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ABSTRACT: The exploration of high-efficiency photocatalysts to
drive the conversion of highly toxic heavy metal hexavalent
chromium (Cr(VI)) in wastewater to low-toxic trivalent chromium
(Cr(ll)) is of great significance for purifying water that contains
emerging contaminants. Herein, four hourglass-type
phosphomolybdate-based hybrid networks—(H,bpe),[M(H,0):],
{M[P4sM0¢03,H],}-8H,0 (M = Mn for 1, Co for 2) and (Hbpe)(H,bpe)
Na[M(H,0)3]{M[P,M0¢O3;H;],}-9H,0 (M = Mn for 3, Co for 4;
{M[P4M0¢O3:H;],}* (abbr. M{P,Mog},); bpe = 1,2-di(4-pyridyl)
ethylene)—were hydrothermally synthesized as heterogeneous
photocatalysts for Cr(VI) reduction. A structural analysis showed
that the four hybrids 1-4 exhibited two-dimensional inorganic
sheet-like structures with a 3,6-connected kgd topology built of hourglass phosphomolybdate clusters having different central
metal ions, which further interacted with organic bpe cations via abundant hydrogen-bonding interactions to extend the
structure to a three-dimensional (3D) supramolecular network. The four hybrids displayed excellent redox properties and wide
visible-light absorption. When used as heterogeneous photocatalysts, hybrids 1-4 exhibited excellent photocatalytic activity
for Cr(VI) reduction under 10 W white light irradiation, with reduction rates of 91% for 1, 74% for 2, 90% for 3, and 71% for 4,
respectively, within 80 min. The Cr(VI) reduction reaction over hybrids 1—4 followed the pseudo first-order kinetics model with
reaction rate constants k of 0.0237 min™* for 1, 0.0143 min™* for 2, 0.0221 min™* for 3 and 0.0134 min™" for 4, respectively. The
Mn{P4Mog¢},-based hybrids 1 and 3 showed better photocatalytic performance than the Co{P,Mog},-based hybrids 2 and 4,
along with excellent recycle stability. This mechanism study shows that the different central metals M in the M{P,Mog}, cluster
have a considerable impact on photocatalytic performance due to their regulation effect on the electronic structure. This work
provides evidence for the important role of the central metal in hourglass-type phosphomolybdate in the regulation of
photocatalytic performance, and it brings inspiration for the design of highly efficient photocatalysts based on
polyoxometalates.
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1 Introduction

Rapid industrialization causes an increased release of wastewater
containing heavy metal ions, which pose a great threat to human
health and environmental safety [1-5]. In particular, hexavalent
chromium Cr(VI), which has high carcinogenicity and
teratogenicity, is widely found in wastewater from different
industrial processes such as metallurgical technology, electroplating,
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and medical and chemical engineering. Cr(VI) species have good
water solubility and can easily enter the food chain, which increases
the threat of severe diarrhea and kidney, bladder, and liver cancers
[6-10]. Therefore, the removal of toxic Cr(VI) from environmental
water is of crucial importance. At present, reducing toxic Cr(VI) to
the less toxic trivalent chromium Cr(III) is one of the most effective
treatment methods by means of a variety of techniques, including
chemical techniques [11-13], bacterial degradation [14], and
biological [15] and photocatalytic technology [16,17]. Thus,
photocatalysis technology with high efficiency, stability, low cost,
sustainability, and environmental protection has been considered to
be an effective and promising method to tackle Cr(VI) pollution
[18,19]. The key challenge is to develop efficient heterogeneous
photocatalytic materials. In photocatalytic reactions, the
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semiconductor photocatalysts absorb photons that are matched
with their band gap energy, and they produce electrons (e”) and
holes (h*) for subsequent photocatalytic redox reactions, which
leads to Cr(VI) reduction; the Cr(VI) species in turn can serve as
photoelectron scavengers to promote the process of carrier
separation and accelerate the efficiency of photocatalytic reactions
[20-23]. Recently, various semiconductor photocatalysts have been
used in visible light-driven photocatalytic Cr(VI) reduction
reactions, including titanium dioxide (TiO,) [16,20], cadmium
sulfide (CdS) [24], and tungsten trioxide (WO5) [25,26]. Some of
them suffer from the limited utilization of light, low catalytic
efficiency, and poor structural stability, which hinder their practical
application. Ideal visible-light photocatalysts should have the
following: (i) appropriate band gap for the high utilization of visible
light; (ii) low electron (e7) and hole (h*) recombination efficiency;
(iif) good carrier migration efficiency; (iv) a stable structure for
sustainable utilization. Thus, the development of efficient
photocatalysts with suitable energy bands, and high photogenerated
carrier separation and utilization for the reduction of Cr(VI) to
Cr(III) is urgently needed [21, 27].

Polyoxometalates (POMs) are considered to be promising
photocatalysts owing to their fascinating molecular nature with
uniform  active sites, structural diversity, and tunable
physicochemical properties [28-34]. In particular, the hourglass-
type phosphomolybdate clusters {M"[P,M0'cO5],}* (abbr.
M{P,Mo¢},, M = Mn, Co, Fe, etc.), as a unique member of the
POM family, are constructed of two [P,M0"405,]"" (abbr. {P,Mog})
half-units bridged by one central metal M. It should be pointed out
that all Mo centers in the M{P,Mog}, cluster are at a +5 oxidation
state and belong to a fully reduced anionic cluster, which endows
the M{P,Mog}, cluster with remarkable redox properties that
support a rapid, reversible, and stepwise multiple electron transfer
process while maintaining the M{P,Mog}, cluster structure [32, 33].
Moreover, M{P,Mog}, clusters could also be regarded as the analogs
of semiconductor metal oxides, as they consist of d' Mo and oxide
ions and display similar electronic attributes, such as a well-defined
highest occupied molecular orbital (HOMO) and a well-defined
lowest unoccupied molecular orbital (LUMO). Such a feature
reveals that the electrons in M{P,Mog}, clusters can be excited from
HOMO to LUMO, which is similar to the charge transfer between
the valence band (VB) and conduction band (CB) in
semiconductors under suitable illumination. Owing to the
fascinating optical characteristics, M{P,Mog}, clusters exhibit
remarkable photocatalytic application in various reactions [17,
35-38]. Moreover, hourglass-type M{P,Mog}, clusters have strong
structural tailoring, and the central metal ions can be adjusted from
main group metals to transition metals [22,39-41]. The well-
defined crystalline structures of hourglass-type M{P,Mog}, clusters
provide an ideal photocatalyst model for the investigation of the
structure—function relationship in photocatalytic Cr(VI) reduction.
Therefore, building hourglass-type POM-based materials with wide
light absorption abilities and suitable energy band structures is
hopeful for achieving the efficient photocatalytic reduction of
Cr(VI).

Based on the above considerations, four cases of hourglass-type
phosphomolybdate-based  crystalline  networks—(H,bpe),[Mn
(H,0)5],{Mn[P,Moc0,H;],}-8H,0 (1), (H,bpe),[Co(H,0)5],{Co[P,
Mo,0;,H;],}-8H,0 (2), (Hbpe)(H,bpe)Na[Mn(H,0);],{Mn[P,Moy
Oy H;1L,}9H,0  (3), (pre)(szpe)Na[CO(HzO)3]z{C0[P4M06031
H,],}-9H,0 (4) (bpe = 1,2-di(4-pyridyl)ethylene) were synthesized
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as potential photocatalysts for Cr(VI) reduction. A structural
analysis showed that hybrids 1-4 possess similar two-dimensional
(2D) inorganic networks, which interact with protonated bpe
cations via hydrogen bonding interactions to become three-
dimensional (3D) supramolecular structures. When used as
photocatalysts, the four hybrids exhibited efficient photocatalytic
activity for Cr(VI) reduction, with Cr(VI) removal rates of 91% for
hybrid 1, 74% for hybrid 2, 90% for hybrid 3, and 71% for hybrid 4
within 80 min. Such hourglass-type hybrids exhibit high
recyclability and structural stability. The reaction mechanism is
discussed.

2 Experimental section

2.1 Synthesis of crystals 1-4

(1) (H,bpe), [Mn(H,0)s],{Mn[P,Mo,03,H,],}-8H,0

A mixture of (NH),Mo,0,4H,0 (0.08 g 0.07 mmol),
MnCl,-4H,0 (0.08 g, 0.40 mmol), bpe (0.03 g, 0.16 mmol), H;PO,
(0.5 mL, 7.50 mmol), and H,O (8.0 mL, 0.44 mol) was stirred at
room temperature for about 0.5 h. Then, the pH of the solution was
adjusted to 2 with 8 M H,;PO, and NH;-H,O. Finally, the solution
was placed in a polytetrafluoroethylene-lined autoclave (25 mL) and
reacted at 180 °C for 1 day. After the reaction, the solution was
slowly cooled to room temperature. Reddish-brown massive
crystals were obtained and washed with deionized water. Based on
the mass of Mo element, the yield was 65%. The elemental analysis
calculated for C,,HgMn;Mo,N,O,Ps (%) was: C, 9.03; H, 2.08; N,
1.76; Mn, 5.13; P, 7.77; Mo, 36.08. Experimental value (%): C, 9.06;
H, 1.99; N, 1.79; Mn, 5.16; P, 7.78; Mo, 36.14. The selected IR (solid
KBr pellet, cm™) was: 3410(s), 1623(s), 1507(m), 1425(w), 1374(w),
1345(w), 1286(w), 1216(m), 1122(m), 1077(s), 971(s), 915(m),
823(m), 729(s), 700(m), 607(m).

2) (szpe)z[ Co(H,0);],{Co[P,M0s03,H,],}-8H,0

The synthetic process of hybrid 2 was similar to that of hybrid 1,
except that MnCl,-4H,0O was replaced by Co(NO,),-6H,0 (0.08 g,
0.27 mmol), and the pH of the solution was adjusted to 2.5 with 8
M H,PO, and NH;H,O. Reddish-brown massive crystals were
obtained. The yield based on the mass of Mo element was 42%. The
elemental analysis calculated for C,,HCo3Mo,N,0,:P; (%) was:
C, 9.00; H, 2.08; N, 1.75; Co, 5.52; P, 7.74; Mo, 37.97. Experimental
value (%): C, 9.04; H, 1.98; N, 1.80; Co, 5.56; P, 7.68; Mo, 38.01. The
selected IR (solid KBr pellet, cm™) was: 3411(s), 1633(s), 1511(m),
1386(s), 1347(w), 1289(w), 1219(w), 1120(w), 1071(m), 1020(s),
961(s), 920(m), 818(w), 744(m), 695(w), 611(w).

(3) (pre)(Hpre)Na[Mn(HZO)3]2{Mn[P Mo,03,H,],}-9H,0

The synthetic process of hybrid 3 was similar to that of hybrid 1,
except that the pH of the solution was adjusted to 2 with 8 M
H;PO, and 4 M NaOH. After the reaction, reddish-brown strip
crystals were obtained. Based on the mass of Mo element, the yield
of hybrid 3 was calculated as 44%. The elemental analysis calculated
for C,,H,;NaMn;Mo,N,O4Ps (%) was: C, 8.78; H, 2.24; N, 1.71;
Na, 0.70; Mn, 5.18; P, 7.54; Mo, 35.05. Experimental value (%): C,
8.83; H, 2.20; N, 1.69; Na, 0.73; Mn, 5.13; P, 7.61; Mo, 35.02. The
selected IR (solid KBr pellet, cm™) was: 3414(s), 1631(s), 1507(m),
1382(s), 1207(w), 1059(s), 1028(s), 960(s), 828(w), 737(m), 698(w),
602(w).

Tsinghua University Press


https://doi.org/10.26599/POM.2023.9140027

©

Yin et al.

(4) (Hbpe)(H,bpe)Na[Co(H,0);],{Co[P Mos05,H;],}-9H,0

The synthesis process of hybrid 4 was similar to that of hybrid 2,
except that the pH condition of the reaction solution was 2.0. After
the reaction, the reddish-brown massive crystals were obtained.
Based on the mass of Mo element, the yield of hybrid 4 was
calculated to be 58%. The elemental analysis calculated for
C,;H,;NaCo;Mo,,N,O4,Ps (%) was: C, 8.74; H, 2.23; N, 1.70; Na,
0.70; Co, 5.36; P, 7.52; Mo, 34.92. Experimental value (%): C, 8.70;
H, 2.26; N, 1.73; Na, 0.69; Co, 5.33; P, 7.57; Mo, 34.95. The selected
IR (solid KBr pellet, cm™) was: 3410(s), 1629(s), 1511(m), 1381(s),
1346(w), 1289(w), 1208(w), 1121(m), 1061(s), 967(s), 913(m),
818(w), 731(s), 687(m), 611(m).

2.2 Photocatalytic experiments

The photocatalytic reactions were carried out in a WP-TEC-1020
photocatalytic parallel reactor, which simulates natural light. At
room temperature, the light source was 10 W white light with low
energy consumption. The reaction process was as follows: 20 mg
crystals as a heterogeneous photocatalyst, sacrificial agent
isopropanol (IPA) (7.5 mL), and K,Cr,0; (7.5 mL, 3.8 x 10* M)
were mixed in the reactor and stirred under dark conditions for 30
min to enable the solid hybrids 1-4 to reach adsorption/desorption
equilibrium, and then the reactor was set under an illumination of
10 W white light. Next, 1.00 mL of reaction solution was taken
from the reaction system every 10 min and measured using
ultraviolet visible (UV-vis) spectrophotometry. Each data point was
determined by the calculated average values from three parallel
experiments.

According to the Lambert-Beer law, when the conditions of
incident light, absorption coefficient, and path length are consistent,
the absorbance of a solution increases with an increase in solution
concentration. Therefore, within a certain range, the concentration
c and absorbance (A) comply with Lambert's Law, A = kbc, where A
is the absorbance, k is the molar absorption coefficient, b is the
liquid layer thickness, and ¢ is the solution concentration.
Therefore, its conversion can also be expressed as D = (4, — A)/A,
x 100%, where D is the conversion rate, A, is the initial solution
absorbance, and A, is the solution absorbance with respect to the
reaction time. Thus, according to ([c,] — [c])/cy X 100%, [cy] is the
initial solution concentration, and [¢]] is the concentration of the
solution at ¢ min; the Cr(VI) reduction rate can be obtained via the
absorbance intensity at 353 nm of the UV spectrum.

2.3 Active species trapping experiments

In order to explore the reaction mechanism of hybrids 1-4 in the
photocatalytic Cr(VI)-IPA system, 1 mM AgNO; and EDTA-2Na
were used as the electron (e”) scavenger and hole (h*) scavenger,
respectively, to detect the active species in the photocatalytic
reduction of Cr(VI).

3 Results and discussion

3.1 Synthesis and structural characterization

The four hourglass-type phosphomolybdate-based crystalline
hybrids 1-4 were synthesized using a one-step hydrothermal
reaction of transition metal salts (M = Co* Mn*),
(NH,),Mo,0,,4H,0, H,PO,, and bpe. During the hydrothermal
synthesis process, the reaction conditions, which include the
reaction pH values and regulators, play important roles in the
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formation of the final product. Hybrids 1 and 3 were prepared
under the same reaction temperature and pH conditions, except
that NH;-H,O was introduced to adjust the pH condition of hybrid
1. If NaOH was used to adjust the pH, hybrid 3 was obtained. The
reaction pH conditions affected the formation of hybrids 2 and 4.
Hybrid 2 was synthesized at pH = 2.5, and hybrid 4 was synthesized
at a pH of 2.0. The bond valence sum calculation shows that all P
and Mo atoms in hybrids 1-4 are +5 oxidation states, and Mn and
Co ions are +2 oxidation states (Table S1 in the Electronic
Supplementary Material (ESM)).

A single-crystal X-ray diffraction (XRD) analysis showed that
hybrids 1-4 belong to the triclinic crystal system P1 space group.
Among the hybrids, hybrids 1 and 2 possess an isomorphic
structure, and the structures of hybrids 3 and 4 are also isomorphic
(Tables S2-S11 in the ESM). Taking hybrids 1 and 3 as examples,
the crystallographic asymmetric unit of hybrid 1 consists of one
{Mn[P,Mo,05,H,],}* (abbr. Mn{P,Mog},) polyoxoanion cluster,
two protonated [H,bpe]”, two hydrated metal ions [Mn(H,0),]*,
and eight lattice water molecules. There are two types of
crystallographically independent Mn centers (Mn1 and Mn2). Mnl,
as the central metal ion of the Mn{P,Mog}, cluster has a hexa-
coordinated octahedral configuration to bridge the two
[P,Mo4O;,]" subunits together, via six shared p;-O atoms, to
become an hourglass-type Mn{P,Mog}, cluster, in which the
Mn1-O bond lengths are 2.153-2.231 A. The Mn2 center also
presents a hexa-coordinated environment to coordinate with three
oxygen atoms from three {PO,} units of three Mn{P,Mog}, clusters,
and three coordination water molecules at Mn2-O distances of
2.055(5)-2.228(5) A. In hybrid 1, the Mn2 centers links the three
adjacent Mn{P,Mog}, clusters together to form an inorganic 2D
sheet-like structure. It should be pointed out that there are six Mn2
centers surrounding one Mn{P,Mog}, cluster, and they are oriented
in the direction of six {PO,} units on the outer-edge of Mn{P,Mog},
(Fig. S1(a) in the ESM). In hybrid 1, the Mn2 centers can be viewed
as three-connection nodes and the Mn{P,Mog}, clusters can be
viewed as six-connection nodes; thus the 2D layers possess a 3,6-
connected kgd; Shubnikov plane (3.6.3.6)/dual net with a point
symbol of {4%},{4°6°.8"} (Figs. 1(a) and 1(b)). These 2D inorganic
layers are arranged in parallel on the ab plane. The protonated
organic bpe cations fill the space between the layers and interact
with these 2D inorganic Mn{P,Mo}, clusters via abundant
hydrogen bonding interactions to create a 3D supramolecular
network (Figs. 1(c) and 1(d)).

Hybrid 3 has a structural unit similar to that of hybrid 1. The
crystallographic asymmetric unit of hybrid 3 contains one
Mn{P,Mog}, polyoxoanion cluster, one bi-protonated [H,bpe]*,
one monoprotonated [Hbpe]’, two hydrated [Mn(H,0),]** ions,
one Na' ion, and nine lattice water molecules. Notably, there are
four kinds of crystallographically independent Mn centers (Mnl,
Mn2, Mn3, and Mn4) in hybrid 3 (Figs. S1(b) in the ESM and
Figs. 2(a) and 2(b)). Among the Mn centers, Mn1 and Mn2 exhibit
typical six-coordination modes as central metals to connect two
{P,Mog} half-units together to form hourglass Mn{P,Mog}, clusters
with Mn1-O bond lengths of 2.151-2.227 A, and Mn2-O bond
lengths of 2.148-2.228 A. Mn3 and Mn4 also adopt a hexa-
coordination octahedral configuration that is defined by four
oxygen atoms from three Mn{P,Mog}, clusters and two
coordination water molecules, with Mn-O distances of 2.048-2.301
A. The dissociative Na' ion is located at the center of the Mn3 and
Mn4 centers. Both the Mn3 and Mn4 centers serve as three-
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Figure1 (a) 2D inorganic sheet of hybrid 1. (b) 2D inorganic simplified diagram of hybrid 1 (the green balls represent Mn{P,Mog}, clusters and the pink balls represent
the bridging unit ([Mn(H,0);]*)). (c) The “core-shell” structure of the inorganic and organic components of hybrid 1 and the coordination environment of Mn*. (d) 3D

supramolecular stacking structure of hybrid 1.

-

Figure2 (a) Coordination environments of Mn1-Mn4 and Nal (i = —x, 2-y, —z; ii = 1-x, 1-y, 1-2). (b) Packing mode of 2D inorganic anions and organic cations in

hybrid 3. (c) and (d) 3D supramolecular structure of hybrid 3.

connection nodes that link the surrounding three Mn{P,Mog},
clusters together to expand the structure into 2D inorganic layers.
These 2D layers in hybrid 3 present a similar 3,6-connected kgd;
Shubnikov plane (3.6.3.6)/dual net to hybrid 1 with a point symbol
of {4°},{4°.6°8"} (Fig. 2(b)). The protonated organic bpe cations are
located on the upper and lower sides of the interstices in the 2D
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layers and interacted with 2D layers with abundant hydrogen
bonding interactions, forming a 3D supramolecular structure
(Figs. 2(c) and 2(d)). Considering their similar structural fragments,
hybrids 1-4 provide a distinct structural model of photocatalysts in
an investigation of the structure-function relationship in
photocatalytic Cr(VI) reduction.
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3.2 Physical characterizations

The compositions and structures of hybrids 1-4 were further
characterized by Fourier transform infrared (FT-IR) spectroscopy,
powder XRD and thermogravimetric (TG) analysis. Figure S2 in
the ESM shows the IR spectra of hybrids 1-4, in which the
characteristic absorption peaks at 600-750, 815-975, and
1020-1220 cm™ are attributed to the contraction vibration of
v(Mo-O-Mo), v(Mo=0), and v(P-O) of the hourglass-type
M{P,Mog}, clusters. The absorption peaks in the range of
1380-1635 cm™ are assigned to the stretching vibrations of the C=C
and C=N bonds of the bpe cations. The XRD patterns of hybrids
1-4 in Fig. S3 in the ESM demonstrate a good match between the
experimental and the simulated data, which indicates good phase
purities of hybrids 1-4. In addition, the TG curves of hybrids 1-4
show two weight loss steps that correspond to the loss of water
molecules and organic species. All four hybrids maintain their
structures at approximately 200 °C, which implies their good
thermal stabilities (Fig. $4 in the ESM).

Furthermore, the redox properties of hybrids 1-4 were studied
using the cyclic voltammetry technique with a three-electrode
system. As shown in Fig. S5 in the ESM, hybrids 1-4 exhibit three
pairs of quasi-reversible redox peaks (I-I, II-II", III-IIT') in the
range of —0.1-0.8 V vs. Ag/AgCl. The three pairs of redox peaks are
assigned to the two-, four-, and six-electron gain-and-loss process
of hourglass-type {M(P,Mog),} clusters. Moreover, the peak
currents of three pairs of redox peaks also show a linear correlation
with the square root of the scanning speeds (Fig. S5 in the ESM).
This result indicates that hybrids 1-4 have stable electrochemical
redox characteristics and they are potential catalytic materials for
Cr(VI) degradation.

To explore the optical properties of hybrids 1-4, the solid-state
UV-vis diffuse reflectance absorption (DRS) spectrum was
conducted. As shown in Fig. 3(a), hybrids 1-4 display strong and
wide absorption bands in the range of 200-800 nm, which is a
prerequisite for exploring the application of these reduced
molybdenum phosphate photocatalysts. According to the
Kubelka-Munk formula, the band gaps (E,) of hybrids 1-4 were
calculated as 2.48, 2.61, 2.53, and 2.57 eV (Fig. 3(b)), which revealed
their typical semiconductor features (1 eV < E, < 3 eV). Moreover,
the energy band structures of hybrids 1-4, including the positions
of conduction band (CB) and valence band (VB) were determined
using the Mott-Schottky technique. As shown in Figs. 3(c)-3(f),
hybrids 1-4 demonstrate typical n-type semiconductor behaviors
due to their positive slopes at 2000, 2500, and 3000 Hz, from which
the CB potentials of hybrids 1-4 were calculated to be —0.34 V vs.
Ag/AgCl for 1, -0.34 V vs. Ag/AgCl for 2, —0.38 V vs. Ag/AgCl for
3, and —043 V vs. Ag/AgCl for 4, respectively. Relative to the
standard hydrogen electrode (vs. NHE), the CB potentials of
hybrids 1-4 converted to -0.14, —0.14, —-0.18, and —0.23 €V,
respectively. When these results were combined with the results of
the UV-vis DRS spectra, the VB positions of hybrids 1-4 were
obtained, which were 2.34, 247, 2.35, and 2.34 eV vs. NHE,
respectively. It was found that the CB potentials of hybrids 1-4
were much more negative than that of Cr(VI)/Cr(III) (0.51 V, pH =
6.8), which suggests thermodynamic feasibility for the
photocatalytic reduction of Cr(VI). In addition, comparing the
energy band positions of hybrids 1-4 (Fig. 3(g)), it can be observed
that hybrids 1 and 3 have a narrower band gap than hybrids 2 and
4, which is conductive to photogenerated electron transfer process
and producing a strong capability for the photocatalytic reduction

of Cr(VI).

3.3 Photocatalytic Cr(VI) reduction properties

The photocatalytic Cr(VI) reduction properties of hybrids 1-4 were
evaluated using a K,Cr,0,-IPA redox system under irradiation by
10 W white light. As shown in Fig. 4(a), the photocatalytic Cr(VI)
reduction reaction over hybrids 1-4 proceeded rapidly, and the
conversion rate of Cr(VI) within 80 min reached 91% for 1, 74%
for 2, 90% for 3, and 71% for 4, respectively (Figs. 4(a) and 4(b)).
These results demonstrate the excellent photocatalytic performance
of hybrids 1-4, which is better than that of most reported materials
(Table 1). To understand the activity origin of hybrids 1-4, a series
of control experiments were carried out. As shown in Fig. 4(a),
when the reaction was performed under no light or no catalyst, the
Cr(VI) species were reduced very little, which suggests the good
photocatalytic activity of hybrids 1-4. Given that there were
protonated bpe cations in the structures of hybrids 1-4, bpe was
selected as a control photocatalyst, and it showed no activity in the
conversion of Cr(VI), thus eliminating any effect of bpe on the
photocatalytic reaction. Considering that the main structures (2D
inorganic layer) of hybrids 1-4 are composed of metal-oxygen
bonds, they can be viewed as the aggregation of metal oxides at the
nanoscale. Thus, Na,MoO,, MnO, and CoO were selected as
control samples. As stated in our previous report, Na,MoO,
exhibited a Cr(VI) conversion rate of approximately 14% [42].
Furthermore, very little photocatalytic Cr(VI) reduction over MnO
and CoO occurred. These results show the structure advantages of
hourglass-type M{P,Mog}, clusters and reveal that the hourglass-
type M{P,Mog}, cluster is the active component in the
photocatalytic Cr(VI) reduction reaction. The photocatalytic
performances of hybrids 1 and 3 (91% and 90%) are obviously
better than those of hybrids 2 and 4 (74% and 71%). Considering
their similar 2D inorganic layer and organic cation bpe, the
difference in photocatalytic activities may originate from the
hourglass-type M{P,Mog}, clusters having different central metal
ions (Mn centers for 1 and 3, Co centers for 2 and 4). Our previous
work found that the transition metal-centered M{P,Mog}, clusters
showed better photocatalytic activity than did the main group metal-
centered M{P,Mog}, clusters [22]. This experimental result
suggested that on the premise of an isomorphic structure,
Mn{P,Mog},-based  hybrids display better  photocatalytic
performance than do Co{P,Mog},-based hybrids. As for hybrids 1
and 3, both compounds were constructed of {Mn(P,Mo),} clusters
and bridged Mn centers. The slight difference in their activities may
be attributed to the difference in connection mode between the
Mn{P,Mog}, clusters and the bridged Mn centers, which has only a
slight influence on photocatalytic activity for Cr(VI) reduction. To
gain further insight into their photocatalytic activity, the reaction
kinetics of photocatalytic Cr(VI) reduction was investigated. As
shown in Fig. 4(c), the reaction follows pseudo first-order kinetics
with Cr(VI) concentration, and the reaction rate constants k
derived from the slope of the kinetics curves are 0.0237 min™ for 1,
0.0143 min™ for 2, 0.0221 min™ for 3, and 0.0134 min™' for 4. This
result indicates that Mn{P,Mog},-based hybrids have faster
photocatalytic reaction kinetics than do Co{P,Mog},-based hybrids.
When these results are combined with the energy bands of hybrids
1-4, it can be observed that Mn{P,Mog},-based hybrids 1 and 3
have a narrower band gap for photocatalytic Cr(VI) reduction than
do the Co{P,Mog},-based hybrids 2 and 4. This observation reveals
that the regulation of central metals in hourglass-type M{P,Mog},
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Figure3 (a) UV-vis DRS spectra of hybrids 1-4. (b) Band gap energies of hybrids 1-4 according to the Kubelka—Munk formula. (c)-(f) Mott-Schottky plots of hybrids

1(c),2(d), 3 (e), and 4 (f). (g) Band positions of hybrids 1-4.

clusters can modulate their electron structure, thus promoting their
photocatalytic performance.

Moreover, to further understand the photocatalytic activities of
hybrids 1-4, photocurrent response experiments were conducted to
investigate the separation efficiency of the photogenerated
electron-hole pairs. As shown in Fig. 4(d), pure indium-tin oxide
(ITO) glass has no response to visible light. In contrast, hybrids 1-4
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generate relatively high photo-current intensities under the
condition of continuously turning light on and off. In particular, the
photocurrent intensities of hybrids 1 and 3 are remarkably higher
than those of hybrids 2 and 4, indicating that hybrids 1 and 3 have
higher separation efficiency of the photogenerated carriers.
Furthermore, the fluorescence emission spectrum test (Fig. 4(e))
found that hybrids 1 and 3 showed lower fluorescence intensity
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Figure4 (a) Profiles of photocatalytic Cr(VI) reduction in the presence of 1-4. (b) Performance histograms of photocatalytic Cr(VI) reduction over hybrids 1-4. (c) First-
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than hybrids 2 and 4, indicating that Mn{P,Mog},-based hybrids
can inhibit the recombination of photogenerated carriers, thus
significantly accelerating the photocatalytic Cr(VI) reduction
reaction.

To evaluate the practical application of these hybrids, hybrid 1
was selected as a representative for use in a photocatalytic Cr(VI)
reduction reaction under different pH conditions (pH = 2.5, 4.3
(initial pH of K,Cr,0; solution), 6.0, 8.0, and 10.0) and in real water
samples. As shown in Fig. 4(f), hybrid 1 shows high Cr(VI)
degradation efficiencies at various pH levels from 2.5-10. The
conversion rates of Cr(VI) are 93% at a pH of 2.5, 91% at a pH of
4.3, 80% at a pH of 6.0, 75% at a pH of 8.0, and 68% at a pH of 10.0.
It can be observed that the photocatalytic performance of hybrid 1
gradually decreases with an increase in pH values. The acidic
environment is more conducive to the photocatalytic reduction of
Cr(VI); this may be caused by the different Cr(VI) reduction
mechanisms under different pH conditions. Moreover, tap water

(& 727w | Sci@pen

and lake water were used as the solvents in the Cr(VI) solution to
assess the practical application of hybrid 1. As shown in Fig. 5(a),
the reduction efficiencies of Cr(VI) in tap water and lake water are
91% and 89%, respectively. This result is consistent with the
photocatalytic performance in a pure water system, which indicates
that hybrid 1 shows good photocatalytic performance in reducing
Cr(VI) in real water samples and demonstrates its important
practical potential.

Additionally, the photocatalytic Cr(VI) removal mechanism was
evaluated by adding a series of scavengers (AgNO; and
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)) in the
photocatalytic system. Taking hybrid 1 as an example, AgNO; was
used as the electron (e") scavenger, and EDTA-2Na was chosen as
the hole (h") scavenger. As shown in Fig. 5(b), with the addition of
EDTA-2Na, the photocatalytic Cr(VI) reduction efficiency over
hybrid 1 was improved, whereas the addition of AgNO; reduced
the catalytic efficiency from 91% to 85%. This result indicates that e
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Table 1 Comparison of the catalytic activities of hybrids 1-4 with those of reported materials for the photocatalytic reduction of Cr(VI)

Photocatalysts Light source Dose (mg) V (mL) C (mg/L) Time (min) R (%) Ref.
Carbon/SnS,/MCS 300 W Xe lamp 50 100 50 120 63.2 [43]
PMo,,/TiO,/Ag-X 300 W Xe lamp 20 40 10-50 60 71.1 [44]

CuS@MIL-125 500 W Xe lamp 25 50 48 70 52 [47]
CdS/P,Mo, W, . 500 W Xe lamp 30 30 40 100 64 (48]
Bi,Ti;0,,/Bi,Ti,0, 300 W Xe lamp 150 100 1.5 120 90 [45]

{Co[P,M04O3],} 10 W LED 20 15 112 120 82 [46]
Hybrid 1 10 W LED 20 15 112 80 91 This work
Hybrid 2 10 W LED 20 15 112 80 74 This work
Hybrid 3 10 WLED 20 15 112 80 920 This work
Hybrid 4 10 W LED 20 15 112 80 71 This work
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Figure5 (a) Profiles of the photoreduction of Cr(VI) in different water samples under visible-light irradiation. (b) Catalytic efficiency of Cr(VI) in the presence of
scavengers. (c) Possible photocatalytic reaction mechanism of these hybrids for Cr(VI) reduction under 10 W visible-light irradiation. (d) Recycling experiments for the
photo-reduction of Cr(VI).

is the main active species in the photocatalytic Cr(VI) reduction Cr(VI) reduction reaction smoothly for four cycles, and the
reaction. On this basis, a possible mechanism for photocatalytic reduction rates of Cr(VI) remain above 89%. The slight decrease in
Cr(VI) reduction is proposed. Under visible light irradiation, the the photocatalytic efficiency may be caused by the loss of a small
Mn{P,Mog},-based hybrid 1 could be excited to produce amount of photocatalyst during the recovery process. The IR and
photogenerated electrons and holes; e~ immediately participates in XRD spectra of hybrid 1 before and after the catalytic reaction show
the reduction of Cr(VI); and h* participates in the oxidation of IPA, that hybrid 1 maintains good structural integrity (Figs. 6(a) and
which accelerates the separation efficiency of the photogenerated 6(b)). Moreover, energy-dispersive spectroscopy and X-ray photo-
carriers and promotes photocatalytic performance (Fig. 5(c)). electron spectroscopy (XPS) were employed to characterize the
POM+hv — e +h" (1) composition and valence state of hybrid 1 after the recycling

experiments. Table S12 in the ESM shows that the ratio of P:Mo
elements is approximately 2:3, in accordance with the crystal
3) structure of hybrid 1. The XPS full spectrum also shows the
presence of P, Mo, Mn, C, N, and O elements in hybrid 1

In addition, the stability, and recyclability of photocatalysts are (Fig. 6(c)). The high resolution Mo XPS spectrum in Fig. 6(d)
also important factors in practical applications. As shown in presents two peaks at 231.69 and 234.85 eV, which can be assigned
Fig. 5(d), hybrid 1 as a photocatalyst drives the photocatalytic to the Mo™ 3ds;, and Mo™ 3d,, signals, indicating that the valence

IPA +h* — CH,COCH, + H* )

Cr,0F +6e” +14H" — 2Cr*" +7H,0
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Figure6 (a) XRD patterns of hybrid 1 before and after photocatalytic experiments. (b) Infrared spectra of hybrid 1 before and after photocatalytic experiments. (c)
Overall XPS spectrum of hybrid 1 after the recycling experiment. (d) High-resolution XPS spectrum of Mo in hybrid 1 after the recycling experiment.

of the Mo element does not change after the photocatalytic
reaction. These results show that hybrid 1 has good photocatalytic
durability and structural stability during the process of
photoreduction of Cr(VI).

4 Conclusion

In conclusion, four photoactive hourglass-type phosphomolybdate-
based crystalline networks were synthesized for photocatalytic
Cr(VI) reduction. Hybrids 1-4 show a similar 2D inorganic layer,
with 3,6-connected kgd topology constructed from M{P,Mo},
clusters having different central metal ions, wide visible-light
absorption, and a suitable energy band structure. The four hybrids
showed good photocatalytic performance for Cr(VI) reduction
under the irradiation of 10 W white light. The Mn{P,Mog},-based
hybrids 1 and 3 showed Cr(VI) reduction rates of 91% and 90%
Cr(VI) within 80 min, which is superior to that of the Co{P,Mog},-
based hybrids 2 and 4 (74% and 71%). Moreover, these hybrids
showed good structural stability and recyclability. This work
provides a new approach to the design and preparation of green,
efficient, and stable photocatalysts for the reduction of Cr(VI).

Electronic Supplementary Material: Supplementary material
(including experimental section, IR spectra, XRD patterns, TG
curves, CV curves and UV absorption spectra, tables of BVS
calculation data, crystallographic data, bond lengths and angles and
EDS data) is available in the online version of this article at
https://doi.org/10.26599/POM.2023.9140027.
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