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As a green solvent-free process, ball milling has attracted considerable attention in fabricating nanocomposites.
Herein, we synthesized novel Z-scheme heterojunction CeO2/g-C3N4 nanocomposites by simply direct ball
milling CeO5 and g-C3Ny at three different mass ratios (3:7, 7:3, and 9:1). In comparison to individual CeOy and
8-C3Ny, the ball-milled nanocomposites showed stronger UV light response, higher charge carrier separation
efficiency, greater photodegradation potential, higher photocurrent intensity, and faster electron transfer,
indicating much better photocatalytic activity. When used as photocatalysts to remove methylene blue (MB)
under UV light irradiation, 70% CeO»/g-C3N4 exhibited the highest removal rate (90.1%), much better than that
of CeOy (6.2%) or g-C3Ny4 (45.7%). The synergistic interact between adsorption and photodegradation of the
Ce0,/g-C3N4 nanocomposites was simulated by kinetic models, and a strong positive correlation (r = 0.834 and
rs = 0.777) between adsorption and photocatalysis was identified. The results indicate that adsorption can
promote photodegradation by accelerating the kinetics, while photodegradation can regenerate adsorption sites.
This work provides not only a facile synthesis of Z-scheme heterojunction photocatalysts but also a novel
perspective for better understanding the synergy between adsorption and photocatalysis.

1. Introduction issues, for instance, doping with metallic/nonmetallic elements [11],

fabricating heterojunctions [12], depositing noble metal [13], and so on.

With rapid industrialization and urbanization, energy crisis and
environmental pollution have become serious global issues faced by
humans [1-3]. Heterogeneous photocatalysis is regarded as a promising
and “green” technology to dispose environmental contaminants (espe-
cially organic dyes) [4,5]. Owing to the disadvantages of intrinsic wide
bandgap, rapid electron-hole pair recombination, and low degradation
efficiency, the application of most traditional photocatalysts (TiOy [6],
ZnO [7], etc.) has been limited. As a result, it is crucial and imperative to
develop highly effective photocatalysts with enhanced band structures,
chemical stability, charge carrier separation and transportation, and
electron-hole recombination [8-10]. Until now, a wide variety of
effective strategies have been developed to tackle the aforementioned
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Among these methods, constructing heterojunctions has been identified
as a desirable way for facilitating the photocatalytic performance. This
staggered band structure can form a close interface and built a strong
inner electronic field near the interface, leading to efficient transfer and
separation of photogenerated charge carriers and improvement of light
absorption ability [14]. Especially, a Z-scheme heterojunction with high
redox potential and effective spatial charge separation exhibits the
excellent photocatalytic performance, which can effectively remove
contaminants [15].

Owing to their low cost, high stability, proper band structure and
excellent redox ability, cerium dioxide (CeO5) and graphic carbon nitrite
(g-C3Ny4) have been widely used as photocatalysts in various
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applications such as photocatalytic CO5 reduction, contaminant
decomposing, and water splitting [8,16-21]. Recent studies have
demonstrated that suitably engineered heterojunctions of CeO, and g-
C3Ny (i.e., CeOy/g-C3Ny4) possess an improved photocatalytic activity
[22-25]. Ma et al. synthesized a type-II CeO5/g-C3N4 nanosheet heter-
ojunction via a solid-state thermolysis method, showing superior pho-
tocatalytic performances compared with individual g-C3sN4 and CeOy
[25]. Sreekanth and coworkers successfully coupled carbon-vacancy-
promoted g-C3N4 to low defect-mediated CeO2 through a simple in
situ hydrothermal synthetic technique, and the resultant g-C3N4/CeO5
heterojunction displays remarkable photodegradation efficiency to RhB
in the presence of NaBH4 [26]. A microwave-mediated solvothermal
route has been developed to synthesize CeO,/g-C3N4 heterojunctions
with improved oxygen reduction reaction activity and electrochemical
stability [27].

Ball milling, a facile, effective, and eco-friendly (solvent-free or
minimal solvent) technique, has been recently applied as a green and
cost-effective method to fabricate composited photocatalysts [28-30]. It
has been revealed that ball milling can introduce defects and new active
edge sites to enhance the stability and activity of the composited cata-
lysts [31]. Zhu et al. highlighted that ball milling can promote dispersion
of SnO, nanoparticles to strengthen the bonding between SnO, and g-
C3Ny [32]. Wang et al. demonstrated that surface area and band gap
energy of g-CsNy-based photocatalysts can be enlarged by ball milling
[33]. Guo and collaborators successfully prepared the heterojunction g-
C3Ny4/BigTisO12 photocatalyst by a facile ball milling way and the
catalyst possessed an enhanced photocatalytic behavior for the removal
of AO-7 [34]. Therefore, the ball milling technology possesses potential
application in the synthesis of heterojunction photocatalysts. To the best
of our knowledge, however, none of the previous studies has explored
the ball milling synthesis of CeOy/g-C3N4 photocatalyst, and the kinetic
relationship between the adsorptive and photocatalytic contaminant
removal on CeO5/g-C3Ny4 has not been evaluated yet.

To fill these knowledge gaps, we prepared heterojunction CeOs/g-
C3N4 photocatalysts for the first time through a solvent-free ball milling
strategy, simultaneously, the adsorptive and photocatalytic perfor-
mances were determined on the model contaminant MB, in which the
removal process under light illumination were assessed through kinetic
models. The objectives of this work are as follows: (1) optimize the ball
milling synthesis of CeO,/g-C3N4 photocatalysts; (2) characterize their
physicochemical and photoelectric properties; (3) determine the built-in
electric field on CeOy/g-C3Ny4 interfaces; (4) measure and model the
adsorption and photocatalytic degradation kinetics of MB by CeO2/g-
C3Ny; and (5) unveil the governing mechanisms of the synergy between
adsorption and photodegradation.

2. Experimental section
2.1. Catalyst preparation

Deionized (DI) water was used for all experiments. All the chemicals
are at least analytical grade and were used as received without further
purification.

The g-C3N4 powder was obtained through calcination of urea pre-
cursor. Briefly, 10 g of urea was put into an alumina crucible with a
cover, which can form a semi-closed system to prevent sublimation.
Afterward, it was heated to 520 °C for 2 h with a heating rate of 5 °C
min~! in a muffle furnace. Then cooling to room temperature, the yellow
powder (g-C3N4) was ground and collected.

The heterojunction photocatalyst CeO/g-C3N4 composites were
prepared via a simple ball milling method. The typical synthesis pro-
cedure was as follows: CeO and g-C3N4 mixtures of different mass ratios
(1.8 g in total) were placed in a planetary ball mill machine (PQ-N2,
USA) within 500 mL agate jars, and 180 g balls were subsequently added
into each jar. The ball milling operation was carried out at a rotational
speed of 500 rpm for 12 h in ambient air. The obtained samples are
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denoted as x% CeOy/g-C3N4, where x% represents the mass ratio of
CeOy in the composites. For comparison, CeO or g-C3N4 was also ball
milled under the same conditions and is still denoted as CeO5 or g-C3Ny.

2.2. Catalyst characterization

The descriptions of the characterization details are reported in the
supporting information (S1).

2.3. Evaluation of adsorption and photocatalytic performance

The batch adsorption and photodegradation of MB were carried out
under the irradiation of a 36 W UV lamp (0S72) with the wavelength of
254 nm. 0.05 g of the prepared samples powder (dosage of 0.5 g LY
were dispersed into 100 mL of 10 mg L™! MB solutions in 250 mL quartz
vessels. The suspensions were mechanically stirred maintaining at 25 °C.
For each sample, MB removal was tested under two conditions, one in a
dark chamber and the other under UV light illumination. During the
experiment, 4 mL of the solution were periodically withdrawn (i.e., 30,
60, 90, 120, 150, and 180 min) from the vessels. The samples were
filtered through 0.22 pm pore size nylon membrane filters (MCE Syringe
Filter, China) and MB concentrations in the filtrates were determined
using a UV-Vis spectrophotometer (EVO 60, Thermo Scientific, USA) at
wavelength of 664 nm. The reusability of the photocatalyst was evalu-
ated with four consecutive 3-h recycles of MB photodegradation. After
each cycle, the used catalyst was collected through centrifugation,
washed with ethanol and DI water for several times, and oven dried for
next use.

2.4. Kinetic models

Several models have been developed to describe the adsorption and
photodegradation kinetic data [35,36]. For the convenience of com-
parison, the commonly used first-order kinetic model and the modified
Elovich model were applied to simulate the experimental data. While
the first order kinetic model describes homogeneous removal of the
target compound at a constant rate; the modified Elovich model is a
heterogeneous model controlled by multiple processes [36]. The gov-
erning equations of the two models are as follows:

d

;;’ = —kC, first — order model (€8]
dcC, - .

i KCoexp(p(C, — Cp) ) modified Elovich model 2

where Cj and Ct are the concentrations (mg L™1) of MB at time 0 and at
any time t, respectively; k (min~1) and K (min~ 1) represent the removal
rate constant for the first-Order model and the modified Elovich model,
respectively; and f is a constant inversely proportional to removal
capacity.

3. Results and discussion
3.1. Morphology, structural and chemical composition

The surface morphology and microstructure of the as-synthesized
Ce0O,, g-C3N4 and 70% CeOy/g-C3N4 photocatalysts were examined
with SEM. The milled CeOy powders exhibited irregular nano-sized
particles and partial severely agglomerated structure (Fig. Sla, sup-
porting information), confirming the formation of ultrafine nano-
particles. Due to the high energy ball milling process, the large bulk g-
C3N4 powder was exfoliated into aggregation of small fragments
(Fig. S1b). Similar morphology was found in the 70% CeOy/g-C3N4
sample, in which irregular shaped CeOy particles of 2-70 nm were
dispersed on the surface of the g-C3N4 fragments (Fig. 1a). The surface of
the composite was rough and porous (Fig. 1b), which is beneficial to its
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adsorptive and photocatalytic ability. EDX elemental mapping of the
70% CeO4/g-C3Ny4 sample (Fig. 1c) was performed to explore its surface
element composition. C, N, O, and Ce elements were found to be uni-
formly distributed on the surface of the composite, confirming that ball
milling infused CeO; and g-C3N4. These results clearly demonstrate the
success of ball milling method in synthesis of the CeO/g-C3N4
composites.

TEM and HRTEM were employed to further examine morphologic
details and the interface between CeO5 and g-C3N4 in the 70% CeO2/g-
C3Ny4 composite. The ball-milled CeO particles showed agglomerated
morphology (Fig. S2a); while the g-C3N4 was milled into a thin lamellar-
like structure and the darker part of the image can be attributed to
overlap of g-C3Ny sheets (Fig. S2b). In the 70% CeO5/g-C3N4 composite,
ultrafine CeO; nanocrystals were found to be anchored irregularly onto
the surface of g-C3N4 (Fig. S2c). Although the CeO, particles had
agglomerated to some extent, they were in direct contact with the g-
C3Ny surface, which can provide additional photocatalytic reaction sites.
The joint between CeO5 and g-C3N4 showed a clear interface (Fig. S2d),
evidencing the formation of a well-defined heterojunction of CeOy/g-
C3Ny [37]. Moreover, the CeO, possessed a well-crystallized phase and
the lattice fringes with spacing of 0.27 nm (Fig. S2d), corresponding to
the exposed (200) crystal plane of CeOy (JCPDS card No. 34-0394)
[25]. Such close interfacial contact and perfect crystalline quality are
favorable for the efficient separation and transfer of photogenerated
charge carriers, which can greatly improve the photocatalytic perfor-
mance of the CeOy/g-C3N4 composite.

To identify composition and phase structure of the synthesized ma-
terials, the XPS spectra were determined (Fig. S3). The high-resolution
spectra of C 1 s and N 1 s for g-C3sN4 and 70% CeO3/g-CsN4 composite
show that the structure of g-C3N4 has not been destroyed, and the signals
of the tertiary nitrogen (N-(C)3 or H-N-(C)3) groups and the triazine
rings (N-C = N, C = N-C) in the aromatic rings of g-C3Ny are present on
the CeOy/g-C3Ny4 heterostructure [38-40]. XRD analysis was carried out
(Fig. S4a). In the pure g-C3N4, one significant diffraction peak was
observed at 27.7°, which can be ascribed to the (002) plane and cor-
responds to the interlayer stacking interaction of aromatic systems [41].
However, the diffraction peak indexed to (1 00) plane was not observed,
probably due to the destruction of interlayer structure during ball
milling [42]. The diffraction patterns of CeOy and CeOy/g-C3N4
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Fig. 1. SEM images (a and b) and the corresponding energy-dispersive X-ray spectroscopy (EDX) elemental mapping (c) of 70% CeO,/g-C3N4 composite.

composites perfectly matched the standard peaks of cubic fluorite CeO,
(JCPDF No. 34-0394) [43]. With the increase of the g-C3sN4 content in
the CeOy/g-C3N4 composites, the intensity of these peaks enhanced
gradually, manifesting that g-C3N4 could protect CeOy to maintain its
crystal form during ball milling. In addition, the CeOy/g-C3N4 compos-
ites had slight high-angle shifts of the peak at 28.6° (Fig. S4a (right)),
probably due to the interaction between CeO3 and g-C3N4 [23].

The interfacial electronic interaction of the CeOy/g-C3N4 composite
was confirmed by FT-IR (Fig. S4b). A broad band located at 3600-3000
cm ™! are attributed to the physically absorbed hydroxyl (-OH) and
amino (-NH,) groups, the peaks in the 1600-1200 cm ™" region are the
characteristic vibration modes of C = N and aromatic C-N heterocycles,
and the sharp band near 804 cm™! can be assigned to the typical out of
plane breathing mode of the s-triazine units of g-CsNy4 [27,44]. It is
found that after the high-energy ball milling, the main structure of g-
C3N4 was intact on the CeO2/g-C3N4 composites. Interestingly, it was
observed that the broad peaks ranging from 3600 to 3000 cm ™' became
weaker, broader and slightly red-shifted on the CeO5/g-C3N4 compos-
ites, due to the formed hydrogen bonds between CeO2 and g-C3Ny, i.e.,
the hydroxyl groups adsorbed on the surface of CeO2 were hybridized
with the amino groups on g-CsN4 [45,46].

Furthermore, the compared XPS spectra of 70% CeOs/g-C3N4 and
CeO, were employed to explore the interfacial electronic effect. In the
Ce 3d peaks (Fig. 2a), the peaks of u” (916.5 eV), u” (907.3 eV), u
(900.7 eV), v (898.1 eV), v’ (888.4 eV) and v (882.2 eV) are indexed to
Ce‘”, and the other two peaks occurring at 903.2 eV (marked u’) and
884.8 eV (marked V') can be ascribed to Ce3* species [25]. In compar-
ison with those of pure CeOs, the peaks related to Ce** of the 70% CeOy/
g-C3N4 composite shifted toward the lower binding energy, indicating
that the increased electron density on Ce of CeOy/g-C3N4 led to CeO,
with negative and g-C3Ny4 positive charges, respectively. However, the
peak labeled u’ of the 70% CeO,/g-C3N4 composite shifted toward the
higher binding energy, which was due to the existence of the redox pairs
of Ce*t/Ce3t. In addition, the interface electrons transfer of CeOy/g-
C3N4 was investigate by UPS. As shown in Fig. S5, the work function of
CeO; and g-C3N4 are 4.01 eV and 3.79 eV, respectively. It demonstrates
that the free electrons tend to move from g-C3N4 with a smaller work
function to CeOy, in order to equilibrate their fermi levels as they are in
contact [47,48]. These reveal that the staggered band alignment of CeO4



X. Wei et al

(a)

Intensity (a.u.)

T T T T T T T
920 915 910 905 900 895 890 885 880
Binding Energy (eV)

Chemical Engineering Journal xxx (xxxx) xxx

®) 5313 O:ls

70% CeOn/g-CaNa

Intensity (a.u.)

CeO:

T T T T T T
536 534 532 530 528 526
Binding Energy (eV)

Fig. 2. XPS spectra of (a) Ce 3d, and (b) O 1 s of 70% CeO,/g-C3N4 and CeOs.

and g-C3sNy4 result in the formation of internal electric filed on CeO2/g-
C3Ny4 heterojunction. Moreover, the XPS spectra of O 1 s were showed in
Fig. 2b. The peak observed at 529.2 eV can associated with the lattice
oxygen 0%~ (in the Ce-O bond of CeO,), along with the weak shoulder
peak near 531.3 eV can be related to the chemisorbed oxygen on the
surface of the catalysts (-OH group and oxygen-containing species) [49].
It was found that more chemisorbed oxygen species formed on 70%
CeO2/g-C3Ny surface (75.8%) compared with CeO; (20.0%). According
to the order of Ce*t/ (Ce®t + Ce*!) ratios, i.e., 70% CeO,/g-CsNy
(18.4%) > CeO3 (12.8%), it is proposed that more oxygen defect for-
mation onto 70% CeOy/g-C3Ny4 (Ce4++OL - Ce3++0v), and thus is
beneficial for more surface oxygen species generation [46].

On the basis of XRD, FT-IR, XPS and UPS results, it was suggested
that the ball milling method made the interface electrons transfer from
g-C3Ny4 to CeOq, leading to the formation of built-in electric field, more
oxygen defect, and surface adsorption oxygen species on CeOy/g-C3N4
heterojunction.

3.2. Band structures and charge transfer

The optical and photoelectric properties of photocatalysts are critical
to their photocatalytic performance. The UV-vis diffuse reflectance
spectroscopy (DRS) was utilized to examine the optical absorption
properties and band gaps of CeO,, g-C3N4, and CeO5/g-C3N4 composites
(Fig. 3a, S6a). Owing to its intrinsic band structure, CeO, displayed the
highest optical absorption in the ultraviolet light region with the band
edge at around 468 nm. While the as-synthesized CeOy/g-C3N4 com-
posites showed a distinct blue shift with respect to CeO5, which might be
resulted from the famous quantum confinement effect originated from
refinement of the materials by ball milling process [50]. Among these
composites, 70% CeO,/g-C3N4 composite showed the strongest light
response. According to the Kubelka-Munk function, the plot of (Ahv)*™
versus hv in Fig. 3a determined the band gap energies (Eg) of CeO, and
g-C3Ny catalysts. The estimated Eg values were approximately 2.81 and
2.76 eV corresponding to CeO5 (n = 1) and g-C3N4 (n = 4), respectively.

Furthermore, the valence band (VB) XPS and Mott-Schottky (M—S)
tests were introduced to determine the VB and conduction band (CB)
position of CeO, and g-C3Ny, respectively. Fig. 3b depicts the VB XPS
spectra of CeO3 and g-C3Ny4. The value of CeO, occurred at about 2.03
eV, higher than that of g-C3Ny4 (1.75 eV). In addition, both CeO, (Fig. 3c)
and g-C3Ny4 (Fig. 3d) showed the positive tangent slopes of M—S plots
(G2 vs. V) corresponding to n-type semiconductor property with elec-
trons as the main carriers [51]. The calculated values of the flat band
potentials for CeO, and g-CsN4 were reckoned up to be —1.21 and
—1.44 V (vs. Ag/AgCl), which are equivalent to —0.58 and —0.81 V (vs.
NHE), respectively [52]. The meaning of flat band potential is that the

Fermi level position relative to the electrochemical potential of redox
couple in the electrolyte. The Fermi level of g-C3Ny is higher than that of
CeO», suggesting that the electrons are easily transferred from g-C3N4 to
CeOs, to equilibrate their fermi levels, which is consistent with the results
of XPS and UPS [47,53]. The widely accepted fact is that the CB po-
tentials with respect to n-type semiconductors are usually 0.1-0.3 eV
more negative than the flat band potentials [24]. Therefore, the Ecg of
CeOy in this work was about —0.78 eV (vs. NHE). Whereas for g-C3Ny,
the CB lay at —1.01 eV (vs. NHE). The obtained CB and VB values of
CeO3 and g-C3Ny in this work are very similar to the previous literature
reports [54]. Therefore, based on the obtained values of CB and VB and
the pervasive formula: E; = Eyp-Ecg, the Eg values of CeO and g-C3N4
were 2.81 and 2.76 eV, respectively, which are in accordance the results
of UV-vis DRS (Fig. 3a). Therefore, the band structures of CeO2/g-C3Ny4
heterostructure were displayed in Fig. 3e, under the guidance of built-in
electronic effect, negative and positive charges were showed on CeO,
and g-C3Ny, respectively, thermodynamically leading to the faster
electron transfer (Fig. 3f) and stronger redox potential on the Z-scheme
CeO,/g-C3N4 heterostructure.

The separation, migration, and recombination processes of gener-
ated electron-hole pairs in photocatalytic materials were determined.
The PL spectra of CeOs, g-C3N4, and CeO,/g-C3N4 composites at an
excitation wavelength of 325 nm showed similar PL emission peaks
(Fig. S6b). The main emission peak centered at about 450 nm can be
ascribed to the band to band PL phenomenon with the energy of the
excitation light closing to the band gap energy of g-C3N4 and CeOq
[25,27]. Compared with CeOy and g-C3Ny, the CeO2/g-C3N4 hetero-
structures exhibited much weaker PL emission, and the 70% CeOy/g-
C3Ny catalyst showed the lowest PL emission intensity, indicating the
suppression of the photogenerated electron-hole pairs recombination.
Thus, the 70% CeO,/g-C3N4 catalyst possessed the highest charge sep-
aration efficiency, greatly boosting the photocatalytic performance.

To further explore electronic structure and interfacial charge sepa-
ration dynamics of the photocatalysts, transient photocurrent responses
were carried out for five on—off cycles under light illumination (Fig. S7).
It is well known that a higher photocurrent intensity manifests more
efficient separation and fast transfer of photo-generated electrons, and
more electrons are able to participate in the photocatalytic degradation
reaction, leading to a better photocatalytic performance. The photo-
current response intensity of the photocatalysts followed the order of
70% CeO2/g-C3N4 > 90% CeO2/g-C3Ny4 > 30% CeOy/g-C3Ny4 > g-C3Ny
> CeO,. Furthermore, electrochemical impedance spectroscopy (EIS)
test was determined in dark to explore the interfacial charge transport
speed at the electrode-electrolyte interface. Typically, a smaller arc
radius corresponds to a less electron transfer resistance and a faster
interfacial charge transfer and separation efficiency [55]. Based on the



X. Wei et al

§
(2) —g-ClNy 12
—— Ce0:
4 12
o
3 R
33 . <
g Pl
= 266V 62
= <
< 2,81 ¢\ =
Nl e e sedeasaecs
43
14 10
25 3.0 35 4.0 4.5
hv (eV)
8
(©) { Ce0:
7 -
6- o 1000 Hz
o e 1500 Hz
£ 5- o 2000 Hz
&
=,
=)
=
e
o
2 -
1+
121 eV

[) T T T T T T T T
A2 10 08 06 04 02 00 02
Potential (V vs. Ag/AgCl)

eV vs. NHE eV vs. NHE
(e) pI;I=7 pH=7
-3 - —-3
i g-C3N, e
CeO, 1016V
-1 - -~ -1
1 -+
0 - o -+ R 0
of - |
1 - : -+1 o® 1
— +1 —
R N T
2 —_ = 2
3 - — 3

Chemical Engineering Journal xxx (xxxx) xxx

(b) g-CsNs
— CeO
3
L
7~
=
w
=
]
=
I
@.03ev)L75eY)
T T 1 T 1 1
10 8 6 4 2 0 2 -4
Binding Energy (eV)
(d{s ] -GNy
151 e 1000 Hz

e 1500 Hz
e 2000 Hz

-1.44 ¢V
0 T T T T T T
14 12 1.0 0.8 0.6 0.4
Potential (V vs. Ag/AgCl)
(f)3 3 CeO:
51 o 90% CeOx/g-C:Ns
9 70% CeOx/g-CsNa
07 o 30% Ce0x/g-C:Ns
9 g-GNu e 2 e g
25 4 =
e L
G @ ]
: 9 o o °
N. 15 %o e 90 o 2
% ,° o 0 ?
909,09 00, °
Wy w®50,, = o .
GEQ -] o% (-] =
.
(!
54 LN 3 P
y !
0 T T T T T T T
0 10 20 30 40 50 60

7' (KQ)

Fig. 3. Estimated band gap energies (a) and valence band XPS spectra (b) of the CeO, and g-C3N4. Mott-Schottky plots of CeO, (c) and g-C3N4 (d) at frequencies of
1000, 1500 and 2000 Hz in the 0.5 M NaySO4 aqueous solution. (e) The band structures of CeO/g-C3Ny4 heterostructure. (f) EIS Nyquist plots of CeO,, g-C3Ny4, and

Ce0O,/g-CsN,4 composites.

observations (Fig. 3f), 70% CeO2/g-C3N4 displayed the lowest charge-
transfer resistance among all samples, indicating that the interfacial
interaction of CeOy/g-C3N4 heterojunction can greatly accelerate elec-
tron transfer and improve electron utilization thereby enhance photo-
catalytic performance. This is in agreement with the results of PL and
transient photocurrent responses. Based on the above characterization
analysis, the successfully constructed Z-scheme CeO./g-C3N4 hetero-
structure can significantly improve light absorption, fast interfacial
electron transfer and efficient separation of photo-induced electron-hole

pairs.

3.3. Kinetic model simulations for synergistic adsorption-photocatalysis

Photocatalytic degradation of MB by the photocatalysts were eval-
uated. A blank test without any photocatalysts was used as the control in
the experiment. Only about 5.5% of MB was degraded in the blank after
180 min irradiation (Fig. 4a), indicating that self-photo degradation of
MB was almost negligible. In comparison to CeOy and g-C3Ny, all the
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Fig. 4. Removal of MB by the photocatalysts under UV light irradiation: (a) Comparison of photocatalytic activity of the CeO,, g-C3N4, and CeO,/g-C3N,4 composites,

(b) reusability of 70% CeOs/g-C3Ny.

CeO2/g-C3N4 composites showed much larger removal of MB during
light irradiation (Fig. 4a), indicating higher activity. This can be
attributed to the synergy between CeO, and g-C3N4 that can increase
photogenerated charge carries separation. Among the composites, 70%
CeO2/g-C3N4 possessed the highest photocatalytic performance with a
MB removal efficiency of 90.1% after 180 min irradiation. This is
consistent with the characterization results that 70% CeO2/g-C3Ny4 has
the best photocatalytic properties in the composites. Furthermore, the
performance of 70% CeO,/g-C3N4 catalyst synthesized by ball milling
method is better than that of conventional methods (Table S1). Com-
parison of the performances of the three CeO,/g-C3N4 composites also
reveals the importance of the ratio of CeOy and g-C3Ny4 to the photo-
catalytic activity. While the ball milling combination of CeO5 and g-
C3Ny4 activate the synergy to promote their photocatalytic activity;
overdose of either of them would weaken the synergy to make the
composites less effective. Because 70% CeOy/g-C3N4 had the best MB
removal performance, its reusability was further evaluated (Fig. 4b).
The 70% CeO,/g-C3N4 maintained its high MB degradation efficiency.
All these results demonstrate that the heterojunction CeO,/g-C3Ny is a
promising photocatalyst for contaminant degradation because of its high
photocatalytic activity and good reusability.

Generally, adsorption and photocatalysis are indivisible in the pro-
cess of photocatalytic degradation of organic contaminants [56]. To
explore the synergy between adsorption and photocatalysis, the removal
kinetics of MB by the photocatalysts were measured with and without
light. In the dark room (Fig. S8), the adsorption performances of the
samples followed the order of 70% CeOy/g-C3N4 > 90% CeO2/g-C3Ny4 >
30% CeO2/g-C3N4 > g-C3Ny4 > CeO,. And we carried out FT-IR tests on
the 70% CeOy/g-C3N4 sample before and after adsorption of MB
(Fig. S9). After MB adsorption, new peaks at 3000 ~ 2000 cm’l, 1994
em~! and 1920 cm™! assigned to C-H, -C = C =N and -C = C = C-
appeared, suggesting that MB molecules adsorbed strongly on the sur-
face of 70% CeO2/g-C3Ny4 by n-n stacking interactions between the ar-
omatic backbone of the MB and the highly delocalized n-conjugated
system of g-C3Ny4. No obvious changes of the broad peaks between 3500
and 3000 cm lattributed oxygen-containing functional groups was
observed [53,57,58]. In addition, the intensity of the peak at 804 cm!
assigned to the s-triazine units of g-C3N4 became weaker relative to the
peaks in the 1600-1200 cm ™! region, indicating that MB molecules
interacted with n-r of the triazine ring. The order of adsorption perfor-
mances of the samples in agreement with the trend of their photo-
degradation ability (Fig. 4a), indicating that there might be a strong
correlation between adsorption and photocatalysis during MB photo-
degradation by the samples. Furthermore, the adsorption and photo-
degradation experiment data on the adsorption of MB by the composites

were fitted to the widely used first-order reaction kinetic model and the
modified Elovich model established by our group (Fig. 5). The fitted
model parameters are presented in Table 1. The adsorption and photo-
degradation experimental data were better fitted by the modified Elo-
vich model (R? > 0.990) than the first-order model (R? = 0.634-0.982).
The best-fit kinetic adsorption and photodegradation rate constant of the
70% CeO2/g-C3Ny4 (0.232 min~! and 0.030 min~1) were larger than that
of the 90% CeO4/g-C3N4 (0.120 min! and 0.029 min~!) and 30%
CeO2/g-C3N4 (0.061 min~! and 0.011 rnin’l), and the 70% CeO2/g-
C3Ny exhibited the highest adsorption and photodegradation capacity
(Ba,70 < Pa,90 < Pa,30 and Bp,70 < Pp,30 < Pp,90), confirming that adsorption
can accelerate the photocatalytic degradation process. Thus, adsorption
is one of the important parameters to control the kinetic constant of MB
photodegradation, and the synergy between adsorption and photo-
catalytic degradation might be present.

Furthermore, for the aim to further clarify the relationship between
adsorption and photocatalysis, we conducted a simple correlation
analysis of MB adsorption and photodegradation rates with Pearson’s
product-moment correlation coefficient (r) and Spearman’s rank corre-
lation coefficient (rs) [59]. The results showed strong correlation be-
tween adsorption and photodegradation (Fig. 6). The descriptions of
these correlation coefficients are shown in the supporting information
(S2 and Tables S2 and S3). The obtained Pearson’s (r = 0.834) and
Spearman’s (rs = 0.777) correlation coefficient values are greater than
statistical critical values (Wp = 0.380 and Wp, = 0.382), manifesting
that the correlation is statistically significant.

Base on the findings of this work, the superior photodegradation
activity of CeOy/g-C3N4 can be mainly attributed to the heterojunction
structure and the synergy between adsorption and photodegradation. A
schematic illustration of the mechanism of MB degradation by a Z-
scheme heterojunction between CeO, and g-C3Ny4 is presented in Fig. 7a.
The ball milling method not only endues a strong interfacial interaction
through tightly bonding between CeO2 and g-C3Ny, but also builds an
effective interfacial electronic effect enabling g-C3sN4 and CeO, with
positive and negative charges, respectively. Thus, driven by the inner
electric field at the CeOy/g-C3N4 heterojunction interface, photo-
generated electrons stay on the CB of g-C3Ny, while holes on the VB of
CeO3, which enhance the redox ability, and thermodynamically, more
active oxygen radicals are easily generated. That are, e~ on the CB of g-
C3N4 has strong reduction ability can convert Og into -O3 radicals (E®
(09/-03) = —0.046 eV vs. NHE) while the h* on the VB of CeO5 with
strong oxidation power can be taken up by surface chemical adsorbed
oxygen, i.e., OH™, to produce ¢OH radicals (E®(OH/-OH) = 1.99 €V, vs.
NHE) [25]. Then the generated active radical species can efficiently
oxidize MB adsorbed on the surface of CeO5/g-C3N4 to regenerate the
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Fig. 5. Model simulations of MB removal kinetics by CeO2/g-C3N4 composites in dark (a) and under UV light irradiation (b). Symbols represent experimental data.
Short dash and solid lines are simulations of the first order and the modified-Elovich models.

Table 1
The fitted parameters of the kinetics models for removal of MB in dark (a) and
under UV light irradiation (b).

Models Samples Parameter 1 Parameter 2 R?
1st order 30% CeOy/ g- ka, 30 =0.006 - 0.700
C3Ny kp, 30 =0.005 - 0.963
70% CeOy/ g- ka, 70=10.011 - 0.634
C3Ny ky, 70 =0.016 - 0.982
90% CeO,/ g- ka, 00 = 0.009 - 0.664
C3Ny kb, 90 =0.006 - 0.791
Modified- 30% CeOy/ g- Ka30=0.061  Pa30=39.640 0.996
Elovich C3Ny Kp30=0.011 P30 = 3.254 0.991
70% CeOy/ g- Ka70=0.232  P70=31.261  0.996
C3Ny Kp70 =0.030 P70 = 3.104 0.998
90% CeOy/ g- Kao0 =0.120  Pago=34.529  0.996
C3N, Kboo = 0.029  Ppoo = 5.974  0.997

adsorbed sites for capturing additional MB. This auto-recycled process
can greatly improve the removal efficiency of MB by the nanocomposite
[60,61]. Meanwhile, the redox pairs of ce*t/ce®t are recognized as
electron and hole scavengers, inhibiting the recombination of photo-
generated carriers [62]. With regard to the synergy between adsorption
and photodegradation, kinetics simulation models suggest that the
adsorption of contaminants (e.g., MB) on the CeO5/g-C3Ny4 surface thus
can accelerate photocatalytic degradation, meanwhile

—_
=
~

r=0.834, p=10.000

Photocatalysis Ct/C0

Ja 3 L] Lo

Adsorption Ct/C0

photodegradation of the adsorbed contaminants can free the adsorption
sites to expand the capacity or reusability.

In addition, the Z-scheme heterojunction could generate more the
active oxygen species, which are beneficial for the photodegradation of
MB on the 70% CeO,/g-C3Ny4 under light irradiation. In Fig. 7b, the
trapping experiment using isopropanol (IPA), p-Benzoquinone (BQ), and
Ethylenediamine tetraacetic acid (EDTA) as the scavengers of hydroxyl
radical (-OH), superoxide radical (-O3), and hole (h'), respectively,
demonstrate that -OH and -O3 are the dominant active species in the
photodegradation reaction system. To further confirm the existence of
active species -OH and -O3 in the photodegradation process, the electron
paramagnetic resonance (EPR) spectra of 70% CeO»/g-C3N4 were tested
(Fig. 7c and 7d). The obvious ESR signals are detected with DMPO—eOH
and DMPO-e03 adducts under the light irradiation, whereas the signals
are not observed in the dark, signifying that both ¢OH and -O3 are
generated during the photocatalytic degradation reactions. The results
not only confirm that the built-in electronic field creating Z-scheme
heterojunction is formed, but also show the superiority of ball milling
obtained CeO2/g-C3N4 for pollutant elimination.

4. Conclusions

In summary, effective Z-scheme heterojunction CeO5/g-C3N4 pho-
tocatalysts were successfully prepared by a simple ball milling method,
which display better adsorption and photodegradation efficiency for MB

®) || r,=0.777,p=0.000

Ranks of photocatalysis

Ranks of adsorption

Fig. 6. (a) Pearson’s and (b) Spearman’s correlation between the adsorption and photodegradation rates of MB onto the samples.
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Fig. 7. (a) Schematic diagram of the mechanism of MB removal by CeO4/g-C3N,4 under UV light irradiation. (b) Effect of scavengers on photocatalytic activity of 70%
Ce04,/g-C3Ny4. ESR spectra of 70% CeO,/g-C3N4: (¢) in aqueous dispersion for DMPO—eOH and (d) in methanol dispersion for DMPO-e05 under light irradiation.

than individual CeO; or g-C3Ny. The ball milling treatment strengthened
the interfacial interaction, leading to increased light absorption, faster
interfacial charge separation, stronger redox ability, more active oxygen
radicals, and thereby thermodynamically enhanced photocatalytic per-
formance. MB removal kinetics by the photocatalysts manifest the
strong decontamination ability of heterojunction CeO5/g-C3N4 due to
the synergy between adsorption and photocatalytic degradation. These
results indicate that adsorption ability and heterojunction construction
are key factors controlling the removal efficiency of photodegradable
pollutants, and ball milling can be used as an environmentally friendly
and cost-effective method to synthesize heterojunction photocatalysts
for environmental applications.
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