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a b s t r a c t

Phenylphosphonate functionalized fully-reduced hourglass-shaped organophosphomolybdate(V) hybrid

(H2bib){Ni[Mo6(PO3C6H5)4O15H6]2}·9H2O (bib=4,4′-bis(imidazolyl)bibpheny) was synthesized as a pho-

toelectrochemical (PEC) sensor. Benefiting from the electron transfer interaction between organic phenyl

groups and inorganic {P4Mo6} skeleton, compound achieved a low detection limit of 4.61nmol/L and high

sensitivity of 264.02 μA L/μmol toward the PEC detection of levofloxacin in aqueous solution, together

with excellent practicality in milk sample.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Reduced polyoxometalates (POMs) have attracted increasing at-

tention owing to their unique functional properties and desir-

able merits in a wide range of applications, including material

science, environment and photo/electrochemical catalysis [1–3].

Among them, fully-reduced hourglass-shaped phosphomolybdate

cluster, denoted as {M[P4MoV6O31]2}
n- (abbr. as M{P4Mo6}2), rep-

resents a distinctive anionic species featuring all Mo sites in the

+5 oxidation state, which are assembled by linking two identical

[P4MoV6O31]
12- subunits through a central bridging metal M atom

[4]. Benefiting from the fully reduced oxidation state of Mo(V),

M{P4Mo6}2 clusters demonstrate outstanding redox properties, ro-

bust electron transfer capabilities and extensive spectral absorption

range from the UV–visible to near-infrared regions, rendering them

promising candidates for applications in energy, catalysis and pho-

toelectrochemical (PEC) sensing [5–8].

Nowadays, the covalent functionalization of POM surface

with organic ligands has been considered as an efficient strat-

egy to impart novel functionalities [9–12]. Since Haushal-

ter and Zubieta et al. reported the first ammonium salt of

phenylphosphonate-functionalized Na{P4Mo6}2 cluster in 1993, the

field of organophosphonate-functionalized M{P4Mo6}2 has pro-

∗ Corresponding authors.

E-mail addresses: mayy334@hebtu.edu.cn (Y.-Y. Ma), duj622@hebtu.edu.cn (J.

Du), hanzg116@hebtu.edu.cn (Z.-G. Han).

gressed at a leisurely pace, which may be due to the complex

synthetic requirements [13]. So far, there are only five examples

of organophosphonate-functionalized M{P4Mo6}2 (M=Na, K) clus-

ters, and these works only focused on the synthesis condition reg-

ulation of {Na[Mo6O12(OH)3(O3PC6H5)4]2}
9- cluster [14,15]. The in-

fluence and interaction mechanism of organophosphonate covalent

functionalization on the properties of M{P4Mo6}2 clusters have not

yet been documented. Therefore, achieving the directed synthe-

sis and functional expansion of organophosphonate-functionalized

M{P4Mo6}2 continues to be a significant research domain within

POM chemistry, which contributes to the formation of complex

molecular architectures and the emergence of new, unique func-

tionalities.

Herein, a kind of phenylphosphonate-functionalized

Ni{P4Mo6}2-based hybrid, with formula of

(H2bib){Ni[Mo6(PO3C6H5)4O15H6]2}·9H2O (1) (bib=4,4′-
bis(imidazolyl)bibpheny), was hydrothermally synthesized as a

PEC sensor. Benefiting from the electron transfer interaction

between organic phenyl groups and inorganic {P4Mo6} skeleton,

compound 1 displayed a broader spectral absorption and reversible

redox property compared to the pure inorganic Ni{P4Mo6}2 clus-

ter, and showed excellently sensitive and selective PEC detection

performance toward levofloxacin with a low detection limit of

4.61nmol/L and a high sensitivity of 264.02μA L/μmol in aque-

ous solution. At the same time, the sensor also showed good

performance on levofloxacin in the real milk samples.

https://doi.org/10.1016/j.cclet.2025.111158

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Structural comparison of phenylphosphonate-functionalized

Ni{(PhP)4Mo6}2 and pure inorganic Ni{P4Mo6}2 cluster. (b) Supramolecular

stacking structure of compound 1, insert: C-H···O interactions among organic

moieties in compound 1.

Single-crystal X-ray diffraction analysis showed that com-

pound 1 presented a supramolecular structure composed of

protonated {Ni[MoV6(PO3C6H5)4O15H6]2}
2- cluster (denoted as

Ni{(PhP)4Mo6}2) and protonated [H2bib]
2+ cation (Tables S1-S4 in

Supporting information). As shown in Fig. 1a and Fig. S1 (Support-

ing information), Ni{(PhP)4Mo6}2 cluster features an hourglass-

shaped structure, which consists of two [Mo6O15(O3PC6H5)4H6]
2-

(abbr. as {(PhP)4Mo6}) half-units bridged by one Ni2+ ion. The

{(PhP)4Mo6} half-unit is composed of four {PhP} groups and six

{MoO6} octahedra. Among them, the {MoO6} octahedra are inter-

connected via edge-shared to form a planar {Mo6} six-membered

ring structure. Three {PhP} groups are bonded to the edges of

the {Mo6} six-membered ring in a C3-symmetric manner, and one

{PhP} group is located at the center of the {Mo6} six-membered

ring. In compound 1, the protonated [H2bib]
2+ cations occupy the

intervals among Ni{(PhP)4Mo6}2 clusters, and there are significant

C-H···O, C-H···π and anion···π interactions between them, further

promoting the stability of 3D hybrid structure (Fig. 1b, Fig. S2 and

Table S5 in Supporting information).

The composition and structure of compound 1 was character-

ized by FT-IR spectroscopy, XRD and TG analysis. The IR spectrum

of compound 1 exhibits distinctive peaks at 558–1151 cm-1 (Fig. S3

in Supporting information), which can be ascribed to the stretch-

ing vibrations of P-O, Mo-O and Mo-O-Mo bonds within the clus-

ter. The strong characteristic peaks in the range of 1490-1602 cm-1

correspond to the C=C and C=N stretching vibrations of the N-

containing organic components. A different peak at 1440 cm-1,

which can be ascribed to the stretching vibrations of P-Ph bonds

within the compound 1. The XRD pattern of the synthesized com-

pound 1 aligned well with the theoretical simulation result, signi-

fying its good phase and high crystallinity (Fig. S4 in Supporting

information). TG analysis revealed that the structure of compound

1 could be maintained up to 270 °C (Fig. S5 in Supporting informa-

tion), demonstrating its robust thermal stability.

To explore the influence of organophosphonate cova-

lent functionalization on the properties of Ni{P4Mo6}2 clus-

ter, another compound with formula of (H2bib)2[H2PO4]

Fig. 2. (a) CV plots for compound 1 across various scanning rates. (b) UV–Vis-NIR

diffuse reflectance spectra of compounds 1-2 (inserts: band gap energies). (c) Mott–

Schottky plots for compound 1 and energy levels diagram of the CB and VB of com-

pounds 1-2. (d) Periodic (on/off) photocurrent behaviors of compounds 1-2.

[Ni(P4Mo6O31H9.5)2]·17H2O (2) was synthesized, which exhib-

ited similar structural arrangement as compound 1 except that the

phenylphosphonate groups were replaced by inorganic phosphates

(Fig. 1a, Fig. S6 and Tables S6-S8 in Supporting information).

Fig. 2a and Fig. S7 (Supporting information) show the cyclic

voltammetry (CV) curves of compounds 1-2. It can be found that

there are three pairs of reversible redox peaks in the voltage

window from −0.1V to 0.8V, which were associated with the

two-, four-, and six-electron transfer processes by Mo atoms of

Ni{(PhP)4Mo6}2/Ni{P4Mo6}2 clusters [16], revealing the excellent

redox activities of compounds 1-2 (Table S9 in Supporting informa-

tion). Moreover, as the scan rate rises, the peak currents gradually

increase but the peak positions basically keep unchanged. Rep-

resented by the second pair of redox peaks, a linear correlation

exists between the square root of the scanning speeds and the

peak currents, signifying their excellent electrochemical stability

and the diffusion predominantly dictates the redox activity on

the catalyst surface. Compared with compound 2, compound 1

not only exhibited the more ideal and reversible electrochemical

process, but also presented the more sensitive current response

at the same sweep speed, indicating the higher electrochemical

activity of compound 1.

Furthermore, the optical behaviors of compounds 1-2 were

tested using solid-state UV–vis-NIR diffuse reflectance spec-

troscopy and the Mott-Schottky methods. As depicted in Fig. 2b,

compounds 1-2 display continuous absorption characteristics

within a wide wavelength range from 200nm to 2500nm. Two

compounds exhibit similar strong light absorption bands in the

UV–vis region (200–500nm), which can be attributed to the charge

transfer of O→MoV in the fully-reduced Ni{(PhP)4Mo6}2 and

Ni{P4Mo6}2 clusters. However, in the visible-near infrared region

(500–2500nm), compound 1 showed stronger light absorption

ability than compound 2. This result implies that the phenylphos-

phonate covalent functionalization can enhance the light absorp-

tion of Ni{P4Mo6}2 cluster across the full spectrum. Based on the

formula (αhv)2 =A(hv - Eg)
n [17], the band gaps (Eg) of 1-2 are

calculated to be 2.32V and 2.96V, respectively (Fig. 2c insert). The

narrower bandgap of compound 1 may be due to the interaction

between the phenyl groups and the reduced phosphomolybdate

clusters, which regulated the arrangement of energy levels and en-

hanced the light absorption capacity. The Mott–Schottky plots in
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Fig. 2c and Fig. S8 (Supporting information) further revealed that

the flat band potentials of compounds 1-2 are −0.23V and −0.33V

(vs. Ag/AgCl), from which the conduct bands (CB) are obtained to

be −0.03V vs. NHE for 1 and −0.13V vs. NHE for 2, respectively. By

combining the data from the UV–vis-NIR spectroscopy, the valence

band (VB) positions of compounds 1-2 are determined as 2.29V

vs. NHE for 1 and 2.83V for 2. The VB potentials of compounds

1-2 are more positive than the oxidation potentials of H2O/O2

(+1.23V), H2O/O2·- (+1.44V) and H2O/·OH (+2.27V) [18,19], in-

dicating that the photooxidation of LVF by these compounds are

thermodynamically possible. Furthermore, to evaluate the photoin-

duced charge separation efficiency, the transient photocurrent re-

sponse experiments were carried out under visible light irradia-

tion. Compound 1 produces a transient photocurrent of 0.045μA,

which is 2.25 times higher than that of compound 2 (0.02 μA)

(Fig. 2d). In view of the fact that compounds 1-2 possess similar

supramolecular arrangements except the phenylphosphonate co-

valent functionalization on Ni{P4Mo6}2 cluster. This result further

reveals that the interaction between organophosphate groups and

Ni{P4Mo6}2 cluster may potentially expedite charge transportation

and electron transfer, further enhancing the separation efficiency of

photogenerated carriers and augmenting the photocurrent. Overall,

the strong light absorption and suitable energy band structure of

compound 1 endows its great potential as a PEC sensor for appli-

cations.

Levofloxacin (LVF), as a highly effective and versatile fluoro-

quinolone antibiotic, stands out due to its broad-spectrum antibac-

terial activity. It plays a crucial role in managing bacterial infec-

tions in both humans and animals [20–23]. However, the recent

LVF overuse worsens contamination, endangering health [24–26].

Given the crucial importance of food safety, it is crucial to achieve

quantitative and sensitive detection of trace LVF. Considering the

excellent photo- and electro-chemical property, compound 1 was

selected as a PEC sensor toward the LVF detection. The PEC detec-

tion performance was evaluated in 0.5mol/L H2SO4 electrolyte un-

der 40W white light. As shown in Fig. 3a, the current responses of

differential pulse voltammetry (DPV) curves significantly increased

with the LVF concentrations continuously rising from 0.1 μmol/L to

1.0 μmol/L, which suggested the sensitive and rapid electrochemi-

cal response of compound 1 to the variations in LVF concentration.

Notably, the response signals of compound 1 exhibited a distinct

linear relationship with LVF concentration, with linear regression

equation of I(μA)=264.02×C(μmol/L)+11.29, where C and I rep-

resent the concentration of LVF and the response current observed

from the DPV plots (Fig. 3b). Based on the principle of a signal-

to-noise ratio of 3, the detection (LOD) for LVF by compound 1

was calculated to be 4.61nmol/L (1.67 ppb), and the sensitivity was

determined to be 264.02μA L/μmol. Such performance is superior

to most reported noble-metal materials and POM-based sensors

(Table S10 in Supporting information).

As comparison, the PEC detection performance of Ni{P4Mo6}2-

based compound 2 was also assessed. As shown in Figs. 3b and c,

compound 2 displays ca. 78μA increment on response current with

increasing the LVF concentration from 0.1 μmol/L to 1.0 μmol/L,

from which the sensitivity and LOD of compound 2 were obtained

to be 85.6 μA L/μmol and 6.8 nmol/L (2.46 ppb). It can be found that

the detection sensitivity of 1 is 3.08 times higher than that of com-

pound 2, and its LOD for LVF is 0.68 times lower than that of com-

pound 2 (6.8 nmol/L). The bib component shows no detection ac-

tivity toward LVF (Fig. S9 in Supporting information). Considering

the only difference between the Ni{(PhP)4Mo6}2 and Ni{P4Mo6}2
clusters in the two compounds, the improvement in performance

should be attributed to the covalent functionalization of phenyl

phosphate on the Ni{P4Mo6}2 cluster.

To further explore the mechanism that the covalent function-

alization of phenyl phosphate enhances detection performance,

Fig. 3. (a) DPV curves of compound 1 in 0.5mol/L H2SO4 with continuous addi-

tion of LVF under visible light illumination. (b) The linear dependence curves of

compounds 1-2. (c) DPV curves of compound 2 in 0.5mol/L H2SO4 with continuous

addition of LVF under visible light illumination. (d) Percentage changes in response

signal to the addition of different interfering ion (500μmol/L) in detection system

(ciprofloxacin, VC, cefalexin, glucose, K+ , Ca2+ , Mg2+ , Cl-, SO4
2- and CO3

2-). (e) DPV

curves of compound 1 in acidified milk sample with continuous addition of LVF. (f)

The linear dependence curve of compound 1.

the detection experiments under dark reaction conditions were

conducted. As shown in Fig. S10 (Supporting information), un-

der the dark condition, compound 1 shows a LOD of 10.56nmol/L

(3.82 ppb) toward LVF, with a sensitivity of 115.3 μA L/μmol. It

can be found that the sensitivity under PEC condition is 2.29

times higher than that in dark condition, and the LOD value

is reduced by 0.44 times compared to that in dark condition.

These results verified the excellent PEC detection performance of

Ni{(PhP)4Mo6}2-based compound 1. Moreover, the electrochemical

impedance spectroscopy (EIS) measurements in Fig. S11a (Support-

ing information) showed that under light irradiation compound 1

displayed a smaller charge transfer impedance of 40 � compared

to compound 2 (50 �) and that in dark condition (47 �) (Fig. S11b

in Supporting information), which suggested the rapid separation

and transfer capacities of photogenerated carriers, expediting the

electron transfer within the LVF oxidation process and amplifying

the response signal.

Additionally, the detection selectivity and anti-interference ca-

pability of such PEC sensors were investigated by adding a series

of interference agents such as ofloxacin, norfloxacin, ciprofloxacin,

VC, cefalexin, glucose, K+, Ca2+, Mg2+, Cl-, SO4
2- and CO3

2- to the

LVF detection system. As shown in Fig. 3d and Fig. S12 (Supporting

information), compound 1 only produces significant response sig-

nals to the addition of LVF or ofloxacin due to their almost same

structures, while the impact of other interfering substances on the

response current does not exceed 5%. This result reveals the strong

anti-interference ability and high selectivity of compound 1 for LVF

detection, providing a possibility for LVF detection in practical en-

vironments.
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Fig. 4. The proposed mechanism of compound 1 in the PEC detection of LVF.

To further validate its practical applicability, the LVF in milk

samples was determined using compound 1 as PEC sensor. Consid-

ering the absence of LVF in commercial dairy samples, a specific

quantity of LVF was introduced into the actual sample after acid-

ification. As shown in Figs. 3e and f, experiments showed that

the sensitivity and LOD of compound 1 for LVF in milk samples

were 203.94μA L/μmol and 5.94nmol/L (2.15 ppb), respectively.

These results are almost consistent with the outcomes in pure

water, indicating the good practicality of compound 1. Further-

more, compound 1 demonstrated excellent structural stability

and photoelectrochemical durability, maintaining the stable re-

sponse current under continuous operation for 24h at different

temperatures of 0, 25, and 50 °C (Figs. S13 and S14 in Supporting

information), respectively. Additionally, the possible mechanism

of compound 1 for PEC sensing LVF was proposed (Fig. 4). Upon

exposure to visible light, Ni{(PhP)4Mo6}2-based compound 1 was

easily excited to generate photoelectrons and holes that could be

fast separated in the assistance of an external electric field. The

photogenerated holes (h+) could interact with H2O to form ·OH
radical (Fig. S15 in Supporting information), which could oxidize

the tertiary amine at N position of the piperazine ring in LVF to

form oxidized LVF (Eqs. S1–S3 in Supporting information) [27,28].

Such photo-assisted electrochemical process facilitates the oxida-

tion of LVF, which produce amplified electrical signals correlated

to the concentrations of LVF, thereby enhancing sensing efficiency.

In summary, a kind of Ni{(PhP)4Mo6}2-based hybrid was con-

structed as a PEC sensor for detecting trace LVF at the nmol/L level.

Owing to the phenylphosphonate covalent functionalization, com-

pound 1 showed narrower band gap, suitable energy band struc-

ture and enhanced light absorption, which accelerated the produc-

tion and utilization of photogenerated electrons/holes, achieving

excellent PEC detection performance. The LOD for LVF is as low

as 4.61nmol/L, and corresponding sensitivities for detecting LVF

is recorded at 264.02μA L/μmol, which is superior to most noble-

metal materials and POM-based sensors. In addition, compound 1

exhibits high selective and reliable performance in analyzing LVF

in environmental samples such as milk. This work offers significant

insights for the design of high-efficiency PEC sensors for environ-

mental surveillance.
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