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Wheel-shaped molybdenum(v) cobalt-phosphate
cluster as a highly sensitive bifunctional
photoelectrochemical sensor for the trace
determination of Cr(vi) and tetracyclinet
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Developing highly sensitive detection technology for trace heavy metal and antibiotic pollutants in
water systems is vital to ensure environmental safety and human health. Here, one wheel-shaped
{CoigMoy6P24}  cluster-based framework was hydrothermally synthesized with the formula
{[Co(H,0)6l[C0o12(BBTZ)6l[(M0204)g(HPO4)22(PO4),Co4(H,O)gl}-45H,0 (1) (BBTZ = 1,4-bis(1,2,4-triazol-
1-ylmethyl)benzene), which was employed as a bifunctional photoelectrochemical sensor for the deter-
mination of trace Cr(vi) and tetracycline (TC). In crystal 1, wheel-shaped {CojgMo16P24} clusters with a
diameter of 19.4 A act as six-connected nodes to coordinate with BBTZ ligands, extending into a robust
three-dimensional framework with a pcu topology. Crystal 1 possesses wide light absorption and excel-
lent redox properties, which displayed remarkable bifunctional photoelectrochemical response towards
the Cr(vi) reduction and TC oxidation. The detection limit (LOD) of hybrid 1 for Cr(v)) is 24.62 nM and the
sensitivity for Cr(v) determination is 216.76 pA uM™ Similarly, hybrid 1 exhibits a high sensitivity of
315.94 pA uM~* and a low LOD of 33.45 nM for TC detection. These parameters are far superior to the
standards set by the WHO and the EU. Importantly, sensor 1 possesses high anti-interference ability and
performs well in real lake water and milk samples. This work provides some guidance for the development
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1. Introduction

Environmental pollution has become a serious problem that
hinders the sustainable development of the economy and
threatens human health. In particular, various non-bio-
degradable and highly toxic pollutants, such as heavy metal
ions, antibiotics, pesticides, etc., have been casually dis-
charged into the water environment, which destroys the orig-
inal water ecosystem and seriously endangers the health of
organisms and humankind." The highly toxic heavy metal con-
taminant hexavalent chromium (Cr(vi)) has been widely used
in electroplating, and dye and leather manufacturing indus-
tries.” Since it can enter cells to damage DNA and other cell
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of promising crystalline photoelectrochemical sensors for practical environmental monitoring.

components, even Cr(vi) in trace amounts has been well
known as a kind of carcinogen, and genotoxic and mutagen
agent.® Tetracycline, as one representative of antibiotics, pos-
sesses economy and broad-spectrum antibacterial activity and
has been widely used to treat infections in humans and
animals caused by Gram-positive and Gram-negative
bacteria.*® However, the abuse application of TC generates the
drug resistance of bacteria and results in high residue in lots
of environmental areas and animal products.”® The World
Health Organization (WHO) has set the maximum total
amount of Cr(vi) allowed in potable water to be 50 pg L™
(0.05 ppm), and the European Union (EU) has set the standard
that the maximum residue limits for TC cannot exceed 100 pg
kg™ in milk and muscle tissues.’ Thus, it is of paramount sig-
nificance to develop a sensitive, rapid and reliable technique
to achieve accurate supervision of Cr(vi) and TC pollution in
water samples.

Nowadays, various sensing methods, including fluo-
rescence, electrochemical, chromatography, and photoelectro-
chemical techniques, etc. have been developed for the detec-
tion of water contaminants.®™* Among them, photoelectro-
chemical (PET) analysis has attracted widespread attention
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owing to its unique benefits encompassing high sensitivity,
low background signal, simple operation, and easy
miniaturization.”®'* In a typical PEC sensor, the light source
excites the photoactive sensor materials to accelerate the elec-
tron transfer process between the catalytic sites and the
analyte, converting the light irradiation into a magnified elec-
trical signal with a dose-response relationship with the
analyte.”> Thus PEC sensors are expected to achieve efficient
determination of trace Cr(vi) and TC in water environments.
For now, some PEC sensors are developed for monitoring
Cr(vi) or TC individually."®® However, the development of a
low-cost, ultrasensitive, rapid response and multi-functional
PEC sensor is still highly desired for the monitoring of Cr(vi)
and TC.

As a unique class of multifunctional materials with versatile
architectures, polyoxometalates (POMs) exhibit tremendous
applications in photocatalysis,>*">* electrocatalysis,** > energy
conversion and materials®>® owing to their unmatched physical
and chemical properties. In the POM family, a wheel-shape
molybdenum(v) cobalt-phosphate cluster with the general
formula  [(M0,0,)s(PO4)24C016(H20)50]'°”  (denoted  as
{C016MO0;¢P,4}) has drawn great attention because of its fully
reduced oxidation state of the Mo element and high structural
symmetry.””>° The wheel-shaped {Co;sMo;P,,} cluster was
constructed by the alternating connection of four groups of
Mo"-Co™ tetramers. The low oxidation state of the Mo element
can not only increase the surface charge density and activate
the surface oxygen atoms of the {Co;cMo0;¢P,,} cluster, but also
endow it with specific redox properties, reversible multi-elec-
tron transfer properties and broad spectral absorption. For
example, Su et al. demonstrated that a {Co;6M0;¢P,4} cluster
has a narrow band gap and a wide range of visible light
absorption. Combined with [Ru(bpy)s;]** species, the compo-
site presents high photocatalytic activity for syngas production
from diluted CO,.*°® Our previous work found that the fully
reduced phosphomolybdates show great potential in the
electrochemical detection of Cr(vi) because of the fast and
reversible electron transfer properties.**> These advantages
make the {Co;6Mo0;P,,} cluster an ideal candidate for the con-
struction of efficient photoelectrochemical sensors. Since
Sécheresse et al reported the first example of the
{Co16M0y6P,,} cluster in 2001,%” the investigation into this
area is relatively slow and only several structures consisting of
isolated {Co0;6M0;6P54} clusters were reported. The high-
dimensional frameworks constructed by {Co;sMo0;¢P,,} cluster
are lacking and {Co;sM0;6P,4}-based materials are much less
studied as photoelectrochemical sensors. Therefore, it should
be hopeful to exploit efficient functional photoelectrochemical
sensors by employing {Co,sMo0,6P,,}-based materials for the
determination of trace Cr(vi) and TC, which is of great concern
for the environmental safety, but remains a great challenge.

Herein, one 3D hybrid based on a wheel-shaped
{C0o16MO;6P,,}  cluster,  {[Co(H,0)s][CO12(BBTZ)6][(M0,0.4)s
(HPO,),(PO,4),Co4(H,0)5]}-45H,0 (1) (BBTZ = 1,4-bis(1,2,4-
triazol-1-ylmethyl) benzene), was successfully synthesized and
used as a bifunctional photoelectrochemical sensor for trace
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determination of Cr(vi) and TC. In hybrid 1, {Co;sM0;¢Ps4}
clusters act as six-connected nodes to link each other via BBTZ
ligands into a robust three-dimensional framework with a pcu
topology. Benefiting from the intrinsic light-absorption
capacity and excellent redox property, hybrid 1 displayed a
remarkable dual-functional photoelectrochemical response
towards Cr(vi) reduction and TC oxidation. The limit of detec-
tion (LOD) of hybrid 1 for Cr(vi) is 24.62 nM and the sensitivity
for Cr(vi) determination is 216.76 pA pM ™. As for TC, the LOD
and sensitivity are 33.45 nM and 315.94 pA pM™ ", respectively.
Such performance is far superior to the standards set by the
WHO and the EU. Moreover, hybrid 1 possesses high anti-
interference ability and performs well in the detection of Cr(vi)
in natural water and TC in milk samples, providing a promis-
ing photoelectrochemical sensor for practical environmental
monitoring.

2. Results and discussion
2.1 Structural analysis

Hybrid 1 was hydrothermally synthesized by reaction of
sodium molybdate, phosphoric acid, cobalt chloride and BBTZ
with a starting pH value of 2.0. Both a high mole ratio of
Co:Mo and a high reaction temperature were necessary to
achieve a {Co;6Mo0;¢P,,} cluster. During the hydrothermal reac-
tion, BBTZ ligands play the dual role of a reducing agent for
reducing Mo"" to Mo" and a complexing agent to coordinate
with Co centers, facilitating the formation of dark red crystals
of hybrid 1 (Fig. S1}). Single crystal X-ray diffraction analysis
showed that hybrid 1 crystallized in ther P1 space group of the
triclinic crystal system (Table S1t). The crystallographic asym-
metric unit was composed of half a {Co;sMo0;¢P,,} cluster and
three BBTZ ligands. The {Co;sM0;4P,,} cluster exhibited a
typical centrosymmetric wheel-shaped structural feature with
overall C,y symmetry (Fig. 1). Such a wheel-shaped cluster with
a diameter of 19.4 A contains four {Mo,} tetramers, two
{Co,PeN,} tetramers, and two {Co,P¢N,} tetramers, with a

@Mo
@Co {C04P6Nz}
@r @c
@0 @~

Fig. 1 Ball-stick representation of a wheel-shaped {Co;sM016P24}
cluster in hybrid 1. Color code: Co, purple; Mo, green; O, red; N, blue;
and P, orange.
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central [Co(H,0)]s>" octahedron encapsulated in the inner
space of the wheel (Fig. 1). The {Mo,} tetramer was constructed
by four {MoOs} octahedra, which can be divided into two
{Mo,(p1,-0),} dimers. The {Mo,(p,-O),} dimer consists of two
edge-sharing {MoOg} octahedra and further are linked together
by three phosphate groups via one p;-oxygen and six p,-oxygen
atoms. Notably, there are two Mo-Mo bonds in the {Mo,} tetra-
mer with a distance of 2.60 A, indicating the low valence states
of Mo element in {Co;sMo046P,,} (Tables S2 and S3+).

The tetramer of {Co,P¢N,} consists of four distorted edge-
shared octahedra, in which these Co™ centers are bridged
through six phosphate groups, forming almost a square with
angles of 89.47°-90.29°. In the {Co,P¢N,} tetramer, two Co™
centers were six-coordinated with four p;-O donors from four
phosphate groups, a terminal water molecule and one p,-O
atom arising from the {Mo,(p,-O),} group octahedron, while
the other two Co™ centers coordinate with four p;-O atoms
from four phosphate groups, one p,-O atom arising from the
{Mo,(,-0),} group octahedron and one N donor from the
BBTZ ligand. The {Co,P¢N,} tetramer possesses a similar
square structural feature to the {Co,P¢N,} tetramer, in which
each Co" center is surrounded by four p;-O atoms from four
phosphate groups, one ,-O atom arising from the {Mo,(j,-
O),} group octahedron and one N donor from the BBTZ
ligand. The Co-O bond lengths in hybrid 1 are within the
range of 1.98-2.30 A, and the Co-N bond lengths range from
2.02 A to 2.15 A (Tables S2 and S37). The three kinds of tetra-
mers ({Moy,}, {Co,PsN4} and {Co,PeN,}) are alternatively con-
nected with each other in a corner-sharing mode to form a
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wheel-shaped {Co;6Mo046P,,} cluster (Fig. 1). Therefore, com-
pared to the reported parent [(Mo0,04)s(POy4)24C016(H20)z0]"""
cluster, twelve terminal water molecules of {Co;6M0;6P,,} in
hybrid 1 are replaced by N donors of BBTZ ligands.

In hybrid 1, BBTZ ligands display cis- and t¢rans-configur-
ations, which act as linkers to bridge the two Co™ centers from
two adjacent {Co,sMo;P,4} clusters (Fig. 2). Twelve Co"
centers in one {Co;sMo0;¢P,,} cluster coordinate with eight
BBTZ ligands with a trans-configuration and four BBTZ ligands
with a cis-configuration, respectively. These bridging ligands
link the adjacent {Co,,Mo0,6P,4} clusters together into three-
dimensional frameworks of hybrid 1 (Fig. 2a—c). Structurally,
the wheel-shaped {Co,6M0;6P,4} cluster can be viewed as a six-
connected node (each direction is a double connector), in
which four c¢is-BBTZ ligands are attached to two {C0o;6M0,6P24}
clusters in a perpendicular orientation, and eight trans-BBTZ
ligands are linked to four {Co,sM0,P,,} clusters in an equator-
ial orientation (Fig. 2c). Thus, the whole framework adopts a
unimodal 6-connected pcu alpha-Po original cubic topology, in
which the point symbol is {4'>-6°} (Fig. 2e and f). Such a kind
of framework endows hybrid 1 with high structural stability,
and can facilitate substrate diffusion and mass transport
during the photoelectrochemical detection process.

2.2 Physical characterization

To gain more insights into the composition and structure of
hybrid 1, a series of characterization studies namely FT-IR
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and TG analysis were conducted. Fig. S2af

Fig. 2 (a) Ball and stick representations showing the connection mode of {Co;6Mo016P24} clusters in 1 bridged by BBTZ ligands; (b) Schematic view
of organic ligands in cis and trans-forms; (c) Schematic view of the connection mode of {Co;6M0;6P24} clusters; (d) Ball-and-stick and polyhedral
views of the 3D framework of 1; (e) Sketch view of the wheel-shaped {Co;6M0;6P24} cluster; (f) Schematic view of the pcu topology framework.
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shows the IR spectrum of hybrid 1. The characteristic absorp-
tion peaks at 683-1043 cm ™" were attributed to the stretching
vibrations of the Mo-O-Mo, Mo=—O0O and P-O bonds in the
{C016Mo0;6P,4} cluster, and the strong characteristic peaks
located in 1627 and 1666 cm ™" correspond to the v (C=C) and
v (C=N) of the BBTZ ligand. The XRD patterns of the as-syn-
thesized hybrid 1 display a good match with the result of
theoretical simulations, which suggests high crystallinity and
excellent phase purity of hybrid 1 (Fig. S2bf). The valence
states of hybrid 1 were probed by the XPS spectrum and bond
valence sum (BVS) calculation (Fig. S2c and Table S4f). As
shown in Fig. S2c,t the Mo 3d XPS spectrum shows peaks at
binding energies of 230.89 and 234.09 €V ascribed to Mo"
3ds/, and Mo" 3d;),,>** which are in agreement with the BVS
results. The low oxidation state of the Mo element in the
{C016MO0;6P,4} cluster can not only enhance the spectral
absorption, but also endow it with reversible redox properties
and fast electron transfer capacity. Moreover, TG analysis
showed that hybrid 1 can maintain its structure up to 200 °C
(Fig. s2dt), implying its high thermal stability. In general, the
above results further demonstrated the structure of the wheel-
shaped {Co,sM0,6P,,} cluster-based crystalline hybrid 1.

2.3 Electro- and photo-chemical properties of hybrid 1

The electrochemical performance of hybrid 1 was examined in
pH=0 H,SO, electrolyte by the cyclic voltammetry (CV) tech-
nique. The CV curves in Fig. 3a shows three pairs of reversible
peaks with mean peak potentials (Eyj, E1js = (Epa + Epc)/2) of
189.5 mV (I-I'), 253 mV (II-1I') and 230 mV (III-1II'), respect-
ively. These reversible peaks are attributed to the multi-elec-
tron redox process of the Mo element in the {Co;sMO0;6P54}
cluster (Table S5t), which reveals the excellent redox property
of hybrid 1. Since there is a linear correlation between the
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Fig. 3 (a) CV curves of hybrid 1 at different scan rates; (b) UV-vis diffuse
reflection spectrum of 1, inset: the corresponding plot of (ahv)? vs. hy;
(c) Mott—Schottky plots of 1 in 0.2 M Na,SO,4 solution at pH = 6.80,
insert: energy diagram of the HOMO and LUMO levels of 1; (d) Transient
photocurrent response of hybrid 1 within four cycles of light on/off.
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peak currents and the square root of the sweep velocity, the
redox process on the surface of the catalyst is determined by
the diffusion process. To assess the optical property of hybrid
1, the UV-Vis diffuse reflection spectroscopy (DRS) and Mott-
Schottoky measurements were carried out. As shown in
Fig. 3b, hybrid 1 shows a broad and strong spectral absorption
from 200 to 800 nm owing to its intrinsic semiconductor-like
feature, signifying the potential of hybrid 1 as a photoelectro-
chemical sensor. The energy band gap (E,) of 2.70 V was calcu-
lated using the Tauc plot derived from the equation (ahv)* =
A(hv — E,)" (Fig. 3b). The Mott-Schottoky plot in Fig. 3c
showed that the conduction band (CB) potential of hybrid 1
was calculated to be —0.53 V vs. Ag/AgCl, that is equivalent to
—0.33 V vs. normal hydrogen electrode (NHE). Notably, the CB
potential of hybrid 1 is more negative than the E(02/°0>") of
—0.33 eV and the CB position of Cr""/Cr™™ (+0.51 V, pH = 6.8),
suggesting that the photoreduction Cr(vi) on hybrid 1 is
thermodynamically feasible. Moreover, the valence band (VB)
potential of hybrid 1 is 2.37 eV vs. NHE. This value is more
positive than the oxidation potential E(H,O/"OH) of +2.27 eV,
disclosing the photooxidation TC capacity of hybrid 1.°**> In
addition, the transient photocurrent responses (it curves) of
hybrid 1 showed large and stable photocurrent signals for four
cycles of light on/off (Fig. 3d), showing its excellent photogene-
rated carrier separation efficiency. In general, the above results
demonstrated the great potential of hybrid 1 as a photo-
electrochemical catalyst for the photo-electrochemical determi-
nation of Cr(vi) and TC.

2.4 Photoelectrochemical detection performance of hybrid 1
towards Cr(vi)

The photoelectrochemical detection activity of hybrid 1 was
firstly explored in a 0.5 M H,SO, electrolyte using trace Cr(vi)
as a substrate. Before the test, a control experiment was done
to evaluate the electrochemical properties of hybrid 1 towards
Cr(vi) determination under dark conditions by applying the
different pulse voltammetry (DPV) technique. As depicted in
Fig. 4a, when the concentration of Cr(vi) in the electrolyte con-
secutively increases from 0.1 uM to 1.0 pM, sensor 1 exhibited
steady increasing response currents, suggesting the fast and
sensitive electrochemical responsiveness of hybrid 1 to the
changes in Cr(vi) concentration. Fig. 4b shows a linear relation-
ship between the Cr(vi) concentration and response current,
which can be expressed by the linear regression formula
I (pA) = —115.60 x C (uM) + 11.54, where C represents the Cr(vi)
concentration and I represents the response current. On the
basis of the S/N = 3 principle, the detection limit (LOD) of
hybrid 1 for Cr(vi) is 46.17 nM (0.0048 ppm) and the sensitivity
is 115.60 pA pM™', which far satisfies the WHO standard for
Cr(v1) species in drinking water (< 0.05 ppm). Then, the photo-
electrochemical performance of hybrid 1 towards Cr(vi) detec-
tion was investigated under the irradiation of white light with
a power of 40 W (Fig. 4c and d). After the addition of 1.0 pM
Cr(v1), the response current reached 207.59 pA, which was sig-
nificantly larger than that under dark conditions (106.82 pA)
(Fig. 4e), implying the remarkable photoelectrochemical

This journal is © the Partner Organisations 2022
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Fig. 4

(a) DPV curves of hybrid 1 modified electrodes in 0.5 M H,SO,4 with continuous addition of Cr(vi) under dark conditions; (b) The corres-

ponding linear dependences; (c) DPV curves of 1 in 0.5 M H,SO4 with successive changes in concentrations of 0.1 and 1.0 uM Cr(vi) under visible
light illumination; (d) The linear dependence curve of 1; (e) Control experiments showing DPV curves of 1 with continuous addition of Cr(v) under
dark or light illumination; (f) Current interference of 1 towards Cr(vi) with different interferents of 40 uM Na*, K*, Ca®*, Co?*, Cd?*, Cr**, Mg?*, Mn?*,

Ni2*, and Zn?* to mix with 4 uM Cr(v)), respectively.

activity towards Cr(vi) detection. Upon successive addition of
Cr(v1) to the system, the DPV curves of hybrid 1 in Fig. 4d show
an obvious linear relationship in the range of 0.1-1 pM with a
linear regression equation of I (uA) = —216.76 x C (uM) + 5.20.
In the light of this equation, the sensitivity of hybrid 1 for the
photoelectrochemical detection of Cr(vi) is as high as
216.76 pA pM™ ', and the detection limit was calculated to be
24.62 nM. Compared with the results under dark conditions,
the LOD of hybrid 1 for Cr(vi) was improved from 46.17 to
24.62 nM, and the sensitivity was enhanced from 115.60 to
216.76 pA pM~". These results manifest the prominent photo-
electrochemical performance of hybrid 1 towards trace Cr(vi)
detection. Such a high improvement in detection performance
may be attributed to the efficient photogenerated carrier separ-
ation ability and reversible redox property along with the
unique light absorption capacity of the {Co;sM046P,4} cluster
in hybrid 1. In order to obtain a further understanding of the
electron transfer behaviour of hybrid 1 under light and dark
conditions, electrochemical impedance spectroscopy (EIS) was
measured. As shown in Fig. S3,f hybrid 1 displays a small
charge transfer impedance value of 16.50 Q upon light
irradiation, which is lower than that under dark conditions
(31.95 Q). Considering that Cr(vi) detection is a reduction
process, the electron in the electrocatalytic process is the active
species to accelerate the reduction of the heavy metal ion Cr(vi)
to achieve the purpose of rapid detection. Thus the above
results disclose that the fast electron-transfer capacity and
efficient photogenerated carrier separation ability of hybrid 1
can facilitate the electron transfer process during Cr(vi)
reduction, amplifying the response towards Cr(vi) detection.

This journal is © the Partner Organisations 2022

To explore the active species and activity origin of hybrid 1,
single inorganic {Co16M0,4P,,} cluster and ligand BBTZ had been
selected as a comparison. The inorganic {Co;Mo0,¢P,,} cluster
was synthesized according to the reported literature. As shown in
Fig. S4,1 upon continuously adding Cr(vi) under dark conditions,
the inorganic {Co;Mo0;¢P,,} cluster showed obvious current
responses with a current increment of 80 pA. The linear
regression equation is I (pA) = —79.03 x C (uM) + 3.10. The sensi-
tivity and detection limit (LOD) were calculated to be 79.03 pA
pM~" and 117.77 nM (0.0122 ppm). Under light irradiation, the
response current of the {Co;6Mo0;6P,,} cluster with the addition
of 1 uM Cr(vi) was enhanced from 80 to 140 pA and the corres-
ponding linear regression equation is I (pA) = —142.66 x C (uM) —
0.62, from which the sensitivity and LOD of the {C0;6M01¢P24}
cluster for Cr(vi) determination were calculated to be 142.66 pA
pM " and 65.24 nM (0.0067 ppm), suggesting excellent photoelec-
trochemical detection performance for Cr(vi) ions. Moreover, the
DPV curves of the BBTZ ligand were obtained to further rule out
the effects of organic ligands on the detection performance. As
shown in Fig. S5, when BBTZ was used as a photoelectrochem-
ical sensor, there is almost no current response towards the
change in Cr(vi) concentration. These results suggested that the
{C016M0;6Py,} cluster in hybrid 1 serves as the main active
species. In comparison with the inorganic {Co,sM0,¢P,4} cluster,
hybrid 1 displayed higher sensitivities and lower LODs for the
detection of Cr(vi), implying that the high detection performance
of hybrid 1 should be attributed to the synergistic effect between
the {Co16M044P,4} cluster and the Co-ligand in a 3-D framework
structure, which facilitates the electron transfer and accelerates
the separation of photogenerated carriers.
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Additionally, the electrochemical detection performance of
hybrid 1 towards Cr(vi) is also superior to that of most reported
electrocatalysts (Table 1).

To assess the selectivity of the PEC sensor hybrid 1 towards
Cr(v1), the effects of other potentially interfering metal ions on
the photoelectrochemical detection performance were exam-
ined. Fig. 4f shows the response of hybrid 1 towards Cr(vi) and
other metal ions (Na¥, K, Ca**, Co**, Cr**, Cd**, Mg*>", Mn*",
Ni**, Zn*"). It can be found that even when the concentration
of the interfering metal ions is ten times higher than that of
Cr(v1), there is only a slight current deviation of less than 10%,
indicating that hybrid 1 as a PEC sensor has high selectivity
for the determination of Cr(vi).

To further demonstrate the practicality of the PEC sensor,
hybrid 1 was employed to detect Cr(vi) species in real water
systems, such as lake water samples. As shown in Fig. 5,
hybrid 1 displayed an apparent response current towards Cr(vi)
in lake water samples with the linear regression formula
I (pA)=-193.93 x C (uM) — 3.83, from which the limit of detection
(LOD) of hybrid 1 for Cr(vi) determination is 27.52 nM and the
sensitivity for Cr(vi) determination is 193.93 pA puM™'. This
result shows good agreement with the results obtained in a
pure water system, implying that 1 has important practical sig-
nificance. In addition, long-term stability is one of the most
important indicators of PEC sensors. As shown in Fig. S6,f
hybrid 1 can work continuously for more than 10 hours, and
the corresponding response current remains basically
unchanged, suggesting its high photoelectrochemical stability.

Table 1 Comparison of 1 with other reported sensors for the determi-
nation of Cr(vi)

Dark-LOD  Light-LOD

Sensor materials Method (uM) (nM) Ref.

1 DPV 0.046 0.024 This work
Fe;0,/Mo0S,/GCE it 0.5 — 36

Au NPs@carbon it 0.72 — 37
nanotubes

Au NPs@C SPE DPV 0.85 — 38

1-CPE it 4.3 X103 — 39

GCE = glassy carbon electrode; SPE = screen printed electrode; 1-CPE =
[Agh(HL1)][Cr(OH)sM040;45]-H,0, L1 = 4-[2-(5-pyridin-4-yl-[1,2,4]triazol-
1-yl}-ethyl]-morpholine.
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R?=0.990
= 50 P
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Fig. 5 (a) DPV curves of hybrid 1 in acidified lake water with successive
additions of Cr(vi); (b) Its corresponding linear dependence plot.
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2.5 Photoelectrochemical performance of hybrid 1 towards
TC detection

As a bifunctional photoelectrochemical sensor, the photoelec-
trochemical activity of hybrid 1 for TC detection was also
assessed by the DPV technique. First, the TC detection per-
formance was investigated under dark conditions. As illus-
trated in Fig. 6a, the response current of hybrid 1 increased
sharply when the TC concentration was continuously increased
from 0.1 to 1.0 pM. With the addition of 1.0 pM TC, hybrid 1
produced a response current of 262.04 pA, which suggests the
high sensitivity of hybrid 1 towards TC oxidation. Fig. 6b
shows the linear relationship between the response peak
current and TC concentrations in the range of 0.1-1.0 pM. The
corresponding linear regression formula is I (pA) = 255.97 x
C (pM) — 21.94, from which the LOD of hybrid 1 for TC determi-
nation is 41.28 nM and the sensitivity for TC determination is
255.97 pA pM~'. When the TC analytic experiment was carried
out under light illumination, a significant anodic current
boost can be observed. As shown in Fig. 6¢, with the addition
of 0.1 pM and 1.0 pM TC, hybrid 1 produced response currents
of 71.86 pA and 352.63 pA under light irradiation, which are
39.07 and 90.02 pA larger than that under dark conditions
(32.79 and 262.61 pA), indicating the high photoelectrochem-
ical activity of hybrid 1 toward TC detection. Furthermore, the
DPV curves of hybrid 1 also displayed a distinct linear relation-
ship between the response peak current and TC concentrations
under light illumination with the linear regression formula
I (pA) = 315.94 x C (uM) — 4.23 (Fig. 6d and e). The sensitivity
of hybrid 1 as a PEC sensor for TC determination can reach
315.94 pA pM™', which is 1.23 times that under dark con-
ditions. The LOD of the PEC sensor hybrid 1 for TC was calcu-
lated to be 33.45 nM, which is 7.83 nM lower than that under
dark conditions. The photoelectrochemical performance of
hybrid 1 toward TC detection far meets the standard set by the
EU. For comparison, the {Co,sM0;¢P,4} cluster produced a
response current of 65 pA under dark with the addition of
1.0 pM TC and the corresponding sensitivity and LOD were
62.91 pA pM~' and 66.92 nM. Under light irradiation, the
response current with the addition of 1.0 pM TC was promoted
to 125 pA. The sensitivity and LOD of the {Co;sMo046P,,} cluster
were enhanced to 128.62 pA pM ™' and 32.73 nM, respectively,
further confirming the active species role of the {Co;sM0;¢Ps4}
cluster (Fig. S71). Similarly, BBTZ only showed a slight current
response towards the concentration change of TC, further con-
firming that the active species in hybrid 1 is the {Co;sM0;¢P24}
cluster (Fig. S87).

In addition, the analytic selectivity and anti-interference of
hybrid 1 were examined by adding selected interferents,
glucose (Glu), levofloxacin (Lev) and sodium citrate (Sod Citr)
into the TC detection system. Fig. 6f shows the percentage
change in the current responses of hybrid 1 relative to 1 mM
TC after the addition of 1 mM selected interferents. It can be
seen that there is only a slight current disturbance in the
detection of TC, indicating the favorable anti-interference and
high selectivity of hybrid 1 towards TC oxidation.

This journal is © the Partner Organisations 2022
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Fig. 6 (a) DPV curves of hybrid 1 modified electrodes in 0.5 M H,SO,4 with continuous addition of TC under dark conditions; (b) Corresponding
linear dependence plot of 1; (c) DPV curves of 1 in 0.5 M H,SO,4 with the addition of 0.1 and 1.0 pM TC under visible light illumination; (d) DPV
curves of 1 with successive addition of TC under visible light illumination; (e) The linear dependence curve of 1; (f) Current interference of 1 towards
TC with different interferents of 1 mM glucose, levofloxacin and sodium citrate to mix with 1 mM TC.

Similarly, hybrid 1 was used to detect the concentration
of TC in natural lake water samples and milk samples to
further inspect the reliability. Considering that there is a
trace TC content in natural lake water and commercial milk
samples, a certain amount of TC was added to the acidified
actual samples to measure the response current of sensor 1
for TC oxidation. As shown in Fig. 7, the PEC sensor hybrid
1 exhibited a distinct anodic current response with the
addition of TC in actual samples. The corresponding linear
regression formulas are I (pA) = 314.16 x C (pM) — 15.28 for
lake water samples and I (pA) = 193.13 x C (uM) + 5.62 for
milk samples, respectively. The sensitivity and LOD of hybrid
1 are 314.16 pA uM ' and 33.64 nM for TC detection in lake
water samples, and the sensitivity and LOD of hybrid 1 are
193.13 pA pM™' and 30.66 nM for TC detection in milk
samples. These results show good agreements with the per-
formance in pure water systems, suggesting the high practi-
cality of hybrid 1 for TC detection. Otherwise, the photoelec-
trochemical detection performance of hybrid 1 for TC detec-
tion is also comparable with most reported electrochemical
sensors (Table 2).

Additionally, the photoelectrochemical durability and struc-
tural stability of hybrid 1 were evaluated. As depicted in
Fig. S9,7 the reaction current remained constant when hybrid
1 operated in a 0.5 M H,SO, solution containing TC for
10 hours. After a long-term photoelectrochemical test, the
structure of hybrid 1 was characterized by IR and XRD
(Fig. S107). It can be found that the characteristic absorption
bands of hybrid 1 in the IR spectrum after the test are pre-
served and the XRD patterns remain unchanged, revealing its
good structural stability.

This journal is © the Partner Organisations 2022
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Fig. 7 (a) DPV curves of hybrid 1 in acidified lake water with continuous
addition of TC; (b) The linear dependence curve of 1; (c) DPV curves of
hybrid 1 in acidified milk with continuous addition of TC; (d) The linear
dependence curve of 1.

2.6 Photoelectrochemical catalytic mechanism of hybrid 1
for Cr(vi) and TC detection

The above experimental results demonstrated that hybrid 1 is
a promising bifunctional PEC sensor for the detection of Cr(vi)
and TC.***® To gain more insights, the catalytic mechanisms
of the electrocatalytic Cr(vi) reduction®” and electrooxidation of
TC*® over hybrid 1 were investigated by the chronoamperome-
try technique. Fig. 8a and b show a sequence of i-¢ curves in
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Table 2 Comparison of 1 with other reported sensors for the determi-
nation of TC

Sensor Dark-LOD  Light-LOD

materials Method  (pM) (pM) Ref.

1 DPV 0.041 0.033 This work
Fe/Zn-MMT/GCE DPV 0.10 — 40
GR/L-Cys/GCE DPV 0.12 — 41
PTH/CNT/CPE LSV 0.13 — 42
MWNTs-GNPs Ccv 0.39 — 43

GCE = glassy carbon electrode; CPE = carbon paste electrode; GNPs =
gold nanoparticles.

Cr(vi) and TC solutions with various concentrations. According
to the following formula:

Icat/IL = (nkcat Ct) 172

I.ac is the catalytic current after adding Cr(vi) or TC, I, is the
diffusion limited current in the blank solution, ¢ represents
the consumed time (s), ¢ stands for the concentration of Cr(vi)
or TC solution, k., is the catalytic rate constant. The relation-
ship between the catalytic current and the reaction time was
fitted, and the catalytic rate constant (k) can be estimated to
be 15.78 mol™" s™* for Cr(vi) reduction and 0.60 mol™" s™* for
TC oxidation, respectively. These values indicated the high
electrocatalytic activity of hybrid 1 towards Cr(vi) reduction
and TC oxidation processes. Moreover, the diffusion coeffi-
cients of Cr(vi) and TC over hybrid 1 were also investigated by
using the Cottrell equation:

I = nFADY2¢n~1/2¢=1/2

in which D is the diffusion coefficient (cm?® s™*), n stands for
the sum of transferred electrons (n = 3 for Cr(vi) reduction, n =
4 for TC oxidation), A represents the electrode area
(0.071 ¢cm?), I is the peak current dominated by the diffusion
of Cr(vi) or TC from the electrolyte to the electrode/electrolyte
interface, and c refers to the concentration of added Cr(vi) or
TC (mol L™Y).

As shown in Fig. 8, the diffusion coefficients are 2.95 x 107°
em? s for Cr(vi) and 2.84 x 107'® em® s™* for TC, respectively.

@ [—a-omm  — a-osmm (b)?
OF — 2=04mM —— c4=12mM

1(nA)

I— R E—— —cl=0mM —— c3=0.08mM
Time 12 512, Time? 1) —— 2=0.04mM = c4=0.12mM
-50 0
1 25 30 0 1 25 30

0 Tinllz (s) 2 0 Tinlz (s) »
Fig. 8 (a) Chronoamperometry on hybrid 1 after the successive
addition of different concentrations of Cr(v) in 0.5 M H,SOj; (b)
Chronoamperometry on hybrid 1 after the addition of different concen-
trations of TC in 0.5 M H,SO,. Insets left: plots of ../l versus 2, right:
I versus t™/2,
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Scheme 1 Photoelectrochemical catalytic mechanisms of hybrid 1 for
Cr(v) and TC detection.

These results demonstrate the favorable diffusion kinetics of
Cr(vi) and TC over hybrid 1, which facilitates the conversion of
Cr(vi) reduction and TC oxidation, promoting the photoelectro-
chemical detection efficiency (Scheme 1).

3. Conclusions

In conclusion, an efficient bifunctional photoelectrochemical
sensor based on a wheel-shaped {Co,6M046P,4} cluster was syn-
thesized and was used as a photoelectrochemical sensor for
the detection of trace Cr(vi) and TC. The {C0,6M046P,4} clusters
in the hybrid as six-connected nodes extend the structure into
a robust 3D framework with a pcu topology via Co-ligand
linkers. With the advantages of wide light-absorption and
excellent redox properties, hybrid 1 displayed remarkable
photoelectrochemical performance towards the determination
of trace Cr(vi) and TC with low detection limits of 24.62 nM
for Cr(vi) and 33.45 nM for TC, and the sensitivities of 216.76
pA pM~* for Cr(vi) and 315.94 pA pM~' for TC determination,
which far meet the standards set by the WHO and the EU.
Moreover, hybrid 1 possesses high anti-interference ability and
performs well in the detection of Cr(vi) and TC in lake water
and milk samples. This work provides a promising photoelec-
trochemical sensor for practical environmental pollutant
monitoring.
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