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fully symmetric supercapacitors, electrochemical sensors and
photocatalysis mechanisms

Li-Ge Gong?, Xian-Xian Qi?, Kai Yu?", Jia-Qian Gao?, Bai-Bin Zhou?", Guo-Yu Yang®*

We successfully synthesized two kinetically stable the covalent polymer chains and ethylenediamine acting MXene-like-

{AIW,0,40} compounds. According to the results of energy storage research, these materials show high capacitance
performance and cycle stability. The capacitors of 1-CC(carbon cloth) and 2-CC are 478.41 and 625.99F g(1.0 A g1), and
the capacitance retention is 95.71% and 97.62% after 5000 cycles. The symmetrical water system supercapacitor device is

assembled with two 2-CC and the energy density of 6.32Wh kg at 237W kg. Meanwhile, compounds 1-2 were used to

test the new sensitive current hydrogen peroxide sensor, display that the linear ranges are 1.20-3.20mM(1-GCE:glassy
carbon electrode) and 19.95uM-0.90mM(2-GCE) with the detection limit of 0.93uM, 0.86uM. In addition, the
photocatalysis mechanisms of compounds 1-2 were studied to provide a powerful basis for the photocatalytic mechanism

of this series of compounds.

Introduction

With the rapid growth of the world's population, the deterioration
of the ecological environment and the shortage of fossil resources
left people urgently to pursue sustainable and renewable energy,
which in turn promotes the vigorous development of various clean,
efficient energy conversion and storage equipment, such as,
lithium-ion batteries® supercapacitors (SCs)”*> and fuel cells'®20,
Among them, SCs have emerged from the numerous energy storage
devices because of their fast charging ability, long cycles stability,
high power density and environmental friendliness?1-22. However,
electrode materials are one of the important factors that affect the
capacitance of SCs. The research on electrode materials which
improve the specific capacitance and cycles stability has grown up
to be a hot topic in the research of high performance SCs.

Polyoxometalates (POMs), an outstanding class of metal-oxygen
clusters, possess unparalleled versatile physical and chemical
properties, including attractive well-defined structures, regular
sizes, superior redox properties and can be used as electron
reservoirs®3-26 In view of the generality mentioned above, POMs

@ Key Laboratory for Photonic and Electronic Band gap Materials, Ministry of

Education, Harbin Normal University, Harbin 150025, People's Republic of China.E-
mail: hlyukai188@163.com, zhou_bai_bin@163.com

b MOE Key Laboratory of Cluster Science, School of Chemistry, Beijing Institute of

Technology,Beijing, 100081 (China).Email:ygy@bit.edu.cn

This journal is © The Royal Society of Chemistry 20xx

can be exploited in many fields, such as electrochemistry?’, energy
storage/conversion?®, magnetism??, catalysis3°-3!, photochemistry3?,
ionic conductors3?, medicine3*3° and sensors*®#>. In particular,
POMs have discrete ionic structures, including heteropoly anions
and movable countercations, such as H*, H3O0*. This unique
structural feature enables POMs to perform fast and reversible
stepwise numerous electrons transfer reactions without changing
their structures, which makes POMs an excellent candidate for
supercapacitor electrode materials. However, POMs have some
shortcomings, such as the high solubility, poor cycling ability and
conductivity. To overcome these problems, many researchers have
proposed some solutions. On the one hand, since Gomez-Romero
et al.*® first reported that hybrid nanocomposites formed by
Polyaniline and H3PMO1,04 as electrodes for supercapacitor, there
have been some reports*’-*® of composites based on POMs and
conductive polymers materials. Conductive polymers can improve
the conductivity of POMs and facilitate electron transfer. However,
immobilization of POMs into a polymer matrix limits the redox
active sites of POMs and thus constrains their supercapacitor
performance.”® On the other hand, some researchers’®> have
proposed the synthesis of hybrid coordination polymers by covalent
bonding of transition metals, organic ligands and POMs to solve the
problem of high solubility and low conductivity,but the low cycle
stability has not been alleviated.

Therefore, we propose a new approach based on the above-
mentioned researchers' approach: (1) Among central atoms of the
most Keggin type POMs are mainly group 14 and 15 elements and
some transition metals, which group 13 as central atoms have been
rarely extensively exploration®>°. It is noted that aluminium atoms
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can not only as coordination atom®-5°, but also be used as the
central atom, which the introducing of AI** into the center of Keggin
structure makes it easier to coordinate to transition metals and
gives a wider kind of coordination types, owing to the [AIW1,040]>
anion possesses higher surface charge density®®. At the same time,
the aluminum atom is a boron group element which is electron-
deficient and has a strong tendency to make full use of valence
orbitals in order to enhance the stability of the system®l. (2)
[AIW1,040)> anion connects with the chain of transition metal
complexes similar to conductive polymers through covalent bonds,
which not only solves the problems of high solubility and poor
circulation, but also increases the conductive energy and specific
capacitance of the composites. As d° transition-metal, the Ag(l)
and Cu(l) possesses high affinity for O and N donors,various
coordination numbers and versatile geometries®?, 4, 4-bipyridine
is an organic ligands similar to pyrrole, which contains many N
donors to facilitate coordination with metal ions. These features
make Ag(l) and Cu(l) to use as a metallic linker to construct
transition metal complexes with 4,4-bipyridine ligands. (3) The small
ligand ethylenediamine was introduced to increase the interaction
between POMs and transition metal complexes to reduce the
resistance of the whole compound.

In this work, we prepared two new organic-inorganic hybrid
compounds, [Ag(bpy)]1[{Ag(Hbpy)}2(AIW1,040)] - H,0 (1), [Hzen][{Cu-
(bpy)}s(AIW1,040)] - 3H,0 (2). The compounds 1-2 as electrode
materials have high capacitance and excellent cycling ability and
have been assembled into symmetrical SCs. In addition, the
electrochemical sensors and photocatalytic mechanisms of

compounds 1-2 were studied in detail.

Results and discussion

Crystal structure
The structures of compounds 1 and 2 are all built on [a-AlW1,040]>

(abbreviated as {AIW1,}) and the transition metal complexes. The
{AIW4,} consists of a central AlQ, tetrahedron surrounded by four
vertex-sharing W30,3 groups. Each W30,3 group is composed of
three WOg octahedra linked in a triangular arrangement by sharing
edges, and these four W30;3 groups are linked together by sharing
corners. The central Al-O distances vary from 1.72(7)-1.75(8)A in 1
and 1.74(9)-1.76(11A in 2, respectively. All bond distances are
equal to the reported range. {AIW4,} possesses four kinds of oxygen
atoms, the terminal oxygen atoms(O;), edge-sharing bridging
oxygen atoms(Oy), corner-sharing bridging oxygen atoms(O.), and
central oxygen atoms(O,). Therefore, for compounds 1-2, W-O
distances are 1.64(3)-2.41(4) A and 1.69(6)-2.28(5) A, respectively.

Crystal structure analysis reveals that compound 1 consists of
{AIW1,}, [{Ag(Hbpy)},]* and [Ag(bpy)]*. As shown in Fig.51, there is
two crystallographically independent Ag ions(Agl, Ag2) in 1: Agl ion
exhibits a linear geometry coordinated by two nitrogen atoms from
two 4,4’-bipy ligands [Ag-N:2.10(3)]. Each Agl ion links 4,4’-bipy
ligands into a one-dimensional polymeric chain [namely,{-4,4’-bipy-
Agl-4,4’-bipy-Agl-},]. Ag2 ion adopts T-shaped geometry, which
links with two N atoms from two 4,4’-bipy ligands [Ag-N:2.11(3)-
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2.14(3)A] and one {AIW1,} [Ag-0:2.64(3)A]. each Ag2 jon links 4.4
bipy ligands into a one-dimensional polymeri¢@hainlprarmely, {4044
bipy-Ag2-4,4’-bipy-},.

In the structure, each Ag2 ions from two {-4,4’-bipy-Ag2-4,4’-bipy-},
chains link {AIW1,} units through O; atoms to form a 1D ladder
chain(Fig.S2). The most intriguing feature of 1 is the novel 2D sheet
structure(Fig.S3a) constructed by the strong polymerization
between that of the adjacent 1D ladder chain and {AIWi,}
polyoxoanion. In this 2D structure, the {-4,4’-bipy-Agl-4,4'-bipy-
Agl-}, chains are linked not only to [AIW1,040)> units through
supramolecular interaction, but also to {-4,4’-bipy-Ag2-4,4’-bipy-},
through m-m stacking interaction to form a new 2,4,6-connected
topology structure(Fig.53b) with the aperture of 19.12x16.28 A2. In
this topology structure, Agl ions were assigned as four-connected
nodes, Ag2 ions as two-connected nodes and {AlW;,} as six-
connected nodes, then the topology symbol is {4.6%.8}
{45.6.84.10°}{4},. Besides, 2D layers formed 3D network via m-m
stacking interactions of {-4,4’-bipy-Agl-4,4’-bipy-Agl-}, chains of
adjacent layers(Fig. S4).

In the overall structure of compound 1, {-4,4’-bipy-Agl-4,4'-bipy-
Agl-}, polymer chain form a 1D pipe structure(Fig.1a) by connecting
{AIW,}(Fig.1b),  and{-4,4’-bipy-Ag2-4,4’-bipy-},
polymer chain(Fig.1c) is located in the 1D pipe through hydrogen

oxygen from

bonding and supramolecular interaction. The 1D pipe connected
with {AIW1,} to form a MXene-like layer structure’®71, Each MXene-
like layer forms a 3D stacking structure(Fig.1d-e) through hydrogen
bonding and supramolecular interaction, and the distance between
the layers is 11.36A. The structure similar to MXene with metal
polymer chains is beneficial to increase the migration speed and
conductivity of ions and electron for SCs.
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Fig 1. The 3D structure of compound 1: (a) 1D pipe structure (b)
{AIW3,} (c){-4,4'-bipy-Ag2-4,4’-bipy-}, polymer chain is located in
the 1D pipe (d) The front view (e)The side view

Crystal structure analysis reveals that compound 2 consists of one
{AIW,}, three [Cu(4,4’-bipy)]* fragments and [H,en]?*. As shown in
Fig.S5, there are three crystallographically independent Cu ions in 2:
Cul, Cu2 and Cu3 ions adopt T-shaped geometry, which link with
two N atoms from two 4,4-bipy ligands and one {AlW,}
polyoxoanion through a bridging oxygen atom(for Cu3) or a
terminal oxygen atom (for Cul and Cu2). The bond lengths of Cu-N
are in the range of 1.89(7)-1.91(8)A and Cu-O is 2.32(6)A.
Moreover, Cul,Cu2 and Cu3 formed two p olymer chains with 4,4’-
bipy ligands, (namely, {-4,4’-bipy-Cul-4,4’-bipy-Cu3-}, and {-4,4’-
bipy-Cu2-4,4’-bipy-Cu2-},). {-4,4’-bipy-Cul-4,4’-bipy-Cu3-}, and {-

This journal is © The Royal Society of Chemistry 20xx
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4,4’-bipy-Cu2-4,4’-bipy-Cu2-},) are parallel to each other to form an
ABAB polymer plane.

In the structure of compound 2, {AIW1,} units link Cu3 ions from
two {-4,4’-bipy-Cu2-4,4’-bipy-}, chains through terminal oxygen
atoms to form a 1D chain(Fig.S6). The adjacent 1D ladder chains are
connected by two {-4,4’-bipy- Cul-4,4’-bipy-Cu3-}, chains and {-4,4'-
bipy-Cu2-4,4’-bipy-Cu2-}, chain form a fascinating sheet
structure(Fig.S7a) with a new topology. In this topology
structure(Fig.S7b), Cul ions were assigned as three-connected
nodes, Cu2 ions as three-connected nodes, Cu3 ions as four-
connected nodes and {AIWj,} polyoxoanion as four-connected
nodes, then the topology symbol is {62.8}{6.82} with the different
sizes of holes (ABAB arrange), 19.41x15.36A2 and 17.90x17.10A2,
respectively. Furthermore, 2D layer interacts with ethylenediamine
molecules through hydrogen bond to form 3D network (see Fig. S8).
From the whole structure, compound 2 is more characteristic than
compound 1. On the one hand, compound 2 has a 1D ions
pipeline(Fig. 2a) formed by the connection between the same
polymer chain with {-4,4’-bipy-Cul-4,4’-bipy-Cu3-}, and the
terminal oxygen from {AIWy,}(Fig. 2b), and {-4,4’-bipy-Cu2-4,4’-
bipy-Cu2-}, is occupied in the 1D pipe through the covalent bond
intereaction. On the other hand, the addition of
ethylenediamine(Fig. 2c) increases the interaction between the a
MXene-like layers to form a 3D structure (Fig. 2d-e)with the wider
layer spacing of 13.71 A, which makes compound 2 had better ion
and electron transport ability than compound 1.

@)

Fig 2. The 3D structure of compound 2: (a) {AIW4,} (b){-4,4’[-bipy-
Cu2-4,4’-bipy-Cu2-}, is occupied in the 1D pipe (c) ethylenediamine
(d) The front view (e) The side view

Structural and morphology characteristics of compounds 1-2

The valence bond calculation(BVS)’?2 shows that the average values
of the W centers of compounds 1 and 2 are 5.87 and 5.92,
respectively, which are equal to almost all W atoms in the +6
oxidation state. At the same time, BVS calculation shows that all Ag
and Cu centers are in the oxidation state of +1 for compounds 1-2.
In addition, one extra proton is added to the bipyridine ligand in
compound 1 and two extra protons should be added to the
ethylenediamine ligand in compound 2 to achieve charge balance,
which is consistent with the acid reaction environment.

The IR spectra of compounds are shown in Fig.S9, which exhibits
characteristic vibration patterns derived from the Keggin
polyoxoanions in 700-1000 cm™. There are four characteristic bands
in the IR spectra appearing at 953, 887, 802, and 766cm for 1, and

This journal is © The Royal Society of Chemistry 20xx
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962, 882, 812, and 761 cm™ for 2, respectively, qu;mgggml%g
assigned to v(W-0y), v(Al-0,), v(W-0y), andPHWO) 2/ [rPaddition
the characteristic absorption bands in the range of 1208-1612cm*
for compounds 1 and 2 are attributed to the en and 4,4’ -bipy
ligands. The peaks at 3496 and 3442cm™ are assigned to the
vibration of water molecules for compounds 1 and 2.

To investigate the thermal stabilities of compounds 1 and 2, TG
analyses were carried out, as shown in Fig.510. From the TG curves,
the weight loss processes both have two weight loss steps. In
compound 1 (Fig.510a), the first weight loss of 0.55% between 50-
265 °C could be attributed to the loss of water molecules(calc.
0.48%). The second weight loss of 12.72% in the range of 500-700°C
assigned to the loss of 4,4’ -bipy molecules (calc.12.60%). In
Fig.510b, the TG curve for 2 shows a first weight loss of 0.74%
between 30-200 °C suggesting the loss of water molecules
(calcd.1.48%). When the temperatures increases from 500 to 750°C,
the weight loses 13.00% indicating the loss of 4,4’ -bipy and en
molecules (calcd. 14.54%).The weight losses from the TG curves are
consistent with the molecular formula of compound 1 and 2. The
XRD patterns for compounds 1 and 2 are presented in the Fig. S11.
The diffraction peaks of both simulated and experimental patterns
are matched, thus indicating that the phase purity of the
compounds 1 and 2 are good. The differences of intensity may be
due to the preferred orientation of the crystal samples.The UV
spectra are measured in the solid state as shown in Fig.S12 in the
range of 200-800nm. Two absorption bands appear at 215-217 nm
and 290-320 nm for 1-2 in the UV spectras, which are attributed to
prt(Oterminal)->drnt*(M) electronic transitions in the W=0 bonds and
dr-pri-dmt electronic transitions between the energetic levels of the
W-0O-W bonds”?, respectively.

The surveys of diffuse reflectivity for powder samples of 1-2 were
used to gain their band gaps (Eg), which were determined as the
intersection point between the energy axis and the line
extrapolated from the linear portion of the adsorption edge in a
plot of Kubelka-Munk (K-M) function (F) versus energy (E). As
shown in Fig.S13, the Eg values assessed from the steep absorption
edge of 1 and 2 were 2.90eV for 1 and 2.95eV for 2. The reflectance
spectra suggested that compounds 1-2 would be potential
photocatalysts, because of the presence of an optical band gap and
the semiconducting properties.

The Barrett-Emmett-Teller (BET) specific surface area of the
samples are measured by the t-plot method. The values of the BET
surface area and langmuir surface area are 65.73 and 115.49 m?/g
for compound 1, 87.74 and 158.25 m?/g for compound 2(Fig S14).
The average desorption pore sizes(Fig. S15) from DFT method are
3.41nm for compound 1 and 2.13 nm for compound 2. As shown in
Fig.516a-b, the XPS of the compound 1(or compound 2) has Ag(or
Cu), W, O, Al, N and C elements, and the slight difference between
the atomic ratio and the molecular formula is due to the fact that
the XPS test does not contain H atoms. Two peaks’ at 37.68,
35.48eV for compound 1 and 37.33, 35.13eV for compound 2 may
attribute to the W4f;;, and W4fs;, core levels of W®*, respectively
(Fig. S17a and Fig. S18a). The Al,, spectrum has a main peaks of
73.17eV for compound 1 and 73.30eV for compound 2,

J. Name., 2013, 00, 1-3 | 3
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respectively(Fig. S17b and Fig. S18b), showing that the existence of
Al3*. The C spectra has a main peaks of 284.9eV for compound 1
and 284.59¢eV for compound 2, respectively(Fig. S17c and Fig. S18c),
which belongs to the Ci.. The Ny spectrum? is divided into two
peaks(Fig. S17d and Fig. S18d), which can be attributed to the -N=
and-NH*-/-NH-fragments (399.38 and 401.68eV for compound 1
and 399.2 and 401.6eV for compound 2). The Oy spectra reveal the
co-existence of C-O and C=0 (532.08 and 531eV for compound 1
and 532.1 and 531eV for compound 2). Furthermore, the Agsq
spectrum has two main peaks of 368.08 and 374.08eV for
compound 1, and they can clearly demonstrate the existence of Ag*
(Figure S17e). In addition, the Cu,, spectrum has a main peak at the
932.9eV, and the existence of Cu* (Fig. S18e) for compound 2.

As shown in Fig.519a, S21a, the SEM of compounds 1 and 2 show
the morphology of block shape and the length and width of 400um
x 297um for compound 1 and 314pm x 107um for compound 2,
respectively. EDS microanalysis of compounds 1 and 2 were shown
in Fig.519b, S21b, which can be clearly seen in that the elements O,
C, Al, Cu(or Ag), N, and W were existenced. At the same time,
mapping diagram(Fig.520 and S22) further confirmed that the
composition of compounds 1-2 were equably distributed.

Electrochemical measurements

Cyclic voltammetry studies

The unique polymer chains, the small molecule ligands of

ethylenediamine, and multi-electron transfer process of
NasAIW;,040-, 1- and 2-CC provoke us to further investigate their
potential applications in SCs. Three-electrode cyclic voltammetry
(CV) curves at the 20 mV s scan rate in 0.5M H,SO, are presented
in Fig. 3a. The specific capacitances of these compounds are
correlated to the average areas of the CV curves which follow the
order of 2-CC> 1-CC> NasAIW;,040-CC. With the same {AIW,}
polyanions, the specific capacitances of 2-CC with {-4,4’-bipy-Cu-4,4’
-bipy}, polymer chains and small-molecule ethylenediamine ligands
are much higher than 1-CC with {-4,4’-bipy-Ag-4,4’-bipy},, and the
capacitance of the NasAIW.,04 is the smallest of the three
compounds. These results clearly demonstrate that the specific
capacitances of {AIW1,} materials are related to the polymer chains
and small-molecule ligands as well as their structural features. Fig.
S23 and Fig. 3b show the CV curves of 1-CC and 2-CC with a
potential window from -0.2 to 0.9 V at different scanning rates.
Clearly, 1-CC and 2-CC show the quadrilateral shape with a pair of
redox peaks, indicating the coexistence of both the electrical
double-layer capacitance and pseudocapacitance. With the increase
of scan rates, the current response is likewise gradually increased,
exhibiting good capacitive behaviour and charge storage
characteristics.

To further analyze the total charge storage (capacitive and diffusion
controlled charge contributions) of NasAIW;,040-, 1- and 2-CC
electrodes were achieved by estimating the current response of CV
curves. It is known that the peak current usually follows the power
law relationship with the scan rates. As showed in equation (1):

4| J. Name., 2012, 00, 1-3
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where a and b are the coefficients, i is the peak current density(A),

and v is the scan rate (mV s). The calculated value of b can be
distributed into capacitive and diffusion controlled charge
contributions for the charge storage mechanism in the electrode
material. If b=0.5 (ieov!/2) for the diffusion-controlled charges (Qq)
and b=1 (ieov) for the surface capacitive (Q;). As shown in Fig. 524
and Fig.3c, a good linear relationship is observed between
log(current density) and log(scan rate) for NasAlW;,040-, 1- and 2-
CC electrodes and and the b values are observed to be 0.93, 0.92,
and 0.90, respectively. The larger b value of these electrodes
indicated the kinetics behaviors are mainly quite attributed to the
surface layer capacitance due to the redox reaction of {AIW,040}
and the pseudocapacitances from the transformation of W (W®* to
W5+).

At the same time, we further studied and separated the
contributions of capacitive and diffusion controlled charge from the
total charge storage(Q), using an approach reported elsewhere’®:

Q=Q+Qq ()

The contribution of Q. is related to the scan rate, mainly due to
surface adsorption, which is the combination of a false capacitance
and a double-layer capacitor, and the contribution of Qq is the
redox reaction ascribed to the electrode materials. Supposing the
semi-infinite linear diffusion processes at a fixed potential, Q. is
obtained by plotting the stored charge(Q) vs. the reciprocal of the
square root of the scan rate and Qq vary according to the scan rates.
Hence, the total charge stored can be represented by the following
equation:

Q= Q, + kvi/2 (3)

Where k is a constant. Fig. S25(a-c) are the linear diagram of Q and
the square root reciprocal of the scan rate(v/2) for NasAIW;,0,-,
1- and 2-CC electrodes, shown that the storage charge ability of 2-
CC is the strongest and consistent with the CVs. Q. and Qq are
estimated and plotted in Fig.526 and Fig.3(d), demonstrated the
normalized contribution ratio of capacitive and diffusion controlled
charge storage capacities at 5-100 mV s, There are clearly seen
that the diffusion-controlled process contribution decreases
gradually with increasing the scan rate (from 5 to 100 mV s1), while
the contribution of Q. increases. Obviously, Q. is more prominent in
these electrode materials and it shows the pseudocapacitive nature
of the electrodes.

In our view, 1- and 2-CC all show similar CV curves due to their
similar structures on the base of same [AIW1,040]>. Since the open
metal sites of {AIW4,} polyanions all are occupied by {-4,4’-bipy-M-
4,4’ -bipy}, (M= Ag, Cu) polymer chains or small-molecule
ethylenediamine ligands. H* ions of electrolytes can continuously
attack polyoxoanion, and its auxiliary redox process at the open
metal center is suitable. Under this experimental condition, {AIW,}
clusters may provide an effective electron transfer with inner-

This journal is © The Royal Society of Chemistry 20xx
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cluster. The reversible processes with inner-cluster may better
explain the above redox reactions. These redox reactions do not
require the dissociation of metal ions from {AIW,,} electrode
materials, which will effectively preserve the {AIW,,} structure
effectively in the electrochemical process.

40

w0 (@) 100{ (b) e s o e ]
= =
~ — = |
o 20 \_/ o 50 Y i |
< g A ]
= / 7
2 104 & e
g i o] Y
2
3 04 3 ——
o - -] f
= e 20mv s £ L\/——_//
-10 504 |
g £ \ - -
3 0] 3 \ — 4
4 NaAW,0, 1004 P
.30 Compound 1 . SREEN
2 108 my
04 -02 00 02 04 06 08 10 02 00 02 04 06
Potential(V) Potential(V)
2.4 —120
(C) B (d) B Diffusion
224 £ | Capacitive
= S 100
2 1Tl
) £ w0 !
3 184 S |
° @ 5o
£ 164 2
B b=0.90 g
3 144 o 40
3 b
- Q
2 -1
2 124 T 20
@
b3
10+ 8 u | . . "
06 08 10 12 14 16 18 20 22 s % > pe e g6

log(scan rate/ mV :") Scan rate(mVs’)

Fig.3 (a) The CVs at the 20 mV s scan rate for the different
compounds (b) The CVs of 2-CC at the different scan rates (c) The b
value of 2-CC (d) Q. and Qq are estimated for 2-CC

Galvanostatic charge/discharge

The capacitance performance of these compounds electrodes were
studied using the galvanostatic charge-discharge curves (GCD) in
0.5M H,S0, solution with a potential window from -0.2 to 0.9 V. At
the current density of 1 A g?, the specific capacitances of
NasAlW1,04-, 1- and 2-CC electrodes(Fig.4a) are 130.27F g7,
478.41F g! and 625.99F g'(according to equation (S1)),
respectively, which are consistent with the results of CV curves. Fig.
S27 and Fig.4b show the GCD curves of 1-CCand 2-CCat1,2,3,5
and 10 A gl. When the current density of 10 A g, the specific
capacitances (Fig.528) of two compounds are 85.53 F g (1-CC) and
115 F gt (2-CC) respectively, demonstrating two compounds have
the good rate capability. Meanwhile, the cyclic stability tests of
these compounds were carried out at the current density of 10 A g
1, showed that the initial specific volume of 1- and 2-CC remained
95.71%(Fig. S29), and 97.62% (Fig. 4c) after 5000 cycles, which are
better stability and cycle life of POMs as electrode materials(Table
s4).

The electrochemical performances of these compounds were
compared by electrochemical impedance spectroscopy (EIS). All the
electrodes were produced in the same way and EIS were tested
before and after 5000 cycles. Each Nyquist plot consists of a
depressed semicircle and a sloping line. The depressed semicircle
and the sloping line can belong to the charge transfer process and
the solid-state diffusion of ions, respectively. So the internal
resistance(R) can be calculated by the depressed semicircle at the
high frequency. As showed in Fig.530, R of 2-CC(2.62 Q) is much
smaller than that of 1-CC(3.38Q), and the slope of 2-CC is greater
than that of 1-CC in the low frequency region, indicates that the
addition of ethylenediamine reduces R and enhances the ion-

This journal is © The Royal Society of Chemistry 20xx
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diffusion capacity of electrode materials. As showed jn.fig:S31Land
Fig.4d, the R values of 1-CC(2.63 Q) and 2-0€(3!410%)&Fté+5000
cycles have little change opposed to those before circulation,
indicating that the two compounds have excellent stability and
conductivity. The equivalent circuit diagram of EIS for 2-CC is
showed in Fig.S32. The ion diffusion coefficient (D) of these
compounds can be calculated according to the linear relationship of
Z' and the reciprocal square root of the frequency in the low
frequency region”’,
p-—RT 1y
2A’n’F'C’c’

Where R, T, A, n, F, C and o are the gas constant, absolute
temperature, the surface area of the electrode, the number of
electrons per molecule in the oxidation process, the Faraday
constant, the concentration of ions and the Warburg factor,
respectively.
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Fig.4 (a) The GCD curves at the 1 A g for the different compounds
(b) The GCD curves of 2-CC at the different current densities (c)
Cycling stability of 2-CC after 5000 cycles (d) Impedance analysis of
the 2-CC

In particular, o isrelated to Z' by the following equation:
Z' = B+ow/2(5)

Where B is a constant and w is the frequency. Therefore, o is the
slope of the linear relationship between Z' and wY/2(Fig. S33). The
o of 1-CC and 2-CC are 19.49, 5.55, respectively, and the d value of
2-CC is 12 times of 1-CC. The results show that the small molecule
ligands of ethylenediamine and polymer layer can inhibit the charge
transfer resistance of the compound and improve the ion transfer
ability, which would results in excellent electrochemical
performance for these compounds.

We also tested EIS curves for compounds 1-2 in the temperature
range 20-80 °C (Fig.534). The electrochemical transfer resistances
was obtained from the Nyquist plot by taking the diameter of the
semicircle. It suggests that the charge transfer resistance decreases
with higher temperature in the range of measured temperature,
indicating that the conductivity of compounds 1-2 are strong, which
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is beneficial to the improvement of capacitance performance.
Fig.S35 indicates the Arrhenius plots of above two compounds. The
activation energies derived from the plot, which are 39.21kJ -mol?
and 44.86k) - mol?, respectively. There are two predominant
mechanisms of proton conduction: Grotthuss mechanism’® and
Vehicle mechanism?. In the Vehicle mechanism, water assists
proton movement by facilitating transport as a H3;O* species. It is
different to Grotthuss mechanism, in which a large amount of water
can assist proton transport through a hydrogen-bonded network.
Moreover, the activation energy of the Vehicle mechanism is higher
(more than 20.00kJ - mol) than that of the Grotthuss mechanism
(less than 15.00kJ-mol1).8° So, the proton conduction of compounds
1 and 2 occur via Vehicle mechanism. As far as we know, this is the
first time to be studied for {AIW,}.

Compared with the performances of other POMs, the higher
performance of the 2-CC can belong to the following reasons(Fig.5):
() The {AlW,} in the 3D stacking structure is involved in the redox
reaction and provides pseudo-capacitance due to the mutual
transformation of W® and W>*(12 electron transfer). (Il) On one
hand, ethylenediamine ligands can increase the conductivity of
compounds and promote electron transfer. On the other hand,the
supramolecular interaction of ethylenediamine molecules increased
the interaction between the MXene-like layers. (Ill) The wide layer
distance(13.71A) and the large hole(19.41x15.36A2 and
17.90x17.10A2) not only promotes the contact area with H* ion, but
also increase the specific surface area of the compounds. (IV) the
covalent bond from the polymers chains inhibit the volume change
of AIW3, and improve the stability of the structure during charge-
discharge process. The polymers chains are rich in channels, which
not only act as the pseudocapacitance to facilitate ion diffusion and
storage /transport of electrons, but also evenly disperse {AIW;,}
uniformly and prevent {AlW;;} from being dissolved in the
electrolyte.
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(I
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Fig.5 The relationship between the structure and the performance
of the super capacitor.

Electrochemical properties of aqueous symmetric supercapacitor
device

The symmetrical water system supercapacitor device is assembled
with compound 2 as both positive and negative electrodes. Filter

6 | J. Name., 2012, 00, 1-3

paper is used as a separator, and the same two pjeces, of 2-CC
electrodes (Fig. 6a) with an area of 1 x1 cmP?Grd parallelyTto4éaén
other in the 0.5M H,SO,. In Fig. S36, the CV curves with 0.1-0.9 V
working window at different scan rates, indicated an excellent
capacitive behavior and good charge transmission in the electrode
even at an extremely high scan rate of 100mV s1. At the same time,
these curves are not strictly linear, which again prove the charge
storage mechanism of compound 2 which is the combination of
Faraday quasi-capacitance reaction at the anode and cathode.
During the charge process, SO,% ions migrate to the surface of the
electrode and form an electrochemical double layer between the
cathode and the electrolyte interface. Meanwhile, H* ions diffuse to
the anode and inserts into the 3D stacked ion transport system of
compound 2. In the process of discharge, the anodized active
material removes H* ions and returns H* ions back to the electrolyte.
In order to further evaluate its electrochemical performance, GCD
measurements(Fig. 6b) were performed at 1-10 A g. At the current
density of 1 A g?!, the supercapacitor shows a high specific
capacitance of 71.12 F g(according to equation (S2)). With the
increase of current densities, the specific capacitance of the device
decreases and the retention ratio is considered to be
14.76%(Fig.537) as the current density increases to 10 A g*. Energy
density(E) and power density(P) are two crucial factors for practical
application of supercapacitors and can be calculated as follows:
E= CU?%/2V (6)
P=E/t (7)

Where C is the total capacitance of the solid state device, U is the
operating voltage, V is the device volume, t is the discharge time.
The Ragone plot of the supercapacitor based on the compound 2 is
shown in (Fig. 6¢). The maximum energy density of 6.32 Wh kg'can
be achieved at a power density of 237 W kg from the symmetrical
water system supercapacitor device, which is clearly superior to
those of many previously reported supercapacitors-®. Moreover,
the cycling stability is important considerations for the practical
applications of fiexible SCs. Fig. 6d illustrates that the capacitance
retention is 92.32% after applying 5000 operational cycles at a
current density of 10 A g1. All the electrochemical studies revealed
that compound 2 can be used as the electrode of high stability
supercapacitor with increased capacitance and energy density.
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Fig.6 The symmetrical water system SCs device: (a)Working
Mechanism of Devices (b) The GCD curves at the different current
densities (c)The Ragone plot of the SCs (d) Cycling stability after
5000 cycles

Photocatalytic

With the rapid development of human society, the problem of
environmental pollution is becoming ever more serious, especially
water pollution endangers human life and health. Photocatalytic
degradation of organic pollutants is part of the effective ways to
purify water. As the photocatalyst, POMs have the advantages of
green, safe, thorough purification and so on. Based on the above
considerations, the performances of complexes 1 and 2 against
photocatalytic degradation of RhB, MB and MO have been
investigated under UV irradiation. During 140min of irradiation, the
degradation rate (1-C/Cy) of RhB is 98.21% and 90.83% for
compounds 1 and 2 (Fig.S38), and the degradation rate of MB is
91.87% and 90.25% for compounds 1 and 2 (Fig.S39). The
degradation rate of MO is 97.38% and 95.43% for compounds 1 and
2 (Fig.S40) after 180min of irradiation, respectively. A contrast
experiment was also carried out under the same conditions without
any catalyst. Few degradations of RhB, MB and MO were observed

in the experiment, as shown in Fig.7.
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Fig. 7 The photocatalysis decomposition rates of the (a) RhB, (b) MB,
(c) MO solution under UV irradiation in the use of the compound 1
and compound 2.

It can be observed that the degradation process was completed,
compounds 1-2 are photocatalysts with high degradation efficiency.
Furthermore, the reuse of the catalyst can reduce the cost of the
photocatalytic process. The catalyst was centrifuged and filtered
and then immersed in another aqueous solution of the same
amount of organic dye under the same conditions. As shown in
Fig.8, the residual concentration (C/C,) of the three dyes remained
almost unchanged after five catalysts cycles for componds 1-2. The
XRD of compounds 1-2 before and after five cycles photocatalytic
reaction are shown in Fig.S11. Comparing the XRD of the two
compounds before and after five cycles photocatalytic procedure,
the position and intensity of the peaks were nearly identical. These
results suggest that compounds 1 and 2 may be a potential
photocatalyst in reduction of some organic dyes, which have
excellent stability.
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Fig. 8 The photocatalysis decomposition rates of the (3),RhB, (b) MB,
(c) MO solution in the use of the compound PehdleaRHOuN 26685

recycles.

In order to study the main active components in photocatalytic
reaction and the possible mechanism of degradation process,
benzoquinone (BQ), EDTA and isopropanol (IPA) as scavengers were
added to the photocatalytic system(different dyes) to remove the
superoxide radical(® O,), hole (h*) and hydroxyl radical (® OH). As
shown in Fig.9a, it can be seen that the degradation efficiency of
MB, MO and RhB by compound 2 decreased slightly after adding BQ
and EDTA. However, after the addition of IPA, the degradation
efficiency were significantly reduced to 65.35%(MB), 30.42%(MO)
and 54.46%(RhB), respectively, suggesting that ¢OH is the principal
active substance in the degradation of three kinds of dyes and the
degradation reaction is advanced oxidation processes (AOPs). We
take RhB as an example and the possible mechanisms of
photocatalysis could be deduced as described below(Fig.9b): during
photocatalytic reaction, catalysts {AIW,} form the excited-state
species ({AIW1,}") by absorbing light energy higher than the band
gap of the {AIW,,} (reactions (1)). {AIWy,}" captures electrons of
H,0 molecules to form OH (reactions(2)). The reduced {AIW,} is
rapidly oxidized by O, with the generation of superoxides
simultaneously (reactions(3))%¢. These reactions occur circularly
when the mixture is radiated in UV light®’-88, Moreover, the RhB dye
is triggered into RhB* molecules in reaction (4). Then, the RhB dye
is degraded by the ¢ OH radicals into H,O and CO, after several

circular reactions (reaction (5))%°.
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Fig.9 (a) The degradation efficiency of MB, MO and RhB were
treated with different scavengers. (b) The possible mechanisms of
RhB of photocatalysis for compound 2

In order to prove that the products of dye degradation are H,0 and
CO,, the samples before and after dye degradation were analyzed
by liquid chromatography(LC). As showed in the Fig.S41, there is no
peak after degradation, indicating that the final products are
mineralized to H,O and CO,. In addition, according to the
experimental results and related theories®®?3, we propose the
possible degradation mechanisms of three kinds of dyes (Fig. 10 and
Fig.S42-43). The main results are as follows: Three dyes react with
*OH to break the bonds(1-5) to form phenols, aldehydes, quinones,
carboxylic acids and alcohols, which are finally mineralized into H,0
and CO,. (1) the C-S bond between the linked benzene ring and the
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sulfonic group (2) the azo group (3) the C-N bond of the benzene
ring (4) the ring opening cracking of the benzene ring (5) C-C and C-
N bond.

Fig.10 The possible degradation mechanism of MB

It’s noteworthy that compounds 1 and 2 have different degradation
effects on RhB, MB and MO, which could ascribe to different
structures of dyes. Chromophores anilino-, carboxyl and unstable N*
of RhB are easily damaged by external factors to form some
unstable colorless organic intermediates or other isomers of RhB,
which causes the solution to fade quickly in photocatalytic process.
Anilino- and =S*- of chromophores in MB are destroyed to fade by
the external factors. Meanwhile, MB may be removed methyl and
decompose smaller organic molecules in UV irradiation. Acid azo
structure and alkaline medium of MO are relatively stable, which
requires more energy to be removed from methyl and azo
reduction in reaction®®. Nevertheless, RhB and MB need less energy
to achieve the structural changes leading to fading of the solution.
Besides, the photocatalytic reaction occurs in the adsorbed
phase(on the surface of a catalyst), and the model of activation of
catalysts is photonic activation by {AIW,,}" with light energy higher
than the band gap of the {AIW,}, which leads to intramolecular
charge transfer and the formation of an excited-state species
({AIW1,}7)%. It’ s inferred that identical {AIW3,} may be the main
reason why compounds 1 and 2 exhibit very similar conversions to
the same dye. There are several reasons for speculation as follows:
{AIW1,} units possess higher surface charge density, which could
adsorb cationic dyes during the reaction process; the second reason
may be attributed to the different packing structures of them. The
preferential orientations of crystal planes of them should be
different, thus the number of POMs on crystal planes perhaps
should be different. Furthermore, the introduction of different
transition metal molecule

complexes and small organic

ethylenediamine perhaps has a bearing on the catalytic activity.

Electrochemical sensor

POMs can be redox by multi-step electron transfer without very
strict experimental conditions. In addition, the process can not only
react quickly and one step at a time, but also do not decompose in
the process. Meanwhile, POMs can be used as a good sensor
material due to its excellent electrochemical and electrocatalytic
performance, and may set off a research upsurge in the field of
sensors. Hydrogen peroxide (H,0,) is a very important small
molecular substance, and its content is closely related to human
health and quality of life. Therefore, it is the focus of research in the
world to detect hydrogen peroxide conveniently at any time. The

8 | J. Name., 2012, 00, 1-3

electrochemical behaviors of 1-2-GCEs have been invgstigated.in a
0.1M H,S0,4 + 0.5M Na,SO, aqueous solutiorP&t differencsddr 415t és
in the potential range from -0.8 to 0.5 V(Fig. S44). In the cyclic
voltammetric (CV) curves of 1 and 2(Fig.S45), there are three
reversible redox peaks, which are attributed to three continuous
tungsten redox processes, observed that there are an additional
irreversible anodic peak (IV) for 1 and for 2, which should be ascribe
to the oxidation of Ag(l) and Cu(l), respectively®®. Moreover, it is
different from the CV curve of supercapacitor because of its
electrolyte and voltage window. As Fig.11la and Fig.S46 shown,
cyclic voltammograms for the electrocatalytic reduction of H,0, by
1-GCE and 2-GCE in 0.1M H,SO,4 + 0.5M Na,SO, aqueous solution. It
can be seen that, with the addition of H,0,, the first redox peak
remains almost unchanged, nevertheless other reduction peak
currents gradually increase, which indicates that the reduction of
H,0, is mediated by the reduced species of polyanions in
compounds 1 and 2. According to the equation (8):

CAT =100% x[Ip{Aqu}HzOz-lp{Aqu}]/Ip{Aqu}

where Ip{AIW,}H,0, and Ip{AIW1,} represent the oxidation peak
current of 1-GCE (or 2-GCE) with or without H,0,, respectively. 1-
GCE and 2-GCE have the catalytic efficiency of 96.69% and 165.65%
for 40 mM H,0,. Depending on the above investigations, we can get
some information about the 1-GCE and 2-GCE for their potential
application in the electrochemistry and electrocatalysis fields. From
the above measurement results, it can be seen that 1-GCE and 2-
GCE have good electrocatalytic activity for the oxidation of H,0,,
and there are possible to become H,0, sensor materials. Therefore,
we will test a series of sensing performance of 1-GCE and 2-GCE to
verify whether they can become H,0, sensor materials in practical
applications. In electrochemical sensors, sensitivity and selectivity
depend on the choice of application potential, so we detected
seven kinds of interfering substances (CaCl,, MgSO,, NaCl, glucoes,
ZnS0,4, KlO3 and NaNO,) at different application potentials. As
shown in the Fig.S47 and Fig.11b, as the applied potential moves
forward, the catalytic current for H,0, also increases gradually.
These results show that the more sensitive the applied potential is
shifted in the forward direction, and the response current is
maximum at -0.5V. For 1-GCE, the current responses of MgSO, are
2.40%(-0.6V), 3.87%(-0.7V) and 16.06%(-0.8V) of H,0, at the
different potentials, and the current responses of CaCl, are 4.61%(-
0.6V) 13.32%(-0.7V) and 7.89%(-0.8V) of H,0, at the different
potentials. The other five substances have little current response in
the range of-0.4--0.8V. For compound 2, the current responses of
CaCl, are 4.70% (- 0.4V)and 4.13%(-0.6V) of H,0,, and the current
response of NaNO, is 3.58%(-0.4V) of H,0,. The other substances
have little current response at different voltages of -0.4--0.8V.
These above data show that 1-GCE and 2-GCE electrochemical
sensors have excellent selectivity and anti-interference ability, and -
0.5 Vis chosen as the best application potential to detect H,0,.

The sensitivity and detection range of the sensor are two important
evaluation indexes for the sensor materials. Therefore, we use
amperometric current-time (i-t) measurements to study the senor

This journal is © The Royal Society of Chemistry 20xx
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performance of 1-GCE and 2-GCE. As shown in Fig. S48 and Fig. 11c,
the measurements are performed by adding different
concentrations of H,0, in 0.1M H,SO, + 0.5M Na,SO,; aqueous
solution at the potential of -0.5V. With the addition of H,0,, the
response current of 1-GCE and 2-GCE are gradually enhanced.
However, the response current of 2-GCE is more than 1-GCE,
indicating that the addition of ethylenediamine molecule is
beneficial to enhance the catalytic performance of H,0,, which is
consistent with the conclusion obtained by CVs. A calibration
curve(Fig. S49 and Fig. 11d) is drawn to reflect the relationship
between the response current(l) and the different concentrations of
H,0,(C): I= -0.073185C-39.71112 R2?=0.971(1-GCE), I= -0.07052C-
98.9396 R2=0.993(2-GCE). The broad detection range of the sensors
to H,0, are 1.20 mM to 3.20mM (1-GCE) and 19.95 uM to 0.90 mM
(2-GCE)(signal-to-noise ratio:S/N=3) with the detection limit of
0.93uM, 0.86uM and the response time is 4s, 2s, respectively. In
order to reflect the properties of compounds 1 and 2 sensor
materials more intuitively, we compare their properties with some
reported studies in Table S5, shown that the two sensors have a
wider linear range and a lower detection limit. These properties are
due to the rapid and progressive electronic transfer performance
and excellent catalytic properties between {AlW;,}, the polymer
chains(Cu or Ag) can accelerate the transfer rate between electrons,
while the small ethylenediamine molecule provides more active
sites.
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Fig. 11 (a) Reduction of H,0, at 2-GCE (Scan rate: 50mVs?) (b)The
selectivity profile of compound 2 at -0.4~-0.8V (c)The i-t curve of
compound 2 with successive additions of H,0, (d)The linear
relationship between the current response of compound 2 and the
concentration of H,0,

The stability and repeatability are important in practice of the
excellent electrochemical sensors. The stability of 1-GCE and 2-GCE
are the CVs of 1000 cycles at a 50 m V s with -0.8-0.5 V in the 0.1M
H,SO, + 0.5M Na,S0,4. As shown in Fig.S50, the peak current and
peak potential did not change significantly after 1000 cycles, and
the retention rates were 83.89%(1-GCE) and 93.32% (2-GCE),
indicating that compounds 1 and 2 had good stability after

This journal is © The Royal Society of Chemistry 20xx
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continuous cyclic voltammetry scanning. The reproducibility, of 1
GCE and 2-GCE are carried out by imhiersingO3¥noTdemtical
electrodes under the same condition in the above-described
analyte solution. As shown in Fig.S51, standard deviation(RSD) of 1-
GCE and 2-GCE are 2.27% and 2.04%, show that the sensors have
excellent reproducibility.

The mechanism of the sensor is explained according to the previous
literature®”%8, and the equation is as follows:

H,0,+e - OH,q+OH™ (a)
OH,q+e™ = OH™ (b)
20H- +2H* > 2H,0 (c)

During the reaction, the key step of controlling the reaction rate is
the formation of OH,y. However, compound 2 has better sensor
performance than compound 1 and other studies are as following
reasons: (1) On the one hand, polymer chains and ethylenediamine
ligands are beneficial to the uniform dispersion of {AlWq,} and
promote electron transfer. On the other hand, the covalent bond of
the polymer chains and the supramolecular interaction of
ethylenediamine molecules inhibit the volume change of {AIW,}
and improve the stability and optimal contact property of the
material. (2) The {AIW3,} in the stacking 3D structure is involved in
the redox reaction and provides electrons due to the mutual
transformation of W®* and W>*, which is beneficial to the forward
movement of the reaction. (3) Polymers chains are rich in channels,
which not only promote the diffusion and storage/transmission of
electrons, but also evenly disperse {AIW3,} uniformly to prevent
{AIW1,} from being dissolved in the electrolyte. (4) m-m binding
between different conductive polymer chains not only promotes
the polymerization of polymer chains on the surface of {AIW,}, but
also shortens the diffusion time, improves the efficiency of proton
transfer and the reaction kinetics on the surface of electrode
material. Therefore, the research of compounds 1-2 provides a new
idea for novel sensor materials.

Experimental

Synthesis of compound 1: A mixture of Na,WO, - 2H,0 (0.33 g,
1mmol), Al(NO3)3-9H,0(0.038 g, 0.1mmol), AgNOs (0.05 g, 0.3mmol),
4,4'-bipy(0.028 g, 0.2mmol), and H,0 (10mL) was stirred for half an
hour in air. Then the pH was adjusted to 4.0 by diluting
ethylenediamine solution and 4 M HNOs;. The mixture was then
transferred to a Teflon-lined autoclave (23mL) and kept at 160 °C
for 4 days. After the sample was slowly cooled to room
temperature, the light yellow crystals were filtered off, washed with
distilled water, and dried in a desiccator at room temperature to
give a vyield of 58.6% based on W. Anal. Calc. for
C30H24Ag3AIN6044W12: C, 9.65; H, 0.64; Ag, 8.68; N, 2.25; Al, 0.72;
W, 59.18(%). Found: C, 9.41; H, 0.71; Ag, 8.63; N, 2.31; Al, 0.71; W,
59(%). Selected IR (KBr pellet, cm™): 3496(m), 1608(s), 953(s),
887(s), 802(m), 766(s).
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Synthesis of compound 2: The synthesis of compound 2 is the same
as that of compound 1 except AgNO; were replaced by CuCl,-6H,0
(0.05g, 0.3mmol), the orange crystals were filtered off, washed with
distilled water, and dried in a desiccator at room temperature to
give a yield of 55.2% based on W. Anal. Calc.C30H24Cu3AIN6
041W12 for: C, 10.14; H, 0.68; Cu,5.41; N, 2.37; Al, 0.76; W,
62.18(%). Found: C, 10.24; H, 0.64; Cu, 5.35; N, 2.34; Al, 0.73; W,
62.24(%). Selected IR (KBr pellet, cm): 3442(m), 1612(s), 962(s),
882(s), 812(m), 761(s).

Conclusions

In summary, using {AIW3,} polyoxianions, metal ions, 4,4-bipy and
ethylenediamine as raw materials, two kinds of MXene-like single
crystals were successfully synthesized and directly used as
supercapacitors, sensor electrode materials and photocatalysts. The
capacitors of 1-CC and 2-CC electrodes are 478.41 and 625.99 Fg!
(at 1.0 A g1), and the cyclic stability of two electrodes are above
95% retention after 5000 cycles. A fully symmetrical water system
supercapacitor was prepared with compound 2, and the maximum
energy density of 6.32 Wh kg can be achieved at a power density
of 237 W kg%, which is clearly superior to those of many previously
reported supercapacitors. Meanwhile, compounds 1-2 were used as
electrode materials to test the new sensitive current hydrogen
peroxide sensor, display that the linear ranges are 1.20 mM to
3.20mM (1-GCE) and 19.95 uM to 0.90 mM (2-GCE)with the
detection limit of 0.93uM, 0.86uM (response time: 4s, 2s). In
addition, compounds exhibits excellent photocatalytic degradation
ability for typical dyes.®OH is the principal active substance and the
degradation reaction is AOPs. Three dyes react with ¢OH to break
the bonds to form phenols, aldehydes, quinones, carboxylic acids
and alcohols, which are finally mineralized into H,0 and CO,.
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