density of
the combined adsorbent and adsorbent system, and the densities of the
isolated adsorbent and adsorbent system. In Fig. 8, the blue distribution
represents electron accumulation, while the yellow distribution repre-
sents electron depletion. Thus, electrons flow from the yellow regions to
the blue regions. The isosurface is taken as 0.003 a.u. From Fig. 8, a
significant number of yellow regions are observed at the bottom of CeOo,
indicating electron loss for all the CeO, samples. In Fig. 8(c, d), Co(OH),
is located between CeO, and the surface. The portion of Co(OH); near
CeO;, is enveloped by blue regions, indicating the flow of electrons from
CeO3 to Co(OH),. Additionally, a significant number of yellow regions
are present at the bottom of cobalt, suggesting electron from cobalt flow
towards the g-C3Ny surface. Regardless of the involvement of cobalt, the
surface of g-C3N4 is abundantly populated with blue regions, indicating
that after the formation of heterojunctions, electrons are enriched on the
surface of g-C3Ny. All the figures depict the flow of electrons from 0-
dimensional (CeO, and Co(OH);) materials to the surface of g-C3Njy.
However, in Fig. 8(c, d), the blue regions on the surface of g-C3N4 are
noticeably larger and more abundant compared to Fig. 8(a, b). This
indicates that the involvement of Co(OH), significantly enhances the
quantity of electrons enriched on the surface of g-C3Ny4. Therefore, the
result of CDD calculation confirms that the existence of Co(OH), be-
tween CeO, and g-C3N4 further accelerates the electron transfer from
CeO; to g-C3Ny.

2.5. NO photocatalytic oxidation mechanism

To further elucidate the photocatalytic mechanism for photocatalytic

) A\ bt
=NNE g
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oxidation of NO, this study investigated the contributions of different
active species by introducing scavenger agents to trap them. Results in
Fig. 5(d) demonstrate that the efficiency of photocatalytic oxidation of
NO significantly declined when PBQ, KI, and KCr,O; were added,
indicating that ¢O3, h™ and e~ species are critical for the photocatalytic
reaction. In addition, photodegradation of NO exhibited relatively weak
inhibitory effects with the presence of TBA used for trapping eOH,
indicating that the contribution of eOH is secondary in this process.
Additionally, a NO3 extraction experiment by ultrasonication and Ion
Chromatography was conducted to prove the photocatalytic oxidation
of NO to NO3 by 50CoCe-CN photocatalyst. As shown in Fig. S5 (SI), the
net NO3 concentrations in the aqueous extracts from U1-20 and U1-40
can be up to 40.7 and 110.02 mg/L, respectively, confirming the effec-
tive conversion of NO to NOj3 during the photocatalytic reaction.

The adsorption capacity of NO is also a crucial factor that influences
the efficiency of photocatalytic oxidation. It directly affects the quantity
of NO molecules that can be adsorbed onto the active sites of the pho-
tocatalyst during the photocatalytic reaction. The results of the NO
adsorption experiment are depicted in Fig. 9. Among the samples tested,
CN exhibited the poorest NO adsorption capacity, with a value of only
23.17 mg/g. However, the introduction of Co or Ce significantly
improved the NO adsorption capacity. Furthermore, 50CoCe-CN
demonstrated a superior NO adsorption capacity compared to 50Co-
CN and 50Ce-CN, indicating that the co-loading of Co and Ce further
enhanced the NO adsorption capacity, which resulted in a greater
amount of NO to be adsorbed on the surface of the photocatalyst so as to
increase the photocatalytic oxidation efficiency of NO.

The EPR results were utilized to assess the production of ¢03 and
oOH radicals during the photocatalytic oxidation of NO. From the EPR
profiles as presented in Fig. 10(b), no obvious characteristic peaks were
observed in all samples under the dark condition. However, after
10 mins of illumination under visible light, all the samples displayed
peaks with intensity ratios of 1:2:2:1 and 1:1:1:1, which are ascribed to
eOH/DMPO and 03, respectively [22-24]. In this case, g-C3N4 exhibits
the lowest EPR peak intensity, while the spectra intensity gradually
increases after the loading of Co and Ce. This suggests that g-C3Ny4 has
the poorest ability to generate photogenerated electrons during the
photocatalytic oxidation of NO, resulting in minimal conversion of ox-
ygen to ¢03. However, the loading of either Co or Ce enhances the
electron transfer and suppresses recombination of photogenerated

Fig. 8. Charge density differences of (a, b) Ce-CN and (c, d) CoCe-CN.
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Fig. 10. Intensity of ¢OH (a) and O3 (b) generated by CN, Co-CN, Ce-CN and CoCe-CN under visible light irradiation by EPR.

electrons and holes, thereby improving the production of e053.
Furthermore, 50CoCe-CN demonstrates the strongest peak intensity,
indicating that the synergistic interaction between Co(OH), and CeO,
further accelerates the production of ¢OH and O3 (as shown in Fig. 10),
resulting in enhanced NO oxidation during the photocatalytic reactions.
It implies that the co-loading of Co(OH), and CeO; led to the con-
struction of ternary heterojunctions between g-C3N4, Co(OH), and
CeOo, which on the other hand, enhanced the separation efficiency and
weakened the recombination of e/h". The ternary heterojunctions
resulted in more photo-generated e /h™ to participate in photocatalytic
reactions than the binary photocatalysts (Co-CN and Ce-CN), in agree-
ment with the photo-electrochemical results discussed earlier.

This study proposes a pathway for electron transport between
ternary heterojunctions based on the band structure of CoCe-CN and
DFT results, as discussed in the DFT Section and presented in Fig. 6(b).
The transferred electrons flow from CeO3 and Co(OH), towards g-C3Na,
and from CeO, towards Co(OH),, leading to the creation of an interface
electric field and ternary heterojunction. Consequently, the photo-
generated electrons in the CB of CeO, migrate to the CB of Co(OH),.
Likewise, the photogenerated electrons in the CB of Co(OH)y can
transfer to the VB of g-C3N4. Subsequently, the transferred photo-
generated electrons from the CB of CeO3 and Co(OH), combine with the
photogenerated holes accumulated in the VB of g-C3Ny, resulting in the
formation of a ternary Z-scheme heterojunction between g-C3N4, CeOo,
and Co(OH),. This heterojunction improves the electron transfer effi-
ciency and provides a higher VB potential and lower CB potential. The

11

transport pathway for photogenerated charge carriers can also be
inferred from the EPR result. Unlike the classic type II heterojunction
photocatalyst, where the photogenerated electrons in the CB of g-C3N4
and Co(OH), are induced to the CB of Co(OH); and VB of CeO,,
respectively, in this case, the holes of g-C3N4 possess an insufficient
potential energy of 1.46 V vs RHE to oxidize HoO and OH- to eOH.
Consequently, less «OH is produced, contradicting the EPR results. Thus,
the type II mechanism does not adequately explain the NO oxidation by
the CoCe-CN heterojunction. During the photocatalytic reaction, Co
(OH); acts as a special intermediate between g-C3N4 and CeO5. Firstly,
Co(OH); possesses a low bandgap, which leads to high light absorption
for CoCe-CN. Additionally, it can act as an electron donor-acceptor be-
tween g-C3Ny4 and CeO; due to its rapid recombination and production of
e’ /h" pairs, as well as its p-type properties. Thirdly, valence changes of
cobalt occur during electron transfer through Co(OH)s, which results in
the release and acceptance of OH". The mechanism of Co(OH); can be
illustrated in Fig. 11(a). The presence of Co(OH); enhances the light
absorption of CoCe-CN and accelerates the electron transfer between
CeO3 and g-C3N4. During the photocatalytic reaction, the electron from
the CB of CeOs initially transfers to the CB of Co(OH),, and subse-
quently, the electron on the CB of Co(OH), transfers to the VB of g-C3Ny.
The step-by-step transfer of electrons reduces the energy barrier of
electron transfer and promotes electronic communication between CeO4
and g-C3N4. During the electron transfer from CeOz to Co(OH),, the
valence of cobalt decreases from + 3 to + 2 with the release of OH". The
released OH™ then participates in the reaction on the VB of CeO5 to form
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Fig. 11. Photocatalytic reaction mechanism of CoCe-CN ternary heterojunction based on the Z-scheme interface for NO oxidation under visible light.
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of g-C3N4 with an increased valence of cobalt from + 2 to + 3. The
electron on the CB of g-C3Ny reacts with HyO» to produce OH-, which - -
can react with Co°* to ?orm Co(OH)s. This mechanism indicates that the * 0, +NO-NO; ®
valence change of cobalt also provides OH' to participate in the photo- h* +NO-NO; 9)
catalytic reaction.

According to the Z-scheme mechanism, the electron will react with Co(OH),—Co(OH), + OH™ 10)
O3 in the CB of g-C3N4 to form O3, which further reacts to generate ¢«OH
via HyO, intermediates. Then, the oxidized radicals will react with h™ +OH — ¢ OH (11
adsorbed NO to form NO5/NO3. On the other hand, due to the relatively
higher potentials of the photogenerated holes in the VB of CeO», it can 0, +2H" +e —>H,0, 12)
directly oxidize NO to NO5/NO3 and react with HO/OH' to form eOH,
as illustrated in Fig. 11(b). According to the discussions above, the H,0,+¢ — eOH+OH™ 13)
mechanism for NO photocatalytic oxidation by CoCe-CN photocatalyst
can be illustrated by the following chemical reactions: Co(OH), + OH™ —Co(OH), a4
CoCe —CN+hv—e™ +h* (6) © 20H + NO—>NO, + H,0 (15)

12
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¢ OH +NO,—NO; +H* (16)

4. Conclusions

In this work, CoCe-CN ternary Z-scheme heterostructure was suc-
cessfully synthesized by a one-step hydrothermal process and proven to
be an effective photocatalyst for NO oxidation. The fabrication of
ternary Z-scheme heterostructure further improves the separation and
inhibits the recombination of electron-hole pairs. Consequently, up to
53.5% photocatalytic oxidation of NO was achieved from the starting
concentration of 600 ppb when the respective mass fractions of cobalt
and ceria were 25% (50CoCe-CN). However, further increasing the
respective mass fractions of cobalt and ceria beyond 25% led to a
decrease in NO oxidation efficiency due to particle aggregation and
blockage of active sites by extra oxides. Furthermore, the synthesized
catalysts possess high selectivity for NO3 compared with g-C3Ny4, and
displayed good stability and recyclability as verified by recycling tests.
This work has presented a practical one-pot approach for synthesizing
ternary Z-scheme heterostructure photocatalysts for NO oxidation,
which demonstrates the superior photocatalytic properties of ternary
heterostructure than binary heterostructure and offers new insights for
the preparation of other ternary heterostructure photocatalytic
materials.

Environmental Implication

NOx is considered as a harmful air pollutant in both outdoor and
indoor environments , which can lead to photochemical smog and
cause respiratory diseases via the exposure. Herein, a ternary hetero-
structure Co(OH)2/Ce02-g-C3N4 photocatalyst was fabricated using a
facile ultrasonication-hydrothermal process which was found to
improve the oxidation efficiency up to 53% at the NO concentration
down to ppb level. In this photocatalyst of multi-layer structure, Co(OH)
2 not only promotes the electronic communication between g-C3N4 and
CeO2, but also provides an efficient pathway to utilize OH- to accelerate
the production of ¢O2- and ¢OH.
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