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ABSTRACT

Reactive oxygen species are essential in photocatalytic water treatment. In this paper, Gd doped carbon
nitride (CN) photocatalysts were prepared by simple thermal polymerization for the photocatalytic
degradation of tetracycline under visible light irradiation. The photodegradation rate of 1.0GdCN is as
high as 95% in 18 min, and the photocatalytic performance is much higher than that of CN. The
improvement of photocatalytic performance is mainly attributed to the fact that Gd ion implantation
directly provides active sites for oxygen activation and induces the formation of N vacancies. The results
of characterizations show that the introduction of Gd in CN can improve the conversion ability of acti-
vated oxygen, carrier separation and energy band structure adjustment. Therefore, 1.0GdCN photo-
catalyst can be employed for efficient photocatalytic synthesis of tetracycline. Furthermore, three ways of
photocatalytic degradation of tetracycline were revealed by high performance liquid chromatography-
mass spectrometry. This work provides insights into the doping strategy of CN to improve the produc-
tion of reactive oxygen species for environmental remediation.

1. Introduction

Photocatalysis technology based on semiconductors is expected
to solve the problem of water environment pollution.! > Unfortu-
nately, the photocatalytic mineralization efficiency of organic pol-
lutants is still relatively low.* ® The essence of photocatalytic
reaction is a chain reaction between reactive oxygen species (ROSs)
and organic pollutants. Obtaining high quality ROSs is the key to the
efficiency of photocatalysis improvement.” '° The common ROSs
(10,3, ¢03, Hy0, and eOH) play an irreplaceable role in photo-
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catalyze the reduction of two-electron oxygen to Hy0,.°"" In

particular, carbon nitride (CN) has become a popular material
because of its merits such as metal-free, light response, suitable
band structure and unique physical and chemical properties.'s2°
However, the rapid recombination of electron—hole pairs and
exposed active sites limit the photoactivity of the original CN.?! =23
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Various strategies have been used to modify pristine CN, such as
metal/nonmetal doping, morphology modulation, noble metal
loading, defect engineering, hybridization and constructing heter-
ojunctions.’*2® Among them, defect engineering is a common and
effective method to obtain CNs with excellent performance.?’ 2°
The introduction of structural defects can not only tune the opti-
cal and electrical properties of CN, but also overcome the kinetic
barrier in the oxygen reduction process, thus enabling the effective
construction of impurity bands on the CN surface.*° > Neverthe-
less, the following issues have not been paid attention to: (1) in the
design of carbon nitride with structural defects, the stacking of ©-7
layers has been neglected, which makes the charge transfer from
bulk to surface difficult; (2) in the photocatalytic O, reduction re-
action, reshaping defects to enhance the binding strength with O,
may be more critical than simply exposing more defects; (3) Some
measures are needed to overcome the reverse recombination
behavior of surface electrons.’> 3% Therefore, obtaining CN with
functional defects on the surface and dense -7 layer stacking in
the bulk phase is a work worthy of exploration and challenge.>®~#?

In the past few years, many modification methods, such as metal
or non-mental doped, molecular copolymerization, and the con-
struction of heterojunctions, have been developed to improve the
photocatalytic performance of CN.**~*> As rare earth elements,
lanthanides showed great potential as doped agents.*~*% For
example, Luo's research group'> employed Ce to modify CN, and the
as-obtained Ce-doped CN exhibited excellent photocatalytic activ-
ity. Because Gd and Ce possess very close valence layer electrons,
both 4p and 4f orbitals interact with the -7 bond of CN, so it is
inferred that Gd doped CN could show good oxygen adsorption and
activation ability for oxygen.

In this study, 1.0GACN photocatalysts were prepared using
lanthanide Gd and thermal polymerization of melamine. Optimized
1.0GdCN showed excellent photocatalytic degradation of tetracy-
cline (TC) under visible light irradiation. Based on characterizations
and theoretical calculations, the improved photocatalytic perfor-
mance of 1.0GACN may be attributed to better oxidation ability and
electrical conductivity than pure CN. Moreover, the introduction of
Gd elements and the formation of N vacancies inhibited the rapid
recombination of photogenerated electron—hole pairs and pro-
vided active sites for activating oxygen. Finally, 1.0GdCN exhibited
an enhanced generation of ROSs (0, and «OH) for photocatalytic
degradation of TC. This work revealed a Gd doping strategy to
improve the generation of ROSs for water treatment.

2. Experimental
2.1. Materials

Gadolinium acetate and melamine came from Macklin. All
chemicals were of analytical reagent grade or higher and were used
without further purification.

2.2. Synthesis of the catalysts

Typically, 4 g of melamine and different amounts of gadolinium
acetate (0.020, 0.0320, 0.040, 0.050 and 0.060 g) were put into
100 mL boiling water and stirred for 40 min using a magnetic stirrer
and placed in a dry oven until the water solution had dried. Then, it
was thermally treated in a muffle furnace at a heating rate of 4 °C/
min and kept for 5 h at 550 °C. Finally, the resulting sol was dried
and ground, obtaining a light-yellow powder of Gd-g-C3Ng4, deno-
ted as GACN. According to the proportion of gadolinium acetate to
melamine, the samples were labeled as 0.5GdCN, 0.8GdCN,

1.0GdCN, 1.2GdCN and 1.5GdCN, respectively. The different pro-
portions of Gd doped CN were fabricated through a thermal poly-
merization method.

As a reference, pure g-C3N4 was also synthesized, where mel-
amine was put in a ceramic pot and heated at 550 °C for 5 h in a
muffle furnace. Then the sample was cooled in the oven to room
temperature. The bulk sample was ground to obtain the pale-
yellow g-C3N4 powder, denoted as CN.

2.3. Catalysts characterization

The parameters of the test and characterization processes are
detailed in Text S1 of SI.

2.4. Photoactive evaluation

The degradation efficiency of TC was used as the index to
measure the photocatalytic performance of the samples. The visible
light source was a 300 W xenon lamp (PLS-SXE300/300 UV), using
a glass filter to remove the ultraviolet light with a wavelength
below 420 nm. Typically, 100 mg of the photocatalyst was added to
a 100 mL solution containing 10 mg/L TC and stirred for 30 min
under dark conditions to achieve an adsorption—desorption equi-
librium. Under visible light irradiation, 2 mL of the mixture was
sampled at intervals of 3 min. The TC solution and the photocatalyst
were separated by a 0.22 um filter membrane. The concentration of
the TC aqueous solution was measured by high-performance liquid
chromatography (HPLC, Shimadzu) with an EC-C18 column (4.6
mm x 150 mm). The column temperature was set to be 25 °C, and
the detection wavelength was 280 nm. The ratio of 0.3% aqueous
phosphoric acid solution to methanol in the mobile phase was 6:4,
and the flow rate was 1 mL/min. The sample volume was 20 pL for
each injection. The formula for calculating the photocatalytic
degradation efficiency (A) of TC was as follows:

A:CO—E—;X‘IOO% (1)

where ¢ represents the initial TC concentration, while ¢; represents
the TC concentration after t min of photodegradation.

2.5. Photoelectrochemical experiment

The parameters of the test and characterization processes are
detailed in Text S2 of SI.

2.6. Active species trapping experiments

The parameters of the test and characterization processes are
detailed in Text S3 of SI.

2.7. Theoretical calculations

The parameters of the test and characterization processes are
detailed in Text S4 of SI.

3. Results and discussion
3.1. Morphology and structure analysis
As shown in Fig. 1(a), Gd-doped CN photocatalysts were pre-

pared by simple thermal polycondensation at 550 °C. In order to
determine the surface morphology and possible elements of
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Fig. 1. (a) lllustration of the synthetic process employed in producing 1.0GdCN; (b—d) TEM images of 1.0GdCN; SEM mapping images of 1.0GdCN (e), C (f), N (g), O (h) and Gd (i); (j)

SEM image of 1.0GdCN.

photocatalysts 1.0GdCN and CN, the scanning electron microscope
(SEM, XFlash 6130 sigma500) and transmission electron micro-
scope (TEM, FEI talos f200s) were used. As can be seen from
Fig. 1(b—d) and Fig. S1, 1.0GdCN shows an irregular shape. As shown
in Fig. S2, the CN sample shows an amorphous morphology
consistent with that of 1.0GdCN. In addition, in order to further
verify the elemental composition of 1.0GACN, EDS analysis and
elemental mapping patterns were carried out (Fig. 1(e—i) and
Fig. S3). Among them, Gd, C, N and O elements are uniformly
distributed on the surface of 1.0GdCN, which indicates that Gd
element has been successfully injected into CN. It is worth noting
that, combined with Fig. 1(j) and Fig. S2, both 1.0GdCN and CN show
a massive structure, which may be due to the result of in-situ
thermal polymerization.

Large specific surface area and rich pore structure provide more
active centers for photocatalytic reaction, so it can improve the
removal efficiency of photocatalysis. Fig. S4 and Table S1 show that
the specific surface area of 1.0GdCN is 13.3 m?/g, which is much
larger than that of CN 8.6 m?/g. In addition, the porous properties of
1.0GdCN also changed after doping, as described by Bar-
rett—Joyner—Helena (BJH) methods. The pore size distribution
shows that the volume of 1.0GdCN is obviously larger than that of
CN, but the pore size of 1.0GdCN is smaller than that of CN. To sum
up, the injection of Gd element increases the degree of polymeri-
zation of 1.0GdCN, which leads to a larger specific surface area. It
can be concluded that the doping of Gd has significant effect on the
specific surface area of CN. Therefore, the improvement of photo-
catalytic activity of CN by Gd doping may be related to the increase
of its specific surface area.

3.2. Chemical compositions

The X-ray diffraction patterns of the crystal structures of
different samples are shown in Fig. S5, 1.0GACN samples show
characteristic peaks at 13.2° and 27.4°, corresponding to (100) and
(002) crystal planes, respectively, representing triazine ring struc-
ture and layer spacing, which are also characteristic peaks of pure
CN.* The above results show that the peak intensity of 1.0GdCN
photocatalyst samples and other photocatalysts with different ra-
tios do not change much after Gd doping, which may be due to the
low amount of Gd doped. To reveal the chemical molecular struc-
tures of CN and GdCN, FT-IR measurements were carried out. As
shown in Fig. S6, CN and GdCN have obvious peaks at approxi-
mately 810, 1200, 1750, 3000 and 3400 cm™ .. The peak around
810 cm ™! represents the out-of-plane bending mode of the triazine
units. The peaks at 1200—1750 cm™! and 3000—3400 cm™! corre-
spond to the stretching vibrations mode of C—N heterocycles and
N—H in bridged or terminal amine groups, respectively.?® These
findings are consistent with the results of XRD patterns. In addition,
we found that Gd-doped photocatalysts adsorbed more H,O than
CN, especially 1.0GdCN. The 1.0GdCN and CN samples showed the
same peak positions, demonstrating that the presence of the Gd
element did not change the basic framework of CN.

The chemical properties of 1.0GACN and CN were characterized
in detail by X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 2(a), only C, N and O are found in the measured spectra of
1.0GdCN, which is consistent with the powder CN. Among them,
there is no characteristic peak of Gd in energy spectrum, which may
be caused by the low content of Gd. Fig. 2(b) shows the C 1s XPS fine
spectrum of 1.0GdCN and CN, respectively. There are two peaks in
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structures in DFT calculation.

1.0GdCN and CN. The peak at 284.8 eV?5°? belongs to C—C and the
peak at 288.19 eV°! belongs to sp? hybrid C—N=C. Fig. 2(c) depicts
the high-resolution XPS spectrum of N 1s of 1.0GdCN and CN.
Among them, the peaks of 1.0GACN are 401.44, 399.93 and
398.85 eV, which represent the sp? bond nitrogen in N—aromatic
ring (C=N-C), tertiary nitrogen group N—(C)3 and amino group
(C—N—H), respectively. However, compared with the N 1s fine
spectrum peak of CN (401.44, 400.11 and 398.95 eV), the C=N—-C
peak in 1.0GACN spectrum shifts to higher binding energy, and the
bridge N peak blue shifts, indicating that there may be a chemical
force between Gd and CN. At the same time, as shown in Table S2,
the area of C=N—C and bridging nitrogen of 1.0GdCN decreases
after fitting, indicating that N defects are mainly formed in the
position of C=N—C and bridging nitrogen of 1.0GdCN. In Fig. 2(d), it
is also found that the O 1s of the peaks of 1.0GdACN and CN are
located at 532.10 and 532.1 eV, respectively, which are the eigen-
values of adsorbed oxygen. In the high resolution Gd 4d XPS
spectrum (Fig. 2(e)), two peaks appear at 143.35 and 149.01 eV,
which are attributed to Gd>* 2p>? and Gd>* 2p'/2, respectively. To
sum up, we can preliminarily infer that Gd ions are doped in the N
site and produce N defects, and the electron aggregation occurs on
the surface, which leads to the decrease of binding energy. It is
further speculated that the injection of Gd element and the con-
structed 1.0GACN photocatalyst may affect the electron transfer.
In this study, N vacancy was introduced by high temperature
roasting. Due to the different stability of different bonds in 1.0GACN
molecules, high temperature calcination will lead to the fracture of
some specific bonds, resulting in N atoms escaping from specific

positions and forming N vacancies. Therefore, the generation of N
vacancy in the synthesis process was tested. The EPR signal due to
the sp?-carbon atoms in the p-conjugated aromatic rings generated
similar unpaired electrons. Specifically, the loss of the N atom in the
structure left extra electrons that were redistributed to adjacent C
atoms to form additional unpaired electrons. As shown in Fig. 2(f),
the EPR signal at g = 2.004 of 1.0GdCN and CN, it is obvious that the
signal peak of 1.0GdCN is higher than CN. After the introduction of
Gd element, the amplitude of 1.0GdCN curve is larger than that of
CN curve, implying a large number of defects in 1.0GdCN. Similar
results are reflected in XPS data. The XPS analysis shows that the C/
N ratio of CN is higher than that of 1.0GdCN, while the peak area
ratio of C—N=C to N=C—N of 1.0GdCN is lower than that of CN,
indicating that N mainly occurs at bridging nitrogen site (Table S2).
The increase in the value of C/N and decreased peak areas also
indicate that the defects generated should belong to N vacancy. It
shows that the strong peak density indicates that a certain number
of surface vacancies are formed on the surface of 1.0GdCN. Com-
bined with XPS N1, the successful formation of nitrogen vacancy is
fully determined.

It is well known that the free energy of lower doping sites is
usually more likely to be replaced. In order to clarify the doping
position of Gd element in CN, we calculated the single-point energy
levels of different energy levels at different positions on the surface
of 1.0GdCN. As shown in Fig. 2(g) and Table S3, the Gd ion replaces
the C, Gd ion is in the cavity of the azine ring structure, the Gd
substitutes bridged N, Gd exists at the interlayer site, and Gd sub-
stitutes for triazine N. These free energies are



respectively: —3415, —329, —3423, —3136 and —2901 eV. The final
calculation results show that the energy of Gd substituting bridging
nitrogen sites is the lowest, and only —3423 eV is needed. There-
fore, it has the greatest potential to replace the bridging nitrogen
position. It shows that Gd has successfully replaced this position,
which is consistent with our above XPS results.

3.3. Optical properties

Then the optical properties of the photocatalyst were studied.
Firstly, the solid UV diffuse reflection was used to test the photo-
catalyst. As shown in Figs. 3(a) and 1.0GdCN appears as an obvious
absorption edge in the 450 nm region, while CN is only near
420 nm. It is worth noting that the absorption band and light
capture ability of the modified 1.0GdCN photocatalyst are signifi-
cantly improved, and there is a signal between 500 and 600 nm. In
addition, other photocatalysts with different ratios have different
degrees of absorption edge redshift. Therefore, it can further show
that the response of the modified composite samples to visible light
is enhanced. In addition, 1.0GACN showed the strongest absorption
in the UV—visible region.

The band gap energy of photocatalyst was calculated by
Kubelka—Munk function. As shown in Fig. 3(b), the bandgap width
of 1.0GdCN is 2.64 eV, while that of CN is 2.78 eV. Because the band
gap of 1.0GdCN is smaller than that of CN, it shows better response
to visible light. As shown in Fig. 3(c, d), according to the valence
band X-ray photoelectron spectroscopy (VB-XPS) data, the VB po-
tential (Eyg) values of 1.0GACN and CN are 1.99 and 2.22 eV,
respectively. Therefore, the Eyp xps can be evaluated according to
the VB-XPS method. Then, the Eyp of the corresponding standard
hydrogen electrode (Eyp, nuE) can be calculated according to the
following formula:

EveNHE = ¢ + Evp xps +4.44 (2)

where ¢ is the work function of the instrument (4.63 eV). Thus, the
Eyp, nuE Of 1.0GACN and CN was calculated to be 2.18 and 2.41 eV.
Then, according to Eyg and Eg, the conduction band potential (Ecp)
could be determined uing the following equation:

Ecg =Eyp — Eg (3)

From the above results, the Ecg of 1.0GdCN and CN are —0.46
and —0.37 eV, respectively. As a result, .0GdCN has a more negative
Ecp than CN, which may cause 1.0GdCN to have greater reductive
power.

Firstly, after understanding the optical properties of Gd-doped
CN, we further studied the electronic properties of 1.0GdCN and
CN. As shown in Fig. 4(a) and Fig. S7, the band gap energy of
1.0GdCN is 0.499 eV, on the contrary, the band gap energy of pure
CN is 2.174 eV. Therefore, compared with CN, the band gap of
1.0GdCN is much smaller than that of CN. Therefore, it can be
proved that the electron transfer ability of 1.0GACN is improved
with the introduction of Gd element. In addition, it is worth noting
that through the theoretical calculation of DOS, it can be found that
the energy values of conduction band and valence band of 1.0GdCN
are much larger than those of CN. Therefore, with the introduction
of f orbitals of Gd element, the electron energy of 1.0GdCN photo-
catalyst is greatly increased, which is beneficial to the separation of
photogenerated carriers. It can be further shown that Gd injection
affects the photocatalytic performance of 1.0GdCN.

Electrochemical impedance spectroscopy (EIS) is a common
method to analyze the separation ability of photogenerated e~ and
h*. As we all know, the smaller the curve, the smaller the electro-
chemical impedance. As shown in Fig. 4(b), the impedance of
1.0GdCN is much smaller than that of CN. According to Table S4, the
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resistance of 1.0GdCN is about 3.6 times that of pure CN, so the
conductivity of 1.0GACN photocatalyst is much higher than that of
CN. In addition, the instantaneous photocurrent response curve
reflects the ability of different photocatalysts to produce electron
and hole pairs. As shown in Fig. 4(c), during the experimental
operation, the time interval between the light source on and off is
50 s. When the light is turned on, both 1.0GdCN and CN show a
clear photocurrent signal until it falls to the background value of
the next light off. It is worth noting that 1.0GdCN has a stronger
photocurrent intensity, which is much higher than that of CN. The
results show that with the doping of Gd elements, the carrier
separation ability of 1.0GdCN excited by light is improved, and the
conductivity efficiency of the photocatalyst is enhanced, which is
consistent with the above EIS description. It can also be speculated
that more photogenerated charges in 1.0GACN may participate in
the photocatalytic reaction.

Secondly, the ability of charge generation, electron separation
and transfer of the prepared photocatalyst can be explored by
photoluminescence analysis. As shown in Fig. 4(d), it can be found
that the strength signal value of 1.0GdCN is much smaller than that
of CN. Therefore, the recombination rate of carriers produced by
1.0GdCN after light excitation is lower. It is worth noting that the
main emission peaks of 1.0GACN and CN are near 460 nm, which
may be due to the result of N vacancy. The decay of the fluorescence
lifetime of the photocatalyst is shown in Fig. 4(e). It is worth noting
that the fluorescence lifetime of 1.0GdCN is not better than that of
CN, but the electron availability of 1.0GdCN photocatalyst is
stronger than that of CN. Combined with the above electrochemical
impedance, photocurrent measurement and steady-state fluores-
cence, we can prove our preliminary conjecture that there may be
more photogenerated charges in 1.0GdCN. At the same time, the
experimental results show that 1.0GACN with appropriate con-
centration can promote the effective separation of photogenerated

carrier, accelerate its migration to the surface of photocatalyst,
enhance the electron work effect, and thus obtain good photo-
catalytic activity.

Lastly, the densities of states of 1.0GACN and CN and the
adsorption of tetracycline were obtained by theoretical calculation.
Fig. 4(f) and Fig. S8 show the differential charge of 1.0GdCN and CN.
The implantation of Gd element has significant effect on the charge
density difference, and local electron localization occurs on the
surface of 1.0GdCN photocatalyst. On the contrary, for CN, there is
little impact. This is consistent with the results speculated by XPS
description. In addition, the photocatalytic performance of GdCN
system has been improved. The adsorption of tetracycline by
1.0GdCN and CN were shown in Fig. 4(f, g), respectively. Among
them, the adsorption energy of CN to TC is —0.34 eV, it is worth
noting that the adsorption energy of 1.0GdCN is only —0.48 eV.
Therefore, the potential adsorption performance of 1.0GdCN is
better. It is shown that with the doping of Gd, the local aggregation
of electrons occurs on the surface of Gd which substitutes bridged
nitrogen, resulting in electron localization, thus promoting electron
transfer.

3.4. Photocatalytic degradation of TC and its degradation pathway

In order to evaluate the photocatalytic effect of the prepared
photocatalyst, we used TC as the degradation target. As shown in
Fig. S9, TC can hardly be degraded without light, indicating that it
has a certain degree of stability. As shown in Fig. 5(a), the degra-
dation rate of CN in 18 min is only 29%, indicating that the degra-
dation effect of CN on TC is very general. It is worth noting that the
degradation rate of 1.0GdCN is up to 95%, which is much higher
than that of pure CN, indicating that 1.0GdCN has the best degra-
dation effect. In addition, other proportion of photocatalysts has
different degrees of conversion. Among them, the degradation rate
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of 0.5GdCN and 0.8GdCN increased gradually, which may be due to
the increase of the active center of the reaction with the increase of
Gd content. On the contrary, the degradation rate of 1.2GdCN and
1.5GdCN decreased gradually, which may be due to the excessive
content of Gd and the masking of the active center of the reaction.
Interestingly, the conversion rate of 1.5GdCN is obviously higher
than that of 0.5GdCN.

In order to explore the possible active substances in photo-
catalytic reaction, we carried out capture experiments. As shown in
Fig. 5(b, c), 1 mL K»Cr,07 (0.1 mg/L), 1 mLTEOA (0.1 mg/L), 1 mL PBQ
(0.1 mg/L) and 1 mL IPA (0.1 mg/L) are used as quenchants for
electron (e”), hole (h™), superoxide radical (O3) and hydroxyl
radical (eOH). It is worth noting that with the addition of PBQ
trapping agent, the photocatalytic effect of 1.0GdCN and CN on TC is
the most significant, and the degradation rate in 18 min is only 30%
and 10%, respectively. The second is IPA catcher, which makes the
degradation rate become 48% and 14%. However, the other trapping
agents had no obvious effect on the degradation rate of TC. To sum
up, the main active substances for the degradation of TC by
1.0GdCN and CN are O3 and OH.

The kinetics of the photocatalytic TC degradation reaction were
calculated according to Eq. (4):

K —In S0/

(4)

where K is the apparent rate constant (mol/min), co the initial
pollutant concentration (mg/L) and c; every time pollutant con-
centration (mg/L). As shown in Fig. 5(d), the apparent rate constant
of 1.0GdCN (K = 2.996 min~!) was the highest, which was about
8.25 times higher than that of CN (K = 0.3425 min~'). The
improvement of photocatalytic performance may be due to the
introduction of N vacancy and Gd element and promoted the
degradation of TC as the reaction center.

Finally, taking the removal efficiency of TOC as the evaluation
index, the mineralization performance of photocatalyst for organic
pollutants was investigated. As shown in Fig. 5(e), after 18 min is
excited by visible light, the TOC removal efficiency of 1.0GdCN
samples is 93%, which is 8.45 times higher than that of CN (0.11). It
is proved that the catalyst has certain mineralization characteris-
tics. In order to verify the stability of 1.0GACN photocatalyst sample
in TC oxidation, the stability of 1.0GACN photocatalyst was evalu-
ated by cycle test. As shown in Fig. 5(f), after 5 cycles for 4 h, the
degradation rate of TC can still reach 85%. The experimental results

show that the sample has good reusability, and no obvious deac-
tivation is observed. In addition, both 1.0GdCN and CN have good
hydrophilicity, which is beneficial to the adsorption—desorption
equilibrium of photocatalysts (Fig. S10). In order to verify its
effectiveness, the photocatalytic degradation effects of different
concentrations of TC and different grams of 1.0GACN were also
studied (Fig. S11). The TC concentrations of Fig. S11(a) were 5, 10
and 20 mg/L, respectively. The experimental results show that the
TC solution of 5 mg/L can be degraded in 18 min, while the
degradation rate of TC solution of 20 mg/L in 18 min is 68%. The
reason may be that with the increase of TC concentration, the so-
lution becomes more turbid, and the turbid liquid masks the po-
sition of the active center of the photocatalyst, resulting in the
decrease of active species, thus weakening the photocatalytic per-
formance. As shown in Fig. S11(b), the control experiments of
different catalytic doses and 10 mg/L TC were carried out, and the
results showed that the degradation rate of 0.2 g 1.0GdCN in 18 min
reached 100%. The degradation rate of 0.05 g 1.0GACN photocatalyst
in 18 min is 80%. This may be because with the decrease of the
amount of photocatalyst, the number of active sites will decrease,
thus reducing the photocatalytic performance. In addition, the
effectiveness of the 1.0GdCN cloth at pH values ranging from 4 to 10
was evaluated (Fig. S11(c)). Clearly, 89.9%, 94.8%, 95%, 92.4%, and
95.6% TC mitigation was achieved at pH values of 4, 5.5, 7.0, 8.5, and
10, respectively, using 1.0GdCN, signifying its attractive pH
adaptability.

In order to understand the behavior of each atom in TC during
photocatalysis, the density functional theory calculation of TC
molecule was used to predict the bond breakage (Fig. 6). As shown
in Fig. 6(b and c), the LUMO and HOMO of TC can explain the
electron-deficient and rich-electron sites, respectively. Obaviously,
the —CHs3 on the branch shows less electron deficiency, and the
electrons tend to gather on the benzene ring of the TC molecule. In
order to better determine the reactivity of each atom, their Fukui
index was calculated (Table S5). The Fukui function is an effective
method to predict the atomic reaction tendency, in which the f
value is calculated according to the electron density difference
between the normal state and the absence of an electron and the
f+value refers to the electron density difference between the
normal state and one more electron. In theory, higher f, f*, and f~
values of atoms refer to more vulnerable free radical attacks
(through eOH), nucleophilic attacks (through O3), and electrophilic
attacks (through 0, and eOH), respectively. Fig. 6(e—g) visualized
the different reaction sites. Generally speaking, the left two
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molecule.

benzene rings in the TC structure are more active, whether for free
radical reaction, electrophilic reaction or nucleophilic reaction. This
result is consistent with the measurement of atomic reactivity by
CDD value. No matter what the reaction type is, the benzene ring
has relatively high reaction activity. On the other hand, the —CH3 on
the side chain is more favorable for the reaction with 10, and eOH.
Interestingly, this electrophilic reaction in the side chain can
correspond to the detection of active species: the higher contri-
bution of «OH may be due to its ability to destroy the side chain of
TC.

The intermediates produced by the system during the degra-
dation of TC were detected by LC-MS (Fig. 6(d)). The change of TC
(m/z 444.8) abundance detected by LC-MS (Fig. S12) was
consistent with that of TC measured by high performance liquid
chromatography (Fig. S13): in the absence of light, 1.0GdCN had no
effect on the degradation of TC in the dark reaction for 30 min,
while 95% of TC could be effectively eliminated after photocatalytic
degradation for 18 min. Table S6 summarizes the information about
the main intermediates based on the mCompz detected by LC-MS.
The elimination of TC in this system mainly produces 14 in-
termediates, which can be simply divided into three degradation
pathways according to their main reaction types. First of all, the
path I:P1 is due to the degradation of a —CH3 branch of TC, and then
it may be due to ¢OH attacking another —CHj5 (free radical attack) to
form P4. Finally, mainly due to the interaction between 0, and part
of eOH, the benzene ring breaks and forms P7. Path II and III un-
derwent nucleophilic attack and electrophilic attack respectively,
and finally mineralized P8 and P9 into H,0O and CO,. To sum up, the
abundance of P7 is stronger than that of P8 and P9, which is due to
the back-and-forth transformation between ¢OH and benzene ring
with electron-rich state. As predicted by the Fukui index, the —CHj3
in TC showed calm reactivity. In the degradation pathway I of TC, its
decomposition mainly comes from —CHs3, accompanied by ring-
breaking to form P7. Similarly, the intermediates in the II and III
pathways come from the elimination reaction, but the hydrogen
atoms on the side chain are still electrophilic attacked and directly
broken before demethylation.

3.5. Reaction mechanism study

Firstly, in order to further explore the mechanism of TC degra-
dation, we adopted the following strategies. As shown in
Fig. 7(a—d), the peak H,0, signal intensity of 1.0GdCN increases

(e), f" (f), and f~ (g) index isosurface on TC

significantly with the prolonging time within 18 min, and the
ability of CN to generate H,0, is much less than that of 1.0GdCN. It
is worth noting that during the 15—18 min period, the production
capacity of 1.0GdCN and CN photocatalysts entered a slow fatigue
period, indicating that H,O, provided more power for photo-
catalytic degradation of TC during this period. At the same time, we
measured the productivity of hydroxyl radical (eOH). As shown in
Figs. S14 and 1.0GdCN reacted more strongly to ¢OH within 18 min,
much more than CN. It is worth noting that considering that the
energy band structure of 1.0GdCN is Ecg = —1.99 eV, which meets
the requirements of transformation of ¢OH/OH™ (1.99 eV), which is
consistent with the ESR test results. It is worth noting that
considering that the energy band structure of 1.0GdCN is
Ecg = —199 eV, which meets the requirements of e¢OH/OH™
(1.99 eV) transformation, which is consistent with the ESR test
results. Therefore, we can get the following equation:

05 +2H* +e” —Hy0, (5)

H,0, +e~ — OH™ + o OH (6)

Afterwards, the active species labeling under light is detected by
electron spin resonance technique. As shown in Fig. 7(e, f) and
Fig. S15, the peak intensity of 1.0GdCN is significantly enhanced,
indicating the increased amount of eO3 compared with CN. The
generation trend of '0, in 1.0GACN photocatalyst is consistent with
that of superoxide anion radicals, and the yield is much higher than
that of CN. Furthermore, no 03 and !0, signals were detected in
the dark in the presence of 1.0GACNCN and CN.

Finally, as we all know, the construction of activated oxygen
sites is also one of the important factors affecting photocatalytic
degradation. Fig. 7(g) shows the adsorption and desorption of ox-
ygen by 1.0GdCN and CN at different temperatures. Interestingly,
with the change of temperature, the oxygen adsorption and
desorption ability of 1.0GACN is similar to that of CN, but the oxygen
peak area is wider and larger, indicating that 1.0GdCN has a better
ability to activate and adsorb oxygen and transform into reactive
oxygen species. It is worth noting that the maximum adsorption
peak is at about 195 °C, which is due to the effect of nitrogen va-
cancy. Therefore, the nitrogen vacancy also has a certain effect on
the adsorption of oxygen. Combined with Fig. 7(h, i), the oxygen
adsorption energies of 1.0GACN and CN photocatalysts are —0.6
and —0.4 eV respectively, which shows that the oxygen activation
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ability is significantly enhanced and the oxygen activation site is
successfully constructed. Therefore, combined with the above, it is
shown that the Gd site is dissolved by oxygen in the degradation

solution to produce 03, which is further oxidized by holes to form
10, 52,53
02. ’

0y +e —e0; (7)
10> +h+—>102 (8)
1o, / e OH +TC - Products (9)

To sum up, Scheme 1 reveals the electron transfer mechanism of
photocatalytic degradation of TC pollutants. Under visible light
irradiation, 1.0GACN photocatalyst produced photogenerated

O Gd

Scheme 1. The proposed photocatalytic remove mechanism of TC in 1.0GdCN.

electrons and holes, which were rapidly separated and localized on
Gd elements. Oxygen in the air was dissolved in the degradation
solution, then converted into superoxide free radicals, and then
further oxidized to 0, by holes. Interestingly, during this period,
the resulting H,O, is broken down into eOH. Finally, these active
substances mineralize TC into water and carbon dioxide.

4. Conclusions

Gd doped CN photocatalysts were prepared by simple thermal
polymerization. Compared with CN, the photocatalytic degradation
rate of TC by 1.0GdCN modified by Gd element is increased from
29% to 95%. The introduction of doped Gd not only broadens the
optical response range of 1.0GdCN, but also effectively suppresses
the recombination of photogenerated carriers. According to the
theoretical calculations, nitrogen sites are occupied by Gd ions,
which leads to the local electronation of Gd sites. In addition,
photoelectrochemical characterizations show that the transfer of
photogenerated charge has been improved. Therefore, the opti-
mized photogenerated carrier dynamics and the expanded optical
absorption range accelerate the formation of ROSs, thereby
enhancing the photocatalytic performance for degrading TC by
1.0GdCN. Finally, the photocatalytic degradation pathway of TC was
revealed by high performance liquid chromatography-mass spec-
trometry and density functional theory calculation. This study has
laid a certain basic significance for element doping to improve
photocatalytic wastewater treatment.
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Supporting information
Linker Gd as charge channel and singlet oxygen activation site in graphitic carbon nitride for enhancing

photocatalytic decomposition of tetracycline

Text S1. Catalysts characterization

The morphology of the samples was acquired on a Zeiss Sigma 300 scanning electron microscope (SEM).
Transmission electron microscopy (TEM) and energy disperse X-ray spectroscopy (EDS) were performed on FEI
Tecnai F20 to characterize the microstructure and elemental distribution of the samples. Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods were performed by a Micromeritics ASAP 2020 HD88 instrument.
X-ray diffractometry (XRD) was performed by a Panalytical Empyrean powder diffractometer with Cu Ka radiation,
and the scanning range was between 10° to 80°. The Fourier transform infrared (FT-IR) spectra were obtained by the
Thermo Scientific Nicolet iS5 spectrophotometer with the KBr pellet method. Electron paramagnetic resonance (EPR)
was measured by the EPR spectrometer (JEOL JES-FA200). The contents of C and N elements were quantified by
elemental analysis (EA, Vario MACRO cube analyzer). X-ray photoelectron spectroscopy (XPS) was performed
using the Thermo Scientific K-Alpha spectrometer with an Al Ka line source. UV-visible diffuse reflectance spectra
(UV-vis DRS) were obtained by a Varian Cary 300 instrument. Photoluminescence (PL) emission spectra and time-
resolved photoluminescence (TRPL) decay spectra were monitored by the Fluromax-4 spectrophotometer and
FLS1000 fluorescence lifetime spectrophotometer, respectively. Electron spin response (ESR) of reactive species
was measured on a Bruker A300 spectrometer. The photoelectrochemical characterization was conducted by a CHI

660D workstation.

Text S2. Photoelectrochemical experiment

The photoelectrochemical properties were carried out on a CHI 660E electrochemical workstation using a
typical three-electrode system in an aqueous KCl electrolyte (0.5M). The photocatalysts were deposited on FTO glass
(SnO; Transparent Conducting glass doped with fluorine) and used as working electrodes. The working electrode,
counter electrode and reference electrode were the prepared sample, a platinum wire and the saturated calomel
electrode (SCE). A 300W xenon lamp with a 420 nm cut-off filter was used as a light source. For preparing the
working electrode, 10 mg of photocatalysts and 10 pul. of Nafion solution (5 wt%) were put mortar to get a
homogeneous colloid. Then, the slurry was deposited onto the cleaned FTO glass (2.0 cm x 2.5 cm) and dried in air.
The electrochemical impedance spectra (EIS) were performed between a frequency range from 10 MHz to 100 kHz

by applying a 5-mV amplitude.



Text S3. Active species trapping experiments

To detect the active species for the photocatalytic degradation of TC, different trapping reagents were employed
by adding potassium dichromate (K>Cr,O7, an electron scavenger), diethanolamine (TEOA, a hole scavenger), 1,4-
benzoquinone (PBQ, a superoxide radical scavenger), and isopropyl alcohol (IPA, a hydroxyl radical scavenger) in
the reaction solutions.

The H»>O, was tested using the fluorescence method: 0.1 g of sample powder was added to a 200 mL beaker
containing 100 mL of deionized water to form a sample suspension. Then, this suspension was irradiated by visible
light with continuous stirring. The beaker was kept at a magnetic stirring apparatus during the irradiation. During
irradiation, 3 mL of the suspension was taken from the beaker every 10 min. This suspension was centrifuged, and
the sample partials were removed. Subsequently, 50 pL of fluorescent reagent (its preparation is detailed in the
Supporting Information) was added to react with the as-generated H,O,. After 10 min, 1 mL NaOH solution was
added to end the reaction. Finally, the H,O, concentration was measured by a fluorescence spectrophotometer
(emitted at 409 nm and excited at 315 nm).

As for the test of the *OH, 0.1 g of the sample was dispersed into 100 mL of terephthalic acid solution (1.25
mol/L) and stirred in the dark for 30 min. Then, after turning on the visible light, 3 mL of the suspension was taken
from the reacting beaker every 10 min. This suspension stood for 10 min, and then the sampled partials were removed

for the fluorescence test (emitted at 426 nm and excited at 312 nm).
Text S4. DFT detailed description

The Gd element doped g-C3N4 were investigated by first-principles density-functional theory calculations using
the DMol; module in Materials Studio. The adsorption energy of TC over CN and 1-Gd/CN are calculated. The
electron exchange—functional is calculated using Perdew—Burke—Ernzerhof (PBE) described by the generalized
gradient approximation (GGA). An all-electron double numerical atomic orbital augmented by Double Numerical
plus d-functions (DND) was employed as basis set, and DFT semicore pseudopotentials (DSPPs) are used for
interactions between the ion core and valence electrons. The convergence criteria for the total energy, maximum force,
and maximum displacement were set to 10 Hartree, 0.002 Hartree-A™', and 0.005 A, respectively. The electronic
self-consistent field (SCF) tolerance was set to 10° Hartree. DFT calculations are carried out to investigate the
required energy for several possible doped positions based on Eq. (S1):

where Eiorq; 18 the energy of the possible structure calculated by DFT, E,_c, v, refers to the energy of g-CsNy
(-2245 eV), and Eyp,denotes the energy of Gd (-2245 eV). Accordingly, the interaction energy is defined as follows:

where Egps is adsorption energy of TC on g-CsN; surface; Eygrq; i the energy of TC and g-CsNs; Eg_c,y, 18
the energy of g-CsN4 and Epc is the energy of TC, respectively. Additionally, the theoretical calculations were
performed via the Gaussian 16 suite of programs. The structure of the studied compound (denoted by M) is fully
optimized at the B3LYP-D3/def2-SVP level of theory. The vibrational frequencies of the optimized structures were
carried out at the same level. The structures were characterized as a local energy minimum on the potential energy

surface E = Erotar — Eg—c,n, — Eca (S1) by

Eaps = Etotar — Eg—C3N4 — Erc (S2)



verifying that all the vibrational frequencies were real. The molecular orbital levels including the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and the Fukui index of M were
calculated at the B3LYP-D3/def-TZVP level and analyzed by using the Multiwfn software. The Visual Molecular
Dynamics (VMD) program is used to plot the color-filled iso-surface graphs to visualize the molecular orbitals and

Fukui functions. As a commonly used calculation tool to determine the active site, the Fukui function (f(r)) is as

follows:
S OE ) qou ] e
)= ON-OV(r) _lﬁv(r)/N_/ oN 1y (83)

where N refers to the number of electrons, p(r) represents the electron density at point r in space, and the constant
term v in the partial derivative represents the external potential. According to three different scenarios (nucleophilic

attack, electrophilic attack, and radical attack), the condensed Fukui function can be calculated by the following

formula:
Nucleophilic attack: f; = qi] - qllil - (S4)
Electrophilic attack: f, = qf\,_ = qfv (S5)
(S6)

Radical attack: jﬁ = (qf\,_ I-qf\, 2

where q* represents the charge population of atom k. In general, the values of the concentrated Fukui function at
the active sites are larger than those at other sites. Besides, the generalized gradient approximation (GGA) method
with Perdew-Burke-Emzerhof (PBE) function is employed to describe the interactions between core and electrons.
The force and energy convergence criterion are set to 0.002 Ha A™' and 10~ Ha, respectively. When the optimization

is completed, the HOMO and LUMO calculations were performed.
Text S5. Detailed description of Kubelka-Munk equation

In order to further determine the photochemical absorption band of the material, the Kubelka-Munk equation
was used to calculate the band gap of the photocatalyst material at the reflecting edge.

1 (S6)
(ahv)1/2 = A(hv — Ej)

Where a is the absorption index, h is the Planck constant, v is the frequency, A is the constant, E, is the

bandgap width for semiconductors. In addition, the index n is directly related to the type of semiconductors. Direct
Bandgap Semiconductors: n = > Furthermore, it indicates meaning that Kubelka-Munk equation is a mathematical

model that reflects the characteristics of absorption, scattering and transmission of matter. The equation describes

the attenuation and scattering of light in a homogeneous medium.



Table S1. Surface area and pore size are summarized

Pore size Pore volume
Sample Specifific surface area (m?* /g)
(nm) (em® /g)
CN 8.6 19.7 0.085
1.0GdCN 13.3 25.2 0.065
Table S2. The area in XPS N 1 s spectrum of CN and 1.0GdCN peaks.
Sample Bridge N Triazine units N Amino functional groups

CN 109261.43 40530.2 14579.64
1.0GdCN 97918.73 39909.62 11810.73




Table S3. Summary table of binding energy at each position after gadolinium doped carbon nitride

1.0GdCN E (eV)

-2901

-3136

-3415

-3295

-3136




Table S4. Electrochemical fitting comparison of CN and 1-Gd/CN.

Sample Resistance (ohm) Resistance (ohm) Resistance (ohm)
CN 1.801 0.569 38.61
1.0GdCN 6.52 2.1048 139.327

Table S5. Condensed Fukui index distribution on 1.0GdCN.

Atom qN)  q(N+D) q(N-1) f- £+ 0 CDD
1(C) 0.1494  0.0717 0.1601 0.0107 0.0777 0.0442  0.067
2(C) -0.0442  -0.0822 -0.0394 0.0048 0.038 0.0214  0.0332
3(C) 0.1071  0.026 0.1198 0.0127 0.0811 0.0469  0.0684
4(C) 0.0276  0.0202 0.0301 0.0025 0.0075 0.005  0.005
5(C) -0.0246  -0.0275 -0.023 0.0016 0.003 0.0023  0.0014
6(C) -0.055 -0.0567 -0.0511 0.0039 0.0017 0.0028  -0.0022
7(C) -0.0244  -0.0274 -0.0149 0.0095 0.003 0.0062  -0.0065
8(C) 0.0922  0.0909 0.0973 0.0051 0.0014 0.0032  -0.0038
9(C) -0.0002  -0.0083 0.0111 0.0113 0.0081 0.0097  -0.0032
10C)  -0.0567  -0.0701 -0.02 0.0367 0.0135 0.0251 [DI0EEE
11(C)  -0.0311  -0.0632 0.0076 0.0388 0.032 0.0354  -0.0067
12(C)  -0.0697  -0.0899 -0.04 0.0296 0.0203 0.025  -0.0094
13(C)  0.0949  0.0807 0.1201 0.0252 0.0142 0.0197  -0.011
14C)  -0.0359  -0.0385 -0.0196 0.0163 0.0026 0.0094  -0.0137
15C)  0.1227  0.0894 0.1548 0.0321 0.0332 0.0327  0.0011
16(C)  -0.0608  -0.0804 -0.0023 0.0585 0.0196 0.03901 [DI0EER
17(C)  0.1044  0.0944 0.1459 0.0415 0.01 0.0257 [EH
18(C)  0.0696  0.0599 0.0785 0.0089 0.0097 0.0093  0.0008
19(C)  0.1704  0.1602 0.1779 0.0074 0.0103 0.0088  0.0028
2000)  -0.2902  -0.3212 -0.2651 0.0251 0.0309 0.028  0.0058

21(N) -0.1519 -0.172 -0.1322 0.0197 0.0201 0.0199  0.0004




22(0)
23(0)
24(C)
25(0)
26(0)
27(0)
28(0)
29(0)
30(N)
31(C)
32(C)
33(H)
34(H)
35(H)
36(H)
37(H)
38(H)
39(H)
A40(H)
A1(H)
42(H)
43(H)
A4(H)
45(H)
A6(H)
47(H)
48(H)
49(H)
50(H)

51(H)

-0.2513

-0.2092

-0.084

-0.2386

-0.1522

-0.1676

-0.2304

-0.1507

-0.0652

-0.0359

-0.0285

0.0324

0.0205

0.021

0.0212

0.024

0.0347

0.0417

0.0348

0.109

0.132

0.0279

0.0345

0.0298

0.1126

0.147

0.1763

0.1434

0.1795

0.0332

-0.3025

-0.305

-0.0884

-0.2656

-0.1717

-0.1784

-0.2384

-0.2009

-0.0668

-0.0408

-0.0374

0.0163

0.0085

0.0031

0.0206

0.0119

0.0241

0.0229

0.0188

0.0998

0.1091

0.0208

0.0238

0.0274

0.1033

0.1375

0.1636

0.1428

0.1539

0.0324

-0.1344

-0.1687

-0.0765

-0.2203

-0.1001

-0.1367

-0.2091

-0.1321

-0.0656

-0.0318

-0.0251

0.0394

0.041

0.0305

0.0264

0.0384

0.0547

0.0664

0.0575

0.118

0.1464

0.0373

0.047

0.0404

0.1235

0.1668

0.1987

0.1463

0.1902

0.0347

0.1169

0.0405

0.0074

0.0183

0.052

0.0309

0.0214

0.0185

-0.0003

0.0041

0.0034

0.007

0.0206

0.0095

0.0052

0.0145

0.02

0.0246

0.0227

0.009

0.0144

0.0094

0.0125

0.0106

0.0109

0.0198

0.0225

0.0029

0.0107

0.0016

0.0512

0.0958

0.0044

0.0269

0.0195

0.0109

0.0079

0.0502

0.0016

0.005

0.0089

0.0161

0.012

0.0179

0.0007

0.012

0.0106

0.0188

0.016

0.0092

0.0229

0.0072

0.0107

0.0024

0.0093

0.0095

0.0127

0.0006

0.0255

0.0008

0.0841

0.0682

0.0059

0.0226

0.0358

0.0209

0.0146

0.0344

0.0006

0.0045

0.0062

0.0116

0.0163

0.0137

0.0029

0.0133

0.0153

0.0217

0.0193

0.0091

0.0187

0.0083

0.0116

0.0065

0.0101

0.0147

0.0176

0.0018

0.0181

0.0012

0.0553

-0.003

0.0086

-0.0134

0.0317

0.0019

0.0009

0.0055

0.0091

-0.0086

0.0085

-0.0045

-0.0024

-0.0094

-0.0058

-0.0066

0.0002

0.0085

-0.0022

-0.0018

-0.0081

-0.0017

-0.0104

-0.0098

-0.0023

0.0149

-0.0008




52(H) 0.0434 0.0266 0.0532 0.0098 0.0167 0.0133  0.0069

53(H) 0.0161 0.0041 0.0251 0.0089 0.0121 0.0105  0.0032
54(H) 0.0415 0.0356 0.0408 -0.0007 0.0059 0.0026  0.0066
55(H) 0.0427 0.0273 0.0521 0.0094 0.0154 0.0124  0.006

56(H) 0.0208 0.0061 0.03 0.0092 0.0147 0.0119  0.0054

Table S6. The possible intermediate products of photocatalytic TC degradation by 1.0GdCN sample under visible

light irradiation.

Compounds m/z Proposed Proposed structure
formula
H3;C__CH;
HO, CHj; N
OH
TC 444.8 Ca2H4N2O O"‘
OH (e} OH o (o] (o]
TC2 432 C20H20N209
TC3 415 Ci1sHioNO4
TC 4 360 C20H20N20s
TCS5 338 Ci9Hi1307
TC6 318 Ci17Hi1506

TC7 282 CooHisN:0; ilj\f;\:l;m
TC 8 274 CaoH17NO; :;%

TC9 250 CisHi9NOg



TC 14

228

CoH 1203

OH

OH

OH




Table S7. Comparison of TC photocatalytic degradation activity with other g-C3N4 based photocatalysts.

Photocatalyst

Dosage (g L)

Light source

Adsorption and

photocatalytic time

Removal

percentage

C3N4/B-C-dots
MoOs/Ag/ C3Ny
Mo,C/CN
h-BN/g-C3N4
Ag/PCN
C-WO0s-g-C3Ny
0D Mo03/2D g-
CsNy
WOs/g-
C3N4/Bi,03
WOs@g-
C:Ns@MWCNT

Mo/Nv-TCN

0.5

1.67

0.5

0.2

300 W Xenon lamp (A > 420 nm)
150 W Xenon lamp (A > 400 nm)
300 W Xenon lamp (A > 420 nm)
300 W Xenon lamp (A > 420 nm)
300 W Xenon lamp (A > 420 nm)
300 W Xenon lamp (A > 420 nm)

300 W Xenon lamp (A > 420 nm)

300 W Xenon lamp (A > 420 nm)

500 W halogen lamp (A > 420 nm)

300 W Xenon lamp (A > 420 nm)

50 min + 180 min
120 min + 100 min
60 min + 60 min
60 min + 60 min
60 min + 120 min
30 min + 60 min

20 min + 100 min

60 min + 60 min

20 min + 120 min

60 min + 60 min

98.73%

89%

91.6%

79.7%

83%

90.54%

85%

80.2%

79.54%

94.45%




Fig. S2 TEM and SEM of CN.

cps/eV

Gd Gd

o N B~ O

Energy [keV]

Fig. S3 Element content of 1.0GdCN.
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Fig. S4 Nitrogen adsorption-desorption isotherms (left) and the pore size distribution curves (right).
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Fig. S5 XRD of CN, 0.5GdCN, 0.8GdCN, 1.0GdCN, 1.2GdCN and 1.5GdCN.
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Fig. S8 differential charge of CN.
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Fig. S9 Illumination comparison without photocatalyst.
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Fig. S10 Determination of hydrophilicity by 1.0GdCN (a) and CN (b).
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Fig. S11 Photocatalytic degradation of TC with different concentrations (a) and photocatalytic degradation of

TC with different amounts of photocatalyst (b); The TC eradication efficiency of 1.0GdCN cloth at various pH (c).
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Fig. S12 Liquid chromatographic peaks at different times of 1.0GdCN.
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Fig. S13 Intermediate products of descending TC in different time and 6 min; 12 min; 15 min.
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Fig. S14 Production of hydroxyl radical of (a) CN; (b) 1.0GdCN; DMPO-+OH of 1.0GdCN and CN.
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Fig. S15 DMPO-+O; of 1.0GdCN and CN.
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