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A photosensitive metal—organic framework having
a flower-like structure for effective visible light-
driven photodegradation of rhodamine B

Lu Qin, Shicheng Zhao, {2 * Chenran Fan and Qian Ye

Porphyrin-based metal—-organic frameworks (MOFs) have great photocatalytic potential due to their good
photosensitivity. Their photocatalytic performance is not only determined by molecular structure but also
by morphology. Flower-like MOFs are considered to be good materials for catalysis due to their larger
specific surface area, more exposed active sites, and good stability. Here, we first proposed a method to
synthesize flower-like porphyrin-based MOFs using trifluoroacetic acid as a morphology control agent.
These MOFs had a large BET surface area (605.04 m? g7%), a stable structure and a complete
morphology. Meanwhile, we discussed their self-assembly process and mechanism in detail. In addition,
we studied the photocatalytic performance of flower-like porphyrin-based MOFs and found that the
flower-like Cu-TCPP (TCPP = tetrakis(4-carboxyphenyl)porphyrin) has excellent photocatalytic activity.
Its photodegradation efficiency toward the cationic dye rhodamine B reached 88% within 100 min and
the sample still maintained its stable catalytic activity and complete flower-like morphological structure
after five repeated uses. Furthermore, this synthetic strategy can be extended to control the morphology

rsc.li/rsc-advances of other MOFs.

1. Introduction

Among the synthetic dyes used in the textile and printing
industries, azo dyes (e.g., methyl orange, Congo red), thiazide
dyes (e.g., methylene blue), and fluorescein dyes [e.g., rhoda-
mine B (RhB)] are the most common."? Because their resulting
toxic dye wastewaters can pollute the environment, it is urgent
to develop a method for the treatment of dye wastewater.
However, dyes generally have stable molecular structures, are
highly color-rendering, are chemically inert (e.g., to light, heat,
and catalysts), and are difficult to decompose. Traditional bio-
logical and physical treatment methods (e.g., adsorption,
ultrafiltration, coagulation)** and other more advanced degra-
dation processes have limitations—for example,
complex devices/processes or high energy consumption.
Accordingly, photocatalysis has become an active area of
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research due to its high catalytic activity and the use of green
energy (natural light).>*°

Metal-organic frameworks (MOFs)' are crystalline porous
materials constructed from organic linkers and metal ions or
clusters.">** They have been successfully applied in catalysis,
especially in the field of photocatalysis,'**® due to high specific
surface areas, large porosities, tunable pore sizes, and flexible
functionality.””*® In particular, the porphyrin-based MOFs have
better photothermal stability, better photosensitivity and long-
lifetime excited states, and show excellent photoelectric
performance, because the porphyrin molecule has large -
conjugated structure with high rigidity and shows good electron
mobility. At present, the porphyrin-based MOFs are widely used
in photocatalysis'*—for example, the photocatalytic reduction
of CO,,”*** photocatalytic dye degradation,’>'” photocatalytic
hydrolysis producing H,,*>** and the photocatalysis of various
organic reactions.'®?>2¢

The morphology of MOFs is another important factor that
can greatly affect their performance, especially in the field of
catalysis. Among the various types of layered nanostructures,
flower-like nanostructures are the most suitable layered nano-
structures for catalysis.”” In particular, flower-like nano-
structures assembled from two-dimensional (2D) nanosheets
feature interconnected open pores, thereby exposing a large
number of active sites and ensuring high catalytic perfor-
mance.”®* Ultrathin 2D nanosheets assembled into flower-like
structure in which they in close contact with each other, thereby
displaying high stability and reusability.*® Typically, flower-like
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nanomaterials have higher specific surface areas [Brunauer-
Emmett-Teller (BET) surface areas] than those of spherical
nanoparticles.>* Based on the foregoing, flower-like porphyrin-
based MOFs should have better photocatalytic performance,
but precise control of their morphology to expose more active
sites is still a huge challenge. Up to now, the controllable
synthesis of flower-like porphyrin-based MOFs have not yet
been reported.

In this paper, we report flower-like MOFs self-assembled
from 2D nanosheets, synthesized through the coordination of
metal ions (mainly Cu®>*, Zn**, and Co**) to TCPP through a one-
step hydrothermal method using suitable morphological
control agent. Meanwhile, we analyzed the synthesis process in
detail and proposed the mechanism of self-assembly into
a flower shape. In addition, experimental investigations found
that flower-like porphyrin-based MOFs show high photo-
catalytic activity, which can effectively photodegrade the
cationic dye RhB.

2. Experimental section
2.1 Chemicals

All chemicals were purchased from commercial suppliers and
used without further purification, unless otherwise mentioned.
Copper nitrate trihydrate [Cu(NO;),-3H,0, 99%], zinc nitrate
hexahydrate [Zn(NOj3),-6H,0, 98%], cobaltous nitrate hexahy-
drate [Co(NO3),-6H,0, 98%], and RhB were purchased from
Adamas-Beta; tetrakis(4-carboxyphenyl)porphyrin (TCPP, 97%)
was purchased from TCI; polyvinylpyrrolidone (PVP; average
molecular weight: ca. 40 000) and N,N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich; EtOH (99.8%), tri-
fluoroacetic acid (TFA, 99%), formic acid (FA), acetic acid (AA),
nitric acid (HNOj3), hydrofluoric acid (HF) and hydrochloric acid
(HCl) were purchased from General-Reagent. Ultra-pure water
was obtained from a Milli-Q System.

2.2 Flower-like M-TCPP (Cu, Zn, Co)

Taking the synthesis of flower-like Cu-TCPP as an example, the
detailed synthesis process is as follows: Cu(NO;),-3H,0
(3.6 mg, 0.015 mmol), different acids, and PVP (10.0 mg) were
dissolved in a mixture of DMF and EtOH (3 : 1, v/v; 12 mL) in
a 20 mL capped vial. A solution of TCPP (4.0 mg, 0.005 mmol) in
a mixture of DMF and EtOH (3 : 1, v/v; 4 mL) was added drop-
wise with stirring. The resulting solution was sonicated for
10 min. Then the vial was heated at 80 °C until the reaction
completed. The resulting precipitate was washed twice with
EtOH and water, collected by centrifugation (8000 rpm, 10 min),
and freeze-dried overnight.

The other flower-like M-TCPP were synthesized using the
method described above, except that the metal ion was replaced
by Zn** or Co®>" and the molar ratio of the metal ion to the
organic ligand TCPP was 3 : 1.

2.3 Characterization

Powder X-ray diffraction (PXRD) patterns were measured using
a rotating anode X-ray powder diffractometer (Rigaku) and Cu
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Ko, radiation (A = 1.54178 A). Scanning electron microscopy
(SEM) images were recorded using a Hitachi S-3400N micro-
scope, equipped with an energy-dispersive X-ray spectroscopy
(EDS) system. Field-emission scanning electron microscopy
(FESEM) images were recorded using a JSM-6360LV microscope
(JEOL). Transmission electron microscopy (TEM) images were
recorded using an FEI Talos F200X microscope (Thermo Fisher
Scientific, USA), operated at an acceleration voltage of 200 kV; to
obtain samples for TEM analysis, Cu-MOFs were subjected to
ultrasonic treatment in EtOH and then drops of the ethanolic
suspension of the nanosheets were placed onto either holey,
carbon-coated, carbon-supported Cu grids or piranha-cleaned
Si, and then dried naturally. Attenuated total reflectance Four-
ier transform infrared spectroscopy (ATR-FTIR) was performed
using a Nicolet 6700 instrument. Thermogravimetric analysis
(TGA) was performed using a TGA instrument equipped with
a furnace and microbalance (PerkinElmer), over the operating
temperature range from 30 to 800 °C at a heating rate of
10 °C min~ ' under a N, atmosphere. BET surface areas and pore
size distributions were measured using a Micromeritics ASAP
2020 adsorption apparatus, at 77 K and pressures of up to 1 bar;
the samples were degassed at 80 °C for 12 h prior to BET
measurements. X-ray photoelectron spectroscopy (XPS) was
conducted using a Thermo Scientific K-Alpha+ spectrometer
equipped with a monochromatic Al Ka X-ray source (1486.6 eV)
and operated at 100 W. UV-vis absorption spectra were recorded
using a UV 2550 spectrophotometer (PerkinElmer) and QS-
grade quartz cuvette (110-QS; Shimadzu). UV-visible diffuse
reflectance spectra (UV-vis DRS) of the samples were acquired
on a PerkinElmer Lambda 750 spectrophotometer using BaSO,
as the reference with 100% reflectance.

2.4 Photocatalytic activity

The photocatalytic degradation of aqueous RhB solutions was
conducted over flower-like Cu-TCPP under irradiation with
visible light. A 300 W Xe lamp (PLS-SXE 300) equipped with
a 420 nm cut-off filter was used as the light source. Typically, the
photocatalyst sample (5 mg) and aqueous RhB solution
(10 ppm, 50 mL) were mixed in the photoreactor. The solution
was stirred magnetically for 60 min in the dark to achieve the
adsorption/desorption equilibrium. Then, a certain amount of
H,0, was added to the mixture; the Xe lamp was switched on
simultaneously. At scheduled time intervals, aliquots (4 mL) of
the sample solution were removed from the reactor and sepa-
rated through centrifugation. The concentration of RhB
remaining in the supernatant solution was calibrated in terms
of its maximum absorption at a wavelength of 554 nm,
measured using a UV-vis spectrophotometer (UV-2550,
Shimadzu).

3. Result and discussion

3.1 Characterization

To synthesize the flower-like M-TCPP (M = Cu, Zn, Co), we
selected three organic acids (FA, AA and TFA) and three inor-
ganic acids (HCl, HNO; and HF) as morphology control agents.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the solvothermal method for the preparation of flower-like M-TCPP.

And investigated the effects of various acids on the morphology
of Cu-TCPP. The synthesis diagram is shown in Fig. 1.

The Cu-TCPP nanosheet is constructed with Cu-centered
TCPP units connected by binuclear Cu,(COO), paddle wheels.
The phase purity and crystal structures of the obtained MOFs

were determined using XRD. The XRD spectra of Cu-TCPP
synthesized with different acids (Fig. 2a) featured four charac-
teristic peaks on the (110), (210), (320) and (440) planes, sug-
gesting that Cu-TCPP had been synthesized successfully,
consistent with literature reports.**** In order to prove that we

@t ——Cu-TCPP+FA (b) | —cpe Cu-TCPP+TFA
— Cu-TCPP+TFA ——Cu-TCPP ~——— Cu-TCPP+HCI
L 110 ——Cu-TCPP+AA Cu-TCPP+FA Cu-TCPP+HF
b Cu-TCPP+HF @ | —CuTCPP+AA —— Cu-TCPP+HNO,
St ~—— Cu-TCPP+HNO, o 1700
o —— Cu-TCPP+HCI € | 3427 3315 Vel 1240 g,
b o ¥ Veon 8 7
E‘ e Vol | Vi I h H
] [=] o,ﬂ
s n L Pl
Q) D bnbf;v c‘_.’v,c-
£ <
Cu-TCPP
3500 3000 2500 2000 1500 1000 P ¥
Wavenumber(cm-1) o S
(d) | survey i (e)| — y —— Background (f) | —— Intensity ——Background
i X ~——Peak Sum r Peak Sum
e ©Q - [ cu?2p,, I Cu*2p,, | W c1s I c2s
:. I ;icuz‘ngz B Cu'2p,,
) > >
=TI b~ =
= ) [] n
nr o by [ = c
& (] [ [
= w— -
Q| ] n c o
b — o = — -—
Bl | f]
s e B I
1200 1000 800 600 400 200 0 oo™ o o o o orn 045 040 935 930 296 294 292 290 288 286 284 282
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)
Intensity ——— Background i ~———Intensity —— Background
(g) (h) Peaksslt:m £aar (I) —— Peak Sum
[l co-c-[ [ 0 -NH- [ -N-Cu-

Intensity

Intensity

Binding Energy (eV)

Fig. 2

965 960 955 950 945 940 935 930 925 540

538 536 534 532 530
Binding Energy(eV)

528 406 404 402 400

Intensity

398 396
Binding Energy(eV)

394

(a) XRD spectra of Cu-TCPP synthesized in the presence of various acids. (b) FTIR spectra of TCPP and Cu-TCPP. (c) Molecular structures

of TCPP and Cu-TCPP. (d)-(f) XPS spectra of flower-like Cu-TCPP: (d) survey, (e) Cu 2p, and (f) C 1s scans. (g) High-resolution Cu 2p XPS spectra
of flower-like Cu-TCPP and Cu(NOs3),-3H,0; (h) O 1s and (i) N 1s scans.
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Fig. 3

(a)—(f) SEM images of Cu-TCPP synthesized in the presence of (a) FA, (b) AA, (c) TFA, (d) HF, (e) HNOs, (f) HCL, each added in an amount of

1.25 pL mL™L. (g) Enlarged SEM image of Cu-TCPP synthesized with TFA.

synthesized the centrally coordinated Cu-TCPP, we performed
FTIR characterization on the Cu-TCPP synthesized by adding
different acids and the raw material TCPP. As shown in Fig. 2b,
the OH stretching at 3427 cm ™', C=O0 stretching at 1700 cm ™,
and C-OH stretching at 1240 cm ™', these three characteristic
peaks are attributed to the carboxyl groups on the raw material
TCPP. The signals for N-H stretching at 3315 cm™ ' and N-H
out-of-plane rocking at 996 cm ™ represented the N-H bonds of
the pyrrole rings of TCPP.** When Cu”" is coordinated with
TCPP to form Cu-TCPP, the characteristic peaks of the carboxyl
group of the raw material TCPP and the characteristic peaks of
the N-H bond on the pyrrole ring disappear.

The UV-vis spectra (Fig. S1t) of TCPP and M-TCPP (M = Cu,
Co, Zn) featured S (strong) and Q (weak) bands having various
absorption intensities. The molar extinction coefficient of the

porphyrin S band is typically much larger than that of the Q
band; accordingly, their absorption intensities were different.>*
Because of the asymmetric chemical environment of the four N
atoms in the TCPP ring, the Q-band featured four absorption
peaks. When the N atoms of TCPP were coordinated with metal
ions, their spatial symmetry increased, the chemical environ-
ments of the N atoms became identical, and the intensity of the
Q-band absorption signal decreased. Based on the results of
XRD, FTIR and UV-vis, we successfully synthesized Cu-TCPP
with metalized porphyrin center.

In addition, we used XPS to study the compositions and
chemical states of the various Cu-TCPP derivatives. The survey
scan spectra (Fig. 2d) revealed that the Cu-TCPP samples were
composed of C, N, O, and Cu atoms; EDS scans provided
consistent results (Fig. S21). High-resolution Cu 2p XPS spectra

Fig. 4 (a)—(f) SEM images of Cu-TCPP samples synthesized in the presence of (a) 0 uL mL™?, (b) 0.3125 uL mL™?, (c) 0.625 pL mL™?, (d) 0.9375 uL
mL~t and (e) 1.25 uL mL™* of TFA. (f) Low-magnification SEM image of C-TCPP synthesized with 0.625 uL mL™ TFA; (g) corresponding TEM

image; (h) enlarged TEM image.
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(Fig. 2g) of the Cu-TCPP and the starting material Cu(NO3),-
-3H,0 featured 2p,,, and 2p3,, peaks near 953.5 and 933.5 eV,
with their accompanying peaks appearing at the same posi-
tions, indicating that the Cu atoms in Cu-TCPP were diva-
lent;**** in other words, the Cu®>' ion and TCPP structure
underwent coordination without undergoing an oxidation/
reduction reaction. The C 1s spectrum (Fig. 2f) of Cu-TCPP
featured two distinct peaks representing the C-C/C=C bonds
(284.7 eV) and the carboxylate C atoms (288.3 eV) of the organic
ligands.* The O 1s spectrum (Fig. 2h) of Cu-TCPP contained two
characteristic peaks at 531.7 (C-O-Cu) and 532.5 (C-O) eV;
the N 1s spectrum (Fig. 2i) displayed peaks at 398.5 and 400.0 eV
for the N-Cu and -NH- bonds, respectively. TGA revealed that
the decomposition of Cu-TCPP occurred in two stages (Fig. S37).
The first stage of the decomposition of Cu-TCPP occurred at
300-395 °C, with a weight loss of 21.29%, representing the
separation of Cu”" ions and TCPP, at this stage, the structure of
Cu-TCPP MOFs collapsed; the second occurred in the range
from 396 to 545 °C, representing the decomposition of the C
species, with a weight loss of 47.28%. Accordingly, the flower-
like Cu-TCPP had good thermal stability, decomposition will
not occur before 300 °C.

We used SEM to observe the morphologies and structures of
the samples of Cu-TCPP synthesized in the presence of the same
amount of the various acids (1.25 uL mL ™ *). The SEM images in
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Fig. 3a-f reveal that only the addition of TFA led to the synthesis
of flower-like Cu-TCPP with complete morphology and uniform
size, while the addition of other acids cannot obtain flower-like
Cu-TCPP, indicating that TFA is the key factor to control the
synthesis of flower-like Cu-TCPP.

We further studied the influence of the concentration of TFA
on the morphology of Cu-TCPP. Fig. 4a—e display SEM images of
the Cu-TCPP formed in the presence of TFA (0 pL mL™ ", 0.3125
puL mL™%, 0.625 uL mL™ ", 0.9375 pL mL™* and 1.25 pL mL ™,
respectively). Upon increasing the amount of TFA, the flower-
like structure became more compact and complete; the
average diameter of the generated flowers was 25-30 um. When
the amount of added TFA reached 1.25 uL mL™ ', the average
diameter of the generated flowers decreased and the petals
became thicker. Therefore, the appropriate amount of added
TFA appeared to be 0.625 uL mL ", the resulting Cu-TCPP
featured the most complete flower-like structure and an
appropriate tightness of the self-assembly. Fig. 4f is a low-
magnification SEM image of Cu-TCPP synthesized with 0.625
pL mL~". Fig. 4¢ and h is a TEM characterization of Cu-TCPP
synthesized with 0.625 pL mL~". It is found that the light
transmitted in the middle position is less, the color is darker,
and the edge light transmittance is better, the color is brighter.
The TEM image confirmed that the prepared flower-like Cu-
TCPP was formed by the assembly and stacking of Cu-TCPP

Fig. 5 (a)—(c) SEM images of (a) Cu-TCPP, (b) Zn-TCPP, and (c) Co-TCPP synthesized adding 0.625 uL mL™* of TFA. (d)-(f) SEM images of (d)
CuZn-TCPP, (e) ZnCo-TCPP, and (f) CuCo-TCPP. (al)-(f1) Corresponding enlarged SEM image.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanosheets. And the circular profile shown by TEM is consistent
with the results of SEM.

In order to prove that our method of synthesizing flower-like
porphyrin-based MOFs is universally applicable. We synthe-
sized the corresponding MOFs with TCPP as the ligand and Zn>*
and Co®" as the metal ions used the same method and also
obtained flower-like MOFs. Indeed, when we combined Cu*",
Zn*', and Co*" in pairs, we obtained bimetallic MOFs with
flower-like morphologies again. Fig. 5 displays SEM and TEM
images of these MOFs. It shows that our method is not only
feasible for Cu-TCPP, but is suitable for the synthesis of other
divalent metal porphyrin-based MOFs.

Regarding why the addition of TFA can promote the self-
assembly of Cu-TCPP nanosheets into flower shapes, the in-
depth mechanism has also aroused our interest. We propose
a possible self-assembly mechanism of formation of the flower-
like structures based on the formation process, as shown in
Fig. 6. Initially, the Cu®>" ions matched with TCPP to form MOFs
sheet. Due to the highly electronegative CF;- group in TFA, the
negatively charged Cu-TCPP sheets are attracted and stacked
together like a folded fan. Then because the Cu-TCPP species
were negatively charged, the sheets would repel each other. As
the degree of charge repulsion increased, the stacked MOFs
sheets gradually like an opened fan; as the reaction time
increased, the fan-shaped sheets gradually increased in size and
gathered. In the later stages of the reaction, PVP restricted the
vertical growth of Cu-TCPP, ensuring that it could continue to
grow only horizontally. In the final washing process, the excess

l
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o Oxygen
O Hydrogen

Hydrogen
Bonding

Fig. 6 Mechanism of formation of flower-like Cu-TCPP structures.
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reactants and Cu-TCPP fragments on the surface were washed
away, resulting in a complete flower shape.

The number of exposed active sites would be a key factor
affecting the photocatalytic performance,*” with a large specific
surface area facilitating the exposure of active sites and
improving the photocatalytic performance. We used the BET
method to measure the specific surface areas and pore struc-
tures of the flower-like Cu-TCPP (Fig. 7). We obtained a typical
type-1V adsorption isotherm with a hysteresis loop, indicative of
the existence of a micro-/mesopore structure.*® The pore size
distribution data were consistent (Fig. 7b). The BET surface area
of the flower-like Cu-TCPP synthesized in the presence of TFA
was 605.04 m” g~ !, the BET surface area of Cu-TCPP nanosheets
is 485 m” g~ ',* and the BET surface area of Cu-TCPP powder is
520 m” g '3 In contrast, the flower-like Cu-TCPP we synthe-
sized has a larger BET surface area, which is due to the nano-
sheets self-assembled into a flower shape to form mesopores.
This shows that self-assembly into flower shape can increase the
BET surface area.

3.2 Photocatalytic properties

We used UV-vis absorption spectra to evaluate the photo-
catalytic performance of the flower-like Cu-TCPP for the
degradation of RhB under visible light (>420 nm). When kept in
the dark, RhB was removed mainly from the solution through
its adsorption onto the flower-like Cu-TCPP; this adsorption/
desorption equilibrium was usually reached within 40-
60 min. The mixture was then placed under a 300 W Xe lamp

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) N, adsorption/desorption isotherms of flower-like Cu-TCPP.
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(b) Corresponding pore size distribution of the flower-like Cu-TCPP,

calculated using the model of the full-aperture distribution NLDFT method.

equipped with a 420 nm optical cut-off filter. Samples were
collected every 20 min and centrifuged to measure the
concentration of the dye.

The pH can significantly affect the surface charge of an
adsorbent.* Adjust the pH of the flower-like Cu-TCPP aqueous
dispersion with 0.1 M HCl and NaOH, and test the zeta potential
at different pH. Fig. 8a reveals that as the pH increased, the zeta
potential of the flower-like Cu-TCPP suspension decreased,
reaching a value of —30.13 mV at pH 11. Because RhB is
a cationic dye, negative charge facilitated adsorption on the
surface of Cu-TCPP through electrostatic interactions. Hence,
a stronger negative charge increased the rate of removal of RhB
by Cu-TCPP. Fig. 8b reveals that when the pH reached 11, the

removal rate was the highest (47%). Accordingly, we choose the
optimal photocatalytic pH to be 11.

The removal efficiency [E (%)] of RhB was calculated using
the equation

C)— Ce

E=
Co

x 100%
where C, and C. are the initial and equilibrium concentrations
of RhB, respectively.

In the absence of the flower-like Cu-TCPP photocatalyst, we
observed no variation in the concentration of RhB over
a 120 min period of irradiation with visible light, confirming the
stability of RhB under irradiation. After adding a small amount
of H,0, to the RhB solution, the removal efficiency of RhB
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(a) [ zeta Potential (b)o [Jrne (°)1.o
= 10 0.4}
E, % 0.8}
S 0 [i4
= 0.3} °
g '§ %) 0.6}
© -10 22| o
a g0 o4r
£ 2 & —+—10mM
ﬁ 0.1} 0.2 }—+—20mM
—a— 40mM
—v— 60mM
. 0.0 0.0 ——T
0 20 40 60 80 100
t(min)
5
(d) bl =i ——RhB
16} - — i:m:n ~——RhB+H,0, A
o comin F —— RhB+H,0,+Cu-TCPP
o 1.2t 80min
[~ 100min
8 120min k=0.02189 min"*
‘o- 0.8
3
o4y e
| —=—RhB =0/ min
L .- \\ ool
0.0 . . T —4—RhB#+H,0,+Cu-TCPP e : N ] . . )
0.0
A b 0 e 58 %0 40 20 0 20 40 60 80 100 v o oA m R e
Wavelength(nm) t(min) t(min)

Fig. 8

(a) Zeta potentials of flower-like Cu-TCPP suspensions and (b) removal rates of RhB at various values of pH. (c) Effect of concentration of
H,O, on the degradation of RhB; conditions: RhB, 10 ppm; Cu-TCPP, 0.1 g L™!

; initial pH 11. (d) UV-vis absorption spectra of RhB recorded at

various times during the photocatalytic process. (e) Photocatalytic degradation curve. (f) Plots of In(Co/C) with respect to time, providing

apparent reaction rate constants (k).
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increases to 22% under visible light, presumably because of the
photolysis of H,0, to form reactive "OH (H,O, + visible light —
"OH + OH ).” Experiments performed using various amounts of
H,0, additive (Fig. 8d) indicated that the optimal concentration
of H,0, was 40 mM. Fig. 8c shows that with the prolongation of
the illumination time, the absorbance value of RhB decreases
rapidly and the maximum absorption wavelength shifts to
shorter wavelengths, which represents the decomposition of
RhB. The flower-like Cu-TCPP degraded approximately 88% of
the RhB in the presence of 40 mM H,0, within 100 min, the
result of Cu-TCPP activating H,O, to form reactive "OH species.
Compared with other pure MOFs, the flower-like porphyrin-
based MOFs synthesized by us have higher photocatalytic effi-
ciency. E.g., the degradation efficient of 2D Cu-TCPP nanosheets
to RhB is 81.2% in 6 hours under visible light,** the degradation
efficient of MIL-88A(Fe) to RhB is 45% within 80 min under
visible light.” According to the data in Fig. 8f, during the entire
photocatalytic degradation process, the photocatalytic degra-
dation rate constant k of Cu-TCPP for RhB is 2.189 X
10~% min ", while the addition of H,0, to RhB is only 2.23 x
10~* min~", indicating that flower-like Cu-TCPP has high pho-
tocatalytic degradation ability.

3.3 Reusability and stability of flower-like Cu-TCPP

To evaluate the possibility of using this catalyst in practical
application, we studied the reusability and stability of the
flower-like Cu-TCPP. After the photocatalysis experiment was
over, the flower-like Cu-TCPP was centrifuged, washed with
ethanol and water for three times, and then put into the next
use after freeze-drying, and the cycle is repeated five times. As
revealed in Fig. 9, after five repeated uses, the photocatalytic
degradation activity of flower-like Cu-TCPP on RhB did not
decrease significantly, indicating their high photocatalytic
stability and suitability for use in the degradation treatment of
RhB dye. In addition, the XRD diffraction patterns (Fig. S4at)
and FTIR spectra (Fig. S4b¥) of the flower-like Cu-TCPP recor-
ded before and after the photocatalytic reaction revealed that
the crystal structure and surface-active groups of the catalyst
had not changed significantly. Furthermore, SEM images
(Fig. S51) recorded before and after use revealed that the flower-
like morphology was maintained after photocatalysis,
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Fig.9 Reusability of flower-like Cu-TCPP for the photodegradation of
RhB.
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confirming that Cu-TCPP has good stability. Together, these
analyses indicate that the flower-like Cu-TCPP were stable in the
photocatalytic process and have potential value for practical
application.

3.4. Photocatalytic mechanism

To clarify the photocatalytic mechanism, we wished to clarify
the active species that played a role in the degradation process.
Accordingly, we introduced EDTA-2Na, isopropanol, and p-
benzoquinone (0.1 mM) as scavengers for holes h', "OH, and
‘0,7, respectively, during the process of removal of RhB under
visible light irradiation. Fig. 10 reveals that the degradation rate
of RhB was affected in the order EDTA-2Na > p-benzoquinone >
isopropanol. Therefore, we conclude that h', *O,~ and "OH all
play an important role in the photocatalysis process, h* and
‘O, played leading roles in the degradation process.

Using the UV-vis diffuse reflectance spectrum (DRS) to
elucidate the optical activities of flower-like Cu-TCPP. The band
gap (Eg) of flower-like Cu-TCPP can be calculated as 2.27 eV
from Tauc plot of the UV-vis DRS spectrum (Fig. S77). According
to the valence band X-ray photoelectron spectroscopy (VB XPS)
measurement (Fig. S87), the conduction band potential (Ecg) of
flower-like Cu-TCPP was —0.36 eV vs. NHE (normal hydrogen
electrode), the valence band potential (Eyg) was 1.91 eV vs. NHE.

Based on the above data analysis and results, we suggest the
following possible mechanism to explain the efficient photo-
catalytic degradation of RhB in the presence of flower-like Cu-
TCPP:

Cu-TCPP + iw — Cu-TCPP [e” + h"]
O,+e — 'Oy
H,O0, +e— — ‘OH + OH™
‘0O,” +h™ + "OH + RhB — degradation products

First, the flower-like Cu-TCPP absorbed visible light and
produced holes (h*) and electrons (e”). The h* have oxidizing

—=u— No scavenger
1.0} 4
—v— EDTA-2Na
0.8} —+—IPA
S 06t -
o e
0.4f \\v»\xa S
.\o\\:@w\\ﬁ
0.2} ~—
0.0 1 1 1 1 1 1 1
0 20 40 60 80 100 120
t(min)

Fig. 10 Effects of various scavengers on the photodegradation of RhB
mediated by flower-like Cu-TCPP under irradiation with visible light.
Experimental conditions: RhB, 10 mg L™ H,O,, 40 mM:; flower-like
Cu-TCPP, 0.1 g L% initial pH 11.
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Fig. 11 Reasonable mechanism for the process of photocatalytic
degradation of RhB mediated by flower-like Cu-TCPP.

ability and the redox potential of RhB is about 1.43 eV vs. NHE,
it is significantly lower than the valence band potential Eyp
(1.91 eV vs. NHE) of flower-like Cu-TCPP, therefore, the photo-
generated holes (h") in the valence band of flower-like Cu-TCPP
can directly oxidize and degrade RhB. Because the conduction
band potential Ecg (—0.36 €V vs. NHE) of flower-like Cu-TCPP
was more negative than the standard redox potential of O,/
‘0,” (—0.33 eV vs. NHE)," so the accumulated e~ in the
conduction band reacted with O, to generate superoxide radi-
cals ("O,"). Meanwhile, the H,O, consumed e  to product
hydroxyl radicals ("OH) and enhanced the separation of pho-
togenerated electrons and holes,®> which is beneficial to photo-
catalytic reactions. Therefore, under the combined action of
‘0,7, 'OH and h', RhB was degraded. Fig. 11 displays the
specific mechanism.

4. Conclusions

By adding TFA as a morphological control agent in solvothermal
method, we have obtained flower-like porphyrin-based MOFs
self-assembled from nanosheets. The optimal amount of added
TFA was 0.625 uL mL™ ", the resulting flower-like Cu-TCPP had
the most complete and uniform morphology and has a larger
BET surface area. Because of the self-assembly of nanosheets,
the stability and reusability of the flower-like porphyrin MOFs
were excellent. In addition, this flower-like Cu-TCPP displayed
excellent photosensitivity, when applied to the photocatalytic
degradation of the cationic dye RhB, the degradation efficient
reached 88% within 100 min. Compared with other pure MOFs
materials, the time required to achieve the same degradation
effect is reduced. Through the free radical trapping reaction, the
results prove that the photocatalytic degradation reaction is
caused by the flower-like Cu-TCPP producing h", "0, ™, and "OH
species in the system. Furthermore, the method we developed
to synthesize flower-like porphyrin-based MOFs by adding TFA
as a morphology control agent has made a great contribution to
the precise control of morphology, this method can be extended
to control the morphology of other MOFs.
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