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Metal-organic frameworks (MOFs) provide great prospective in the photodegradation of pollutants. Nev-
ertheless, the poor separation and recovery hamper their pilot- or industrial-scare applications because
of their microcrystalline features. Herein, this challenge can be tackled by integrating Cu-MOFs into an
alginate substrate to offer environmentally friendly, sustainable, facile separation, and high-performance
MOF-based hydrogel photocatalysis platforms. The Cu’-MOF 1 and Cu'-MOF 2 were initially synthesized
through a direct diffusion and single-crystal to single-crystal (SCSC) transformation method, respectively,
and after the immobilization into alginate, more effective pollutant decontamination was achieved via
the synergistic effect of the adsorption feature of hydrogel and in situ photodegradation of Cu-MOFs.
Specifically, Cu-MOF-alginate composites present an improved and nearly completed Cr(VI) elimination
at a short time of 15-25 min. Additionally, the congo red (CR) decolorization can be effectively enhanced
in the presence of Cr(VI), and 1-alginate showed superior simultaneous decontamination efficiency of CR
and Cr(VI) with 99% and 78%, respectively. Furthermore, Cu-MOF-alginate composites can maintain a high
pollutant removal after over 10 continuous cycles (95% for Cr(VI) after 14 runs, and 90% for CR after 10
runs). Moreover, the Cr(VI)/CR degradation mechanism for Cu-MOF-alginate composite was investigated.
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Water contamination is an urgent environmental issue because
of rapid industrialization [1-4]. Especially, industrial wastewater
commonly contains large amounts of organics and heavy metals,
which pose a serious threat to health and water security [5-7].
Photocatalysis, as a clean, green, and sustainable technology, has
been harnessed to address the challenges concerning water con-
tamination [8-11]. To date, large amounts of photocatalysts have
been designed and developed to remove organic compounds or
heavy metal pollutants [12-15]. Nonetheless, only a limited num-
ber of photocatalysts have been prepared and reported on the si-
multaneous elimination of metals and organics [16-19]. Addition-
ally, to supply the demands of sunlight utilization, band structure,
or carrier separation, most photocatalysts were fabricated in small-
sized forms and hard to isolate and recover, resulting in second
pollution and poor recycling [20]. Accordingly, to overcome these
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drawbacks, developing multiple-effect photocatalysts, as well as
structuring MOFs into special shapes with a higher number of di-
mensions are very urgent and meaningful.

Hydrogels have been recognized as a promising platform to
support photocatalysts and acquire effective energy conversion,
due to the features of high surface areas, splendid adsorption ca-
pacities, good flexibility, high ionic conductivity, and environmen-
tal compatibility [9,20,21]. The integration of hydrogel with many
traditional inorganic semiconductors including typical TiO, has
been developed to fabricate inorganic semiconductor-based hydro-
gel photocatalysts for water management [22-24]. However, tra-
ditional inorganic semiconductor materials commonly suffer from
wide bandgap, low quantum efficiency, worse light adsorption,
or rapid carrier recombination [20]. Tremendous efforts need to
be devoted to developing alternatives. Metal-organic frameworks
(MOFs) are appearing as prospective alternatives with excellent
photocatalysis towards the potential simultaneous elimination of
metals and organics, owing to the well-fined and customized struc-
ture/cavity at the atom level, as well as the designability and tun-
ability of band structure and photoadsorption [25-32]. Therefore,
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Fig. 1. (a) A structural view of the single-crystal to single-crystal (SCSC) transfor-
mation, and the metal coordination environment of 1 and 2. The symmetry codes:
for 1, A=x-1, -y+1/2, z+1/2; B=-x, -y+1, -z+1; for 2, A=-x, -y+1, -z; B=-x,
y, -z. (b) The XANES spectra and (c) Cu 2p high-resolution XPS survey of 1 and 2.
(d) EPR spectra of the reduction process (X band, 9.83 GHz, room temperature). (e)
Time-dependent transformation process by detecting I3~ of 1 in the Nal acetoni-
trile/water solution.

a strategy of integrating hydrogel and MOF may accelerate more
environmental and efficient water remediation. Herein, we present
a general structuring way through the combination of Cu-MOF
and hydrogel to offer visible-light induced Cu-MOF-based hydro-
gel photocatalysis platforms. The insertion of Cu-MOF into an algi-
nate substrate can not only turn MOF particles into macroscopic-
size special-shaped structures for practical applications, but also
promote the photogenerated electron-hole pairs transfer and sepa-
ration for good photoelectric performances. More importantly, Cu-
MOF-alginate composites can also achieve high pollutant removal
by means of the synergy effect of the inherent adsorption by hy-
drogel and in situ photodegradation by Cu-MOFs. Overall, highly ef-
ficient Cu-MOF-based hydrogel photocatalysts with high light uti-
lization efficiency, fast carrier separation, and good cycling dis-
played a promising application in waste-water remediation.

Through the reaction of CuCl, and 3,9-bis(pyridin-4-yl)-2,4,8,10-
tetraoxaspiro[5.5Jundecane (L) in CH3CN/H,O in a diffusion
method, Cu''-MOF 1 was obtained. Single-crystal X-ray diffraction
(SC-XRD) analysis revealed that two-dimensional (2D) 1 consists of
Cu,Cly binuclear cluster and L (Fig. 1a and Fig. S3 in Supporting in-
formation). 1 crystallizes in the monoclinic space group P21/c, and
each penta-coordinated Cu?* adopts a slightly distorted square-
pyramidal geometry with t =0.11 [33], bearing three ClI- and two
N atoms from two L. Interestingly, when 1 was immersed into a
1 mol/L CH3CN/H,0 solution of Nal for 12 h, blood-red block crys-
tals 2 were obtained. One-dimensional (1D) Cu!-MOF 2 crystallizes
in the monoclinic space group C2/m, and each Cu' has a tetrahedral
environment (74 = 1.01) [33] with two I~ and two N in a coordina-
tion shell. The rhombohedral Cu,l, clusters are linked by L to form
the 1D chains (Fig. S4 in Supporting information).

Comprehensive characterizations were executed to confirm the
successful conversion from 1 to 2. For example, the UV-vis spec-
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trum of 1 displayed adsorption bands in both 352-400nm and
719-854 nm regions, which is assigned to the m — 7* of L and d-
d transitions of Cu?*, respectively, and the obscure of any Cu%*
d-d transition bands in 2 was taken as the evidence for the re-
duction of Cu?* to Cut (Fig. S6 in Supporting information). Be-
sides, the Cu K-edge X-ray absorption near-edge structure (XANES)
spectrum of 1 gave a pre-edge energy at 8985eV and featured the
oxidation state of copper in 1 being +2, while the pre-edge fea-
tures of 2 occurred at a energy of 8980.9eV (Fig. 1b), indicating
the existence of Cu™ [34-36]. Moreover, X-ray photoelectron spec-
troscopy (XPS) curve of 1 showed that the signal at higher binding
energy of 935.2 eV are assigned to Cu?*t species, and the main peak
at binding energies of ca. 931 in 2 was assigned to Cu* species
(Fig. 1c) [37]. The transformation from Cu®* to Cu® species was
further confirmed by Auger electron spectroscopy (AES) (Fig. S8
in Supporting information). Further, 2 exhibit luminescence ther-
mochromism, also characteristic of Cu' species [38]. After heating
at 150 °C, non-luminescent 2 can transform to yellow-luminescent
2’ (Fig. S9 in Supporting information). SC-XRD revealed that 2’
shows structural similarity to 2. Direct evidence has been observed
that a decreased Cu---Cu distance is responsible for luminescent
thermochromism of 2. The shrinking of Cu---Cu distance leads to
a decrease of Cu-I-Cu angles and Cu-I bonds length in 2’. The
emission bands of 2’ could be assigned to a combination of LMCT
and d-s transitions due to Cu---Cu interaction within Cuyl, clusters
(Fig. S10 in Supporting information) [39].

Furthermore, this transformation process was monitored by
electron paramagnetic resonance (EPR) and UV-vis spectroscopy.
Immersion of 1 into CH3CN/H, O solution of Nal led to the decrease
of EPR signal, in agreement with the formation of Cu* as 2 (silent
in perpendicular mode EPR, Fig. 1d). Besides, this oxidation pro-
cess was also detected by UV-vis spectroscopy at intervals based
on the maximum adsorption peak of I3~ at 352nm [40]. As de-
picted in Fig. 1e, the solution of 1 slowly changed from colorless
to light yellow/brown, implying the formation of I3~. Also, Raman
spectrum (bands at 180 cm~!, Fig. S11 in Supporting information)
[41] and XPS (binding energies of 631.0 and 619.7 eV, Fig. S12 in
Supporting information) [42] indicated the presence of natural I,
in 2, providing evidence for the formation of I, during I~ oxida-
tion. Thus, it is proposed that the reduction of copper or the oxi-
dation of iodide mechanism from 1 to 2 can be represented by Eq.
(1). Furthermore, the atomic force microscopy (AFM) measurement
indicated that the crystal surface profile undergoes significant al-
teration, implying a restructuring of the crystal surface. After 10h,
the relatively homogenous and flat crystal surface of the original
crystal 1 becomes rough, showing holes and clefts (Fig. S13 in Sup-
porting information). Furthermore, from the microscope, blood-red
block crystals grow from the crystal surface of 1 (Fig. S14 in Sup-
porting information).

{Cu'(L)CI,}-CH3CN (1) (s)+ 1~ (1, excess)— {Cu'(L)I}-0.5I,-CH3CN
(2) (s)+2CI- (1)

Moreover, the stability of 1 and 2 was assessed for practical
application. PXRD revealed that 1 is stable in water for 24h but
hydrolysis in an aqueous solution with pH being 2-10 or boiling
water (Fig. S15 in Supporting information). In contrast, the sta-
bility of 2 remarkably increased. After soaking 2 in boiling water
for 24h, the retention of crystallinity was observed, affirming its
water-stability (Fig. S16 in Supporting information). Remarkably, 2
remained its stable even in a water solution with pH 4-10 at room
temperature for at least 24 h. Moreover, without the protection of
an insert atmosphere, 2 can maintain a blood-red color and their
particle surfaces cannot turn green due to oxidation by air-O, af-
ter exposure to air for at least one year, which is unusual to other
Cu'-MOFs [43,44].
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Fig. 2. The fabrication procedure of (a) 1-Alg and (b) 2-Alg, referred by the reported
work [45].

Further, to improve the real commercial applications of MOF
particles, the macroscopic-size-designable with specially ordered
shapes is particularly expected [45-48]. Therefore, the Cu-MOF-
alginate composite beads were tried to be fabricated. As illustrated
in Fig. 2, 1-Alg series were prepared through the in situ synthe-
sis of Cu* cross-linked hydrogel and L [46]. However, immersing
1-Alg beads into the CH3CN/H,0 solution of Nal cannot obtain 2-
Alg beads, even though Nal can induce the transformation from 1
to 2, which may be because that such transformation can be con-
fined within the limited spaces of cross-linking 1-Alg. The 2-Alg
beads were fabricated by dispersing pre-formed 2 into a sodium
alginic solution, which was then immobilized into a curing solu-
tion of Ca2t-polyacrylic acid.

The photo images displayed that Cu-Alg beads are transparent
light-blue, yet after coordinating to L, 1-Alg-15 beads turn into
opaque light-blue, and the combination of 2 and alginate results in
opaque brown (Fig. S17 in Supporting information). The morphol-
ogy of Cu-MOF-alginate composites shown by scanning electron
microscopy (SEM) suggested the successful loading of MOF parti-
cles (Figs. S18 and S19 in Supporting information). PXRD pattern
exhibited the amorphous structure of Cu-Alg hydrogels, and the
semicrystalline structures of 1-Alg series, implying that the gen-
eration of new Cu-MOF particles distinct from 1 inside the algi-
nate networks (Fig. S20 in Supporting information). This can be
owing to the low water-stability of 1, as well as that the precon-
fined coordination nature of Cu?* would result in the generation of
different molecular structures, and the confined alginate networks
structurally hinder the construction of 1 particles [47]. By contrast,
the diffraction peaks of 2-Alg are almost the same as those of 2,
indicating that 2 is well maintained during the formation of 2-
Alg (Fig. 3a). Besides, the UV spectra of Cu-MOF-Alg beads showed
similar characteristic adsorptions to their corresponding Cu-MOFs
(Fig. 4a, Figs. S25 and S26 in Supporting information). Moreover,
as depicted in Fig. 3b, a close insight of IR spectra revealed that
for 1-Alg series, the presence of the stronger peaks at 3447 cm!
and weak peaks at 935 cm~!, assigned to the v(-OH) and w(-OH),
respectively, was indicative of the existence of abundant carboxyl
-OH groups from alginate [45], and the shifts of Cu-N stretching
at 1250 or 952 cm~! compared to 1 suggested the possible exis-
tence of interactions between Cu sites and alginate [37,49]. For 2-
Alg, all characteristic peaks for 2 were obviously observed, and the
existence of 1559 cm~! upon the generation of beads suggested
the coordination between Ca2* and carboxylic groups from poly-
acrylic acid (Fig. 3c) [45]. The XPS spectra for Cu-MOF-Alg beads
demonstrated the existence of C, O, N, I or Cl element (Fig. S21
in Supporting information), and XPS spectra of Cu 2p3 shown in
Fig. 3d indicated the presence of Cu* and Cu?* species for the cor-

Chinese Chemical Letters 36 (2025) 109936

(a) —— Simulated 2
~——— As-made 2
——— As-made 2-Alg
. 1-Alg-10 —— 1-Alg-15 952
——1-Alg-20 —— 1 —— Cu-Al
10 20 30 40 504000 3000 2000 1000 1500 1250 1000

Wavenumber (cm™')

2-Theta degrees (°)

Wavenumber cm)

—— Cu-Alg — Alg

4000 3000 2000 1000 960 950 940
Wavenumber (cm™) Binding Energy (eV)

930 540 550 560 570 580
Binding Energy (eV)

Fig. 3. (a) The PXRD pattern of 2 and 2-Alg. (b, c¢) The IR spectra, (d) XPS and (e)
Auger electron spectroscopy of Cu-MOFs and Cu-MOF-alginate composites.

3
b
@) —1Ag1s |® T 4 29°°
9 1-Alg-10 7 o
@ 1-Aig-15 2 '.O
-Alg-; 4 4
3 ~21{ @ 1-Ag20 » 9 o0
= e ;‘B
©
8 x
g / L
2 S| 0.97ev 13}
‘?’ /
212 eV
1_2 3 4
Energy (eV)

600 800 1000 1200 1400
Wavelength (nm)

n
1=
S
a
=}
S

Potential (V) vs. Ag/AgCI

(c)1.0 (d) . 3 .
_:_Ng_m 1501 o 1.Aig-10 o
“ 0.8 1-Alg-15 @ 1-Alg-15 ° °
2 w 1-AIg-20 E120 @ 1-Aig-20 oo °
i )
506 g P ]
g b o
z
£ o4 a 60 o8
3 ‘ogooooooooooooo%n
30 9000000000000 0 0 @
02
0
40 80 120 160 0 20 40 60 80 100 120 140
© Time (s) 2Z' (ohm)
e
05 -0.35V -0.42V -0.38V -0.38V -0.43v -0.35V
ol T L L L L]
= 05 219eV  2.12eV 1.74eV
S ; J 2.30eV
= 1.0 255ev l l ° ! 2408V
215 1 l 1.31V l
a 20 1.77v 1.74V — =
251 220v ; L
1 1-Alg-10  1-Alg-15  1-Alg-20 2 2-Alg
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composites. (e) The band structure diagram of Cu-MOFs and Cu-MOF-alginate com-
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responding 2-Alg and 1-Alg-15, which further confirmed by Auger
electron spectroscopy (Fig. 3e) [37]. In the Raman spectrum of Cu-
MOF-Alg beads, the band at 290-360 cm~! ascribed to the vibra-
tion of Cu-Cl or Cu-I coordination bond were shifted with respect
to their corresponding Cu-MOFs, indicative of the presence and
changes of Cu-Cl/I bonds (Fig. S22 in Supporting information) [50].
Moreover, N, adsorption/desorption isotherms of Cu-MOFs and Cu-
MOF-alginate composites at 77 K were tested (Fig. S23 in Support-
ing information), and the BET surface areas apparently increased
for 1 after immobilization (Table S3 in Supporting information).
Taken together, these characterizations of Cu-MOF-Alg beads sug-
gested the successful synthesis of Cu-MOFs within the cross-linked
alginate network. Furthermore, TGA analysis revealed that the MOF
loading was 42.94, 65.84, and 83.47 wt¥% for 1-Alg-X (X=10, 15,
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and 20) bead composites, respectively, and 58.06 wt% for 2-Alg
(Fig. S24 in Supporting information).

To evaluate the photocatalytic performances of these materi-
als, the optical and electrochemical properties were initially inves-
tigated. Solid-state UV-vis diffuse reflection spectra for Cu-MOFs
and Cu-MOF-alginate composites were measured at room temper-
ature. It was shown that all Cu-MOFs and Cu-MOF-alginate com-
posites display a broad light adsorption range (Fig. 4a, Figs. S25
and S26 in Supporting information). For Cu-MOFs, the band-gap
energies (Eg) determined from a Tauc plot are 2.55 and 1.74eV for
1 and 2, respectively. And for Cu-MOF-alginate composites, the Eg
is 2.19eV for 1-Alg-10, 2.12eV for 1-Alg-15, 2.30eV for 1-Alg-20,
and 2.40eV for 2-Alg. These showed that all Cu-MOFs and Cu-
MOF-Alg beads could be considered as ideal n-type semiconductive
materials [51-53]. Further, Mott-Schottky (MS) analysis was per-
formed at a frequency of 1000 Hz to estimate the conduction band
(CB). The flat-band potentials were determined to be —0.45, —0.52,
—-0.48, —0.48, —0.53, and —0.45 for 1, 1-Alg-10, 1-Alg-15, 1-Alg-20,
2, and 2-Alg, respectively (Fig. 4b and Fig. S27 in Supporting in-
formation), and they each CB is —0.35, —0.42, —0.38, —0.38, —0.43,
and —0.35V. Note that these CB are lower than that of E(O5/-0,7)
being —0.33V (vs. NHE), indicating their potential applications in
oxidizing organics [54,55]. Then, the valence band (VB) was esti-
mated to be 2.20, 1.77, 1.74, 1.92, 1.31, and 2.05V for 1, 1-Alg-10,
1-Alg-15, 1-Alg-20, 2 and 2-Alg, respectively (Fig. 4e).

Further, transient photocurrent response and electrochemical
impedance spectroscopy (EIS) were employed to evaluate the
electron-hole pair separation capacities. Cu-MOF displayed en-
hanced photocurrents after immobilization with the order of 1-
Alg-15 > 1-Alg-20 > 1-Alg-10 > 1 and 2-Alg > 2 under visible light
irradiation, indicative of the better photoinduced electron-hole
separation efficiency of Cu-MOF-alginate composites (Fig. 4c and
Fig. S27 in Supporting information). Meanwhile, Cu-MOF-alginate
composites possessed smaller charge transfer resistance than their
respective Cu-MOF, which aligns with the result of photocurrent
response (Fig. 4d and Fig. S28 in Supporting information). The
enhanced photoinduced electron-hole transfer and separation ef-
ficiency for the immobilization of Cu-MOF into alginate perhaps
as a result of the formation of an interface between Cu-MOF and
alginate matrix [56], and it inspired us to investigate the photo-
catalytic properties of Cu-MOF and Cu-MOF-alginate composites as
heterogeneous photocatalysts.

The photocatalytic performances for Cu-MOFs and Cu-MOF-
alginate beads towards Cr(VI) removal were initially examined in
an aqueous solution, which was monitored by the characteristic
absorption band of Cr(VI) with 1,5-diphenylcarbazide at 541 nm.
As depicted in Fig. 5a, about 37% and 9% adsorption efficiency
of Cr(VI) for respective 1 and 2 were found and reached the
adsorption-desorption equilibrium at 30 min. Then under Xe-light
irradiation, approximately 85% and 96% removal efficiency at sub-
sequent 25min were observed for 1 and 2 with the pseudo-
first-order reaction kinetic constants (k) being 0.06 and 0.12
min~! (Figs. S30-S32 in Supporting information). After incorpo-
rating them into alginate substrate, the Cr(VI) removal obviously
enhanced, and the removal efficiency followed the order of 1-
Alg-15 > 1-Alg-20 > 1-Alg-10>1 (removal efficiency X at 15min
and k: 88% and 0.07 min~! for 1-Alg-10, 96% and 0.14 min~!
for 1-Alg-15, 92% and 0.11 min~! for 1-Alg-20) (Figs. S30-S32).
Note that compared to Cu-MOF, Cu-MOF-Alg series exhibited ap-
parently improved adsorption capacity of Cr(VI) upon achieving
the adsorption-desorption equilibrium. Accordingly, the enhanced
Cr(VI) removal capacity of Cu-MOF-alginate composites relative to
Cu-MOFs is perhaps owing to the synergistic effects of Cr(VI) ad-
sorption for hydrogel and in situ photocatalytic Cr(VI) reduction
for Cu-MOFs. Specifically, Cr(VI) can nearly complete removal at
15min for 1-Alg-15 and 40 min for 1, and 25min for 2-Alg and
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30min for 2, which is superior or comparative to the reported
works [57,58].

Besides, the CR decolorization was also examined to evaluate
photocatalytic performances, which was monitored by the char-
acteristic absorption band of CR at 498 nm. Control experiments
showed that no obvious decay in CR concentration with L as a cat-
alyst or without catalyst under Xe-light irradiation (Fig. 5b). Mean-
while, a comparisonfs experiment in dark conditions showed that
the Cu-MOFs and Cu-MOF-alginate beads possess the adsorption
capacity of CR with the order: 1-Alg-10/15 (59%) > 1-Alg-20 (46%)
> 1 (39%), and 2 (58%) > 2-Alg (33%) (Figs. S33-S38 in Supporting
information). Under Xe-light irradiation, with time increasing, the
CR removal efficiency for 1 and 2 gradually enhanced, and approx-
imately 85% and 92% removal at 60 min were observed. However,
unlike the enhanced Cr(VI) elimination of 1 and 2 after immobi-
lization, the CR removal (70%) for 2-Alg was worse than that of 2,
which may be due to the lower porosity of 2-Alg compared with
2, confirmed by N, adsorption test (Fig. S23). By contrast, a notice-
able CR degradation was successfully achieved with the tendency
of 1-Alg-15 (95%) > 1-Alg-20 (90%) > 1-Alg-10 (86%) > 1 (85%)
at 60 min, which is consistent with the charge separation capacity
of 1 and 1-alginate beads, indicating the enhanced photocatalytic
activity towards CR decolorization upon incorporating 1 into an al-
ginate substrate.

Inspired by the above results, the simultaneous removal CR and
Cr(VI) experiment was conducted and monitored by the charac-
teristic absorption band of Cr(VI) and CR at 354 and 491 nm, re-
spectively (Figs. S39-S42 in Supporting information). As shown in
Figs. 5¢ and d, only approximately 44% and 50% removal efficiency
of Cr(VI) at 30 min, while 96% and 97% decolorization of CR at
60min can be observed for 1 and 2, respectively. Compared to
the isolated CR or Cr(VI) removal, both Cu-MOFs displayed an en-
hanced decontamination of CR yet decreased reduction of Cr(VI)
upon CR and Cr(VI) in coexistence. For Cu-MOF-alginate compos-
ites, about 78% and 28% Cr(VI) removal efficiency at 30 min, and
99% and 74% CR decolorization at 60 min were found for respective
1-Alg-15 and 2-Alg. It can be found that 1-Alg-15 displays supe-
rior decontamination of Cr(VI) and CR with respect to 1 under the
coexistence of CR and Cr(VI), while 2-Alg are worse than that of
2. The existence of Cr(VI) performs a positive effect on the decon-
tamination of CR for all Cu-MOF-alginate composites, yet the CR
resulted in the reduced removal of Cr(VI). Thus, both Cu-MOFs or
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Cu-MOF-alginate composites showcased an admirable promotion
of CR decolorization via the existence of Cr(VI). Above all, 1-Alg-
15 presented an excellent photocatalytic performance towards the
simultaneous removal of Cr(VI) and CR, quite comparative or supe-
rior to the reported photocatalysts (Table S4 in Supporting infor-
mation).

Moreover, the Cr(VI) or CR removal capacity for Cu-MOFs and
Cu-MOF-alginate composites in Feng-river was also investigated
(Figs. S43-S49 in Supporting information). For Cr(VI), approxi-
mately 93%, 94%, 99%, 97%, 97%, and 97% removal were observed
using 1, 1-Alg-10, 1-Alg-15, 1-Alg-20, 2, 2-Alg at 30 min, respec-
tively, and nearly complete Cr(VI) removal at 15min for 1-Alg-15
and 20 min for 2-Alg. And for CR, both Cu-MOFs and 1-Alg beads
were observed to display excellent CR decolorization performance,
and the best behaviors can be found by using 1-Alg-15 and 1-Alg-
20 composites as photocatalysts, in which nearly complete CR de-
colorization was observed at a short time of 20 min.

Moreover, the cyclability and stability of both Cu-MOFs and Cu-
MOF-alginate composites towards Cr(VI) or/and CR removal were
investigated (Figs. S50-S60 in Supporting information). Compared
to 1, 2 displayed increased recyclability and stability without obvi-
ous structure change after three cycles. Of particular interest, even
though the stability became worse, the cyclability of pollutants re-
moval greatly enhanced upon Cu-MOFs were treated into Cu-MOF-
alginate composites. Specifically, after eleven test cycles, the Cr(VI)
removal efficiency can be maintained at up to 96% for 1-Alg-15,
and a high cyclability for 2-Alg was also found to be 95% after
fourteen runs. Moreover, over 90% removal efficiency of CR for 1-
Alg-15 has been observed after ten consecutive runs. These results
positively point out that the transformation from 1 to 2 can effi-
ciently improve the Cr(VI)/CR removal efficiency, recyclability and
stability, as well as 1-alginate composite displayed high photocat-
alytic activity and could be deemed potentially usable in real river
water.

Given the excellent photocatalytic performance of 1-Alg-15,
the mechanism of CR and Cr(VI) decontamination over 1-Alg-15
was speculated. Initially, a series of trapping experiments and
in situ ERP tests were executed. Specifically, the addition of p-
benzoquinone (‘O,~ scavenger) caused the obviously decreased re-
moval efficiency of CR, indicating that ‘O,~ is the key participant
in the photodegradation of CR over 1-Alg-15 (Table S6 in Support-
ing information). Additionally, the EPR experiments also corrobo-
rated the presence of ‘O, by employing the trapping agent of 5,5-
dimethyl-pyrroline-N-oxide (DMPO) (Fig. S61 in Supporting infor-
mation). By contrast, no photocatalytic suppression was observed
upon the addition of propane-2-ol ("OH scavenger), demonstrating
that "OH is not the ROS in this reaction. Furthermore, the reduced
CR decontamination efficiency was found by adding AgNO; (elec-
tron scavenger) or KI (hole scavenger), revealing the production of
photogenerated electrons and holes. And the decreased Cr(VI) re-
moval efficiency by introducing the AgNO3; showed the participa-
tion of e~ in the reduction reaction (Table S7 in Supporting infor-
mation).

In view of the abovementioned analysis and reported literature
[59], a plausible photodegradation mechanism of CR and Cr(VI)
over 1-Alg-15 was provided (Fig. S62 in Supporting information).
Under the visible-light irradiation, Cu-MOF embedded in the algi-
nate network was excited to form the photogenerative electron and
holes, in which the electron on the CB, on the one hand reduced
the Cr(VI) into Cr(Ill), and on the other hand reacted with the air-
0, into "O,~, which further oxidize CR into CO, and H,0. Addition-
ally, the holes accumulated on the VB can also oxidize and miner-
alize CR pollutants. Note that the alginate can act as a transmitter
for "0,~, electron and hole to further improve the photodegrada-
tion performances.
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In summary, we offered a general structuring strategy by the in-
tegration of Cu-MOF and alginate substrate into visible-light driven
Cu-MOF-based hydrogel photocatalysts bearing excellent perfor-
mance in the removal of CR and Cr(VI). On the one hand, the incor-
poration of Cu-MOF into hydrogel can efficiently promote the pho-
togenerated carrier transfer and separation for improving photocat-
alytic degradation pollutants. On the other hand, the macroscopic-
size sphere-shaped photocatalysts can be easily separated and re-
covered for practical applications. Furthermore, the photodegra-
dation mechanism showed the photocatalytic performance of Cu-
MOF-alginate composite is associated with ‘O,~, e~ and h*, and
hydrogel played a significant role in storing and shuttling electrons,
as well as good adsorption. Accordingly, Cu-MOF-alginate compos-
ite beads can be recommended as efficient photocatalysts in terms
of high photocatalytic performance, environmental sustainability,
facile separation, and good cycling toward the removal of CR and
Cr(VI) from the wastewater.
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