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Abstract 
Two silver cluster compounds {[Co(1,10′-phen)3]2‧[Ag8I12]} (1) and {[Co(2, 2′-bipy)3]‧[Ag10I11]‧(OH)‧3DMF‧2H2O} (2) 
(1,10′-phen = 1,10′-phenanthroline, 2, 2′-bipy = 2,2′-bipyridine) were designed and synthesized by solvent evaporation 
method. The two silver cluster compounds were characterized by elemental analysis, infrared spectroscopy, ultraviolet 
spectroscopy, thermogravimetric analysis and X-ray powder diffraction. The crystal structures of compounds 1 and 2 were 
determined by X-ray crystallography diffraction. Through the electrostatic interaction between the metallic Ag cluster moiety 
and the metallic Co cluster moiety, form stable interlaced layered super molecular structures. In order to explore functional 
properties, the catalytic reduction of p-nitrophenol (PNP) and electrochemical behavior of compounds 1 and 2 were explored. 
The results show that compounds 1 and 2 can efficiently catalyze the reduction of PNP in the aqueous solution, and the 
reduction and removal rate can reach more than 90%.
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1 Introduction

Nowadays, with the rapid development of industry, agricul-
ture, and handicrafts, a large amount of hazardous organic 
wastewater is discharged into the water, causing water pollu-
tion, destroying the environmental balance, and even threat-
ening human life and health. Therefore, the development of 
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a catalyst that can efficiently remove organic pollutants has 
become a current research hotspot [1, 2]. Catalytic technol-
ogy is the process of degrading all the pollutants in the aque-
ous solution into non-toxic substances under the action of a 
catalyst. These compounds are usually toxic. Discharge into 
the water will cause water pollution and have carcinogenic 
effects on humans. Among the many pollutants, nitroaro-
matic compounds, especially nitrophenol compounds, 
account for a large proportion. Therefore, the removal of 
nitroaromatic compounds is particularly important [3–5]. 
So, the degradation and catalytic reduction of p-nitrophenol 
(PNP) and other nitrophenol compounds have attracted great 
attention [6–8]. As we know, PNP can be effectively reduced 
to p-aminophenol (PAP). PAP is an effective industrial inter-
mediate, which can be used in analgesic and antipyretic 
drugs, imaging agents, antiseptic lubricants, etc. In 2016, 
Sá et al. used molecular hydrogen as a reducing agent for the 
first time to produce PAP by continuous flow hydrogenation 
of PNP. This method is to convert a toxic substance into 
another non-toxic product through an oxidation–reduction 
reaction, and the by-product is only water, and water is also 
a solvent, which provides a new idea for removing PNP [9]. 
In 2016, Zhu et al. used Ni-Ca-Al2O3 to catalyze the reduc-
tion of PNP. The mechanism is that Ni-Ca-Al2O3 catalyzes 
the release of  H2 from  NaBH4, and then reduces PNP to 
PAP [10]. In 2019, Chen et al. synthesized W-TiO2/SiO2 
catalyst and studied that it can photo catalyze PNP with a 
mineralization rate of about 99%. PNP is first degraded into 
intermediates by light, and these intermediates are further 
degraded into smaller fragments such as organic carbox-
ylic acids, and finally fully mineralized [11]. It can be seen 
that catalytic technology is widely used in the treatment of 
organic pollutants, and its removal effect is also significant. 
In 2020, Feng et al. used nano-pyrite to catalytically reduce 
PNP. Nano-pyrite is dissolved to release  Fe2+ under acidic 
conditions, and then  H2O2 is added.  H2O2 produces a large 
amount of •OH under the action of  Fe2+, and finally ⋅OH 
catalyzes reduction of PNP to produce  CO2 and  H2O [12]. 
Eshaq et al. prepared a core–shell nanostructure  FeVO4@
CeO2, which was used as a catalyst to achieve the catalytic 
reduction and degradation of PNP [13]. Catalytic hydrogena-
tion is a method in which  NaBH4,  H2O or  C2H5OH is used as 
a hydrogen donor to provide active hydrogen for the catalytic 
process, and then the aromatic nitro compound is catalyti-
cally reduced to an aromatic amino compound [14–17]. In 
2020, Shimoga et al. studied the mechanism of silver nano-
particles (SNPs) catalyzing the PNP process: After sodium 
borohydride aqueous solution interacts with SNPs, hydro-
gen gas is rapidly generated and adsorbed on the surface of 
SNPs, thereby reducing PNP on the surface of SNPs [18]. 
Today, materials such as nanomaterials, graphene, metal 
oxides and metal organic frameworks have been used as 
catalysts for the catalytic reduction of PNP [19–21]. Among 

them, the metal–organic framework has the characteristics 
of high surface area, high porosity, high stability, etc., which 
has attracted wide attention. Therefore, looking for an effi-
cient metal–organic framework catalyst has become one of 
the future research directions.

Nitrogen heterocyclic complexes are metal organic frame-
works with specific structures formed by using nitrogen 
heterocyclic organic compounds as ligands and connect-
ing with the central metal. A simple nitrogen heterocyclic 
ring is an organic compound containing a five-membered 
or six-membered heterocyclic structure in the molecule, 
which means that there is at least one nitrogen atom in the 
heterocyclic ring [22]. Nitrogen heterocyclic ligands can 
form π-π interactions between rings to further stabilize the 
structure of the complex [23–27]. In 2016, Cheng et al. 
synthesized [{Ru(bpy)2}3(μ3-L2)](PF6)6 (bpy = 2,2’-bipy-
ridine), and studied its photophysical and electrochemi-
cal properties [28]. In 2017, Bedowr et  al. synthesized 
[Cu(η1–(OOCR)2(2,2'-bpy) (4,4'-bpy)] (2,2'-bpy = 2,2'-bipy-
ridine, 4,4'-bpy = 4,4'-bipyridine), and its magnetic proper-
ties were studied [29]. In 2018, Gaml et al. synthesized the 
complex [Ru(bpy)2(Hapbim)]2+ (bpy = 2,2'-bipyridine, Hap-
bim is 2-aminophenylbenzimidazole), and measured it by 
spectrophotometry Optical properties [30]. In 2019, Doyle 
et  al. synthesized {[Hphen][Fe(phen)(H2P2O7)2]·2H2O} 
(phen = 1,10′-phenanthroline) and studied its magnetic 
properties [31]. Yakhvarov et al. synthesized new nickel 
phosphate complexes [Ni(HPO4)(bpy)2] (bpy = 2,2'-bipyri-
dine) and [Ni(HPO4)(phen)2]. The X-ray crystal structure 
analysis of the complexes showed that the nickel ions have 
a twisted octahedral complex. The complex structure and 
diverse functions of silver clusters have attracted wide atten-
tion [32]. In 2016, An et al. used the fluorescence enhance-
ment of the silver nanocluster complex to efficiently detect 
calcium ion [33]. In 2017, Zang et al. connected the silver 
cluster complexes to adaptable ligands to connect them to 
each other and form a rigid metal–organic framework. Multi-
color lights made of volatile organic compounds that are 
triggered off by oxygen [34]. In 2018, Liang et al. stated in 
a review that several silver complexes have antibacterial, 
antifungal, anticancer and other biological activities [35]. 
In 2020, Weng et al. designed a thermally fluorescent color-
changing elastic polymer film by incorporating silver nano-
clusters. The color of the polymer film changes when the 
temperature is higher than 120 ℃, and the fluorescence was 
enhanced [36]. In 2020, Xue et al. synthesized two com-
pounds {[Cr(DMSO)6][Ag6I9]·H2O} and {[Ni(DMSO)6]
[Ag5I7], compounds possesses photodegradation activity 
and recyclability toward methyl violet, and studied pho-
tocatalytic mechanisms for compounds [37]. In 2021, Pan 
et al. report a dia-type metal–organic hybrid network based 
on the  [Ag4Br6] clusters and hexamethylenetetramine mol-
ecules, the complex presents a dual emission and exhibits 
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luminescent thermochromism behavior [38]. In 2021, Lu 
et al. synthesized Ag/Au clusters by reacting the π-acidic 
cyclic trinuclear Ag(I) pyrazolate and its Au(I) analogue 
with 3-substituted phenylacetylene, the Ag/Au clusters 
exhibit high-energy phosphorescence tunable from blue 
to cyan through the modulation of the substituents on the 
phenylacetylene ligand [39]. At present, the silver cluster 
compounds are still under continuous research.

There fo re ,  two  s i lve r  c lus te r  compounds 
{[Co(1, 10 ′-phen)3]2‧ [Ag8I12]} (1) and {[Co(2,2-
bipy)3]‧[Ag10I11]‧(OH)‧3DMF‧2H2O} (2) were designed 
and synthesized based on 1, 10′-phenanthroline and 2, 
2ʹ-bipyridine ligands by solvent evaporation method, the 
electrochemical behavior of 1 and 2 and the optimal rest-
ing time, pH and sweep rate of the cyclic voltammetry 
curve were studied. The catalytic reduction of PNP was 
also explored, and the catalytic reduction of PNP was also 
investigated. The mechanism of the process was speculated, 
the reduction and removal rate can reach more than 90%.

2  Experimental

2.1  Materials and Method

All chemicals purchased were of reagent grade or better and 
were used without further purification. Solvents were puri-
fied according to the standard methods. The instrument used 
in this work is in the supporting information.

2.2  Preparation of 1 and 2

In this work, 1,10′-phenanthroline and 2,2′-bipyridine were 
used as ligands,  AgI2

− was used as the metal source, and the 
silver cluster compounds 1 and 2 was synthesized by solvent 
volatilization under the conditions of DMF solvent [40]. The 
detailed preparation methods of 1 and 2 were described in 
the supporting information. The synthetic route for the com-
pounds 1 and 2 were summarized in Scheme 1.

2.3  Fabrication of Electrodes

The BCPE was made by 0.75 g of graphite powder and 
0.25 g of paraffin wax. Mixed the two evenly, after 3 times 
of heating and grinding, put them into a self-made glass tube 
with a diameter of 3 mm, and finally insert a copper wire 
[41, 42]. The same process to prepare the working electrode. 
During the grinding, add 10 mg of the compound was added 
to the carbon paste.

Cyclic voltammetry uses a three-electrode system: the 
reference electrode is a saturated calomel electrode, the 
counter electrode is a platinum electrode, the working elec-
trode is a carbon paste electrode, and the electrolyte solution 
is a 1 M KCl solution. Measure cyclic voltammetry curves at 
different scanning speeds, different static times and different 
pH value [43].

2.4  Catalytic Experiment of Compounds

Add 20  mL PNP solution and 2  mL  NaBH4 solution 
together, the solution turns bright yellow, and then add a 
certain amount of compound and ultrasonic for 30 s, and 
measure the absorbance of the solution at a specific wave-
length at different time intervals with an ultraviolet–visible 
spectrophotometer, calculate the reduction rate of PNP. Fig-
ure S1 was standard curve of PNP solution.

3  Results and Discussion

3.1  IR Spectra

The IR spectra of a series of the complexes were shown in 
Figure S2. In the IR spectrum of 1, the characteristic peak 
at 1673  cm−1 is attributed to the C=N stretching vibration, 
while the C=N stretching vibration peak of the ligand 1, 10'-
phen is at 1654  cm−1. The C=N stretching vibration peak of 
1 is red-shifted compared to the C=N stretching vibration 
peak of ligand 1, 10′-phen, which indicates that the metal 
Co(II) is coordinated with the ligand. In the IR spectrum 
of 2, the vibration peak at 1663  cm−1 is considered to be 
the stretching vibration of C=N, while the C=N stretching 
vibration of ligand 2, 2ʹ-bipy appears at 1665  cm−1. The 
C=N stretching vibration of 2 is blue-shifted compared 
to the C=N stretching vibration peak of ligand 2, 2ʹ-bipy, 
which indicates that the metal Co(II) is coordinated with 
the ligand. The main infrared data were listed in Table S3.

3.2  UV–Vis Spectra

The UV–Vis spectra of a series of the compounds were 
shown in Figure S3. The π–π* transition and n–π* transition 
of the ligand 1, 10′-phen appear at 256 nm and 325 nm. For 

Scheme 1  The synthetic routes of 1 and 2 



1698 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:1695–1711

1 3

1, the two strong absorption bands at 220 nm and 308 nm 
were attributed to the ligand-to-ligand charge transition 
(LLCT). The strong absorption band at 376 nm can be attrib-
uted to the ligand-to-metal charge transition (LMCT) [44, 
45]. It further shows that the metal Co(II) is coordinated 
with the ligand 1, 10′-phen. The two strong absorption bands 
at 213 nm and 309 nm are the π–π* and n–π* transitions of 
2, which can be attributed to the ligand-to-ligand charge 
transition (LLCT). The π–π* transition and n–π* transition 
of the ligand 2, 2ʹ-bipy appear at 264 nm and 316 nm. The 
strong absorption band at 431 nm can be attributed to the 
ligand-to-metal charge transition (LMCT). It further shows 
that the metal Co(II) is coordinated with the ligand 2, 
2ʹ-bipy. Due to the wavelength limitation of the instrument, 
the characteristic absorption peak of Co is not shown. The 
main UV–vis spectra data were listed in Table S4.

3.3  Powder X‑Ray Diffraction (PXRD)

The experimental and simulated PXRD patterns of 1 and 
2 are shown in Figure S4. As shown in the Figure S4a and 
Figure S4b, although the peak intensity of the experimental 
PXRD pattern and the simulated PXRD pattern are slightly 
different, the positions of the respective peaks are almost 
the same. This indicates that 1 and 2 are pure phase with-
out impurities. At the same time, as shown in Figure S5a 
and Figure S5b, the crystallinity of 1 and 2 was calculated 
according to the jade 5 software, which were 54.62% and 
74.65%, respectively.

3.4  Thermogravimetric Analyses (TG)

To verify the thermal stability of the compound, thermo-
gravimetric analysis was performed at a heating rate of 
10 °C/min under a  N2 atmosphere with the temperature range 
from 30 to 800 °C. The TG curve of 1 was shown in Figure 
S6a, the first stage of weight loss occurs at 30–560 ℃, and 
the actual weight loss rate is 29.6% (theoretical weight loss 
rate: 30.1%), which corresponds to the loss of six 1,10'-phen 
ligands. The second weight loss stage occurs at 560–800 ℃, 
the actual weight loss rate is 8.6%, which corresponds to the 
collapse of the framework, and the final residue was metal 
oxide. The TG curve of 2 was shown in Figure S6b, the first 
stage of weightlessness occurs at 30–150 ℃, and the actual 
weight loss rate is 1.7% (theoretical weight loss rate: 1.6%), 
which corresponds to the loss of two water and a hydroxide 
ion. The second stage of weight loss occurs at 150–530 ℃, 
and the actual weight loss rate is 16.9% (theoretical weight 
loss rate: 16.0%), which corresponds to the loss of three 
DMF and three 2, 2ʹ-bipy. The third weight loss stage occurs 
at 530–800 ℃, the actual weight loss rate is 6.0%, which cor-
responds to the part collapse of the framework, and the final 
residue was metal oxide. Comparing the weight loss of 1 

and 2, the thermal stability of 2 is relatively better. The main 
thermogravimetric analyses data were listed in Table S5.

3.5  Crystal Structures of the Compounds 1 and 2

Compound 1 belongs to the monoclinic system with P21/c 
space group. The molecular structure includes a metallic 
Ag cluster and a Co cluster dimer with six 1,10'-phen. The 
metal Co atom chelates with six nitrogen atoms (N1–N6) 
from three 1,10'-phen to form a six-coordinate octahedral 
configuration, as shown in Fig. 1a. The coordination mode 
of ligand 1, 10′-phen is μ2-ηN1ηN1, as shown in Fig. 1c. The 
Ag clusters consist of eight silver ions and twelve iodide 
ions, as shown in Fig. 1b.

In the Ag cluster, both Ag1 and Ag2 form a deformed 
triangular pyramid structure, Ag1 is coordinated by two μ2-I 
(I2, I8) and one μ3-I (I3), Ag2 is coordinated by two μ2-I (I1, 
I2) and one μ3-I (I4). Among them, Ag3, Ag4, Ag5, Ag6, 
Ag7 and Ag8 all form a twisted tetrahedral configuration, 
Ag3 is coordinated by two μ2-I (I1, I12) and two μ3-I (I3, I5), 
Ag4 is coordinated by three μ3-I (I3-I5) and one μ4-I (I6), 
and Ag5 is coordinated by two μ2-I (I7, I8), one μ3-I (I4) and 
one μ4-I (I6), Ag6 is coordinated to one μ2-I (I10), two μ3-I 
(I5, I11) and one μ4-I (I6), Ag7 is coordinated to two μ2-I 
(I7, I9), one μ3-I (I11) and one μ4-I (I6), Ag8 is coordinated 
to three μ2-I (I9, I10, I12) and one μ3-I (I11). The coordina-
tion environment of metallic Ag ions is shown in Table S6. 
The bond length range of Ag-I bond in compound 1 is about 
2.709–3.252 Å, which is similar to the bond length range of 
Ag-I bond 2.737–3.181 Å reported in the literatures [46–48]. 
Six tetrahedral  AgI4 and two triangular pyramid  AgI3 are 
connected by sharing edges to form  Ag8I12 building block of 
Ag cluster. As shown in Fig. 1d, the  Ag8I12 building blocks 
are connected by  I12 to form a one-dimensional chain struc-
ture. As shown in Fig. 1e and 1f, a more stable interlaced 
layered structure is formed between the metal Ag cluster 
part and the metal Co cluster part through the electrostatic 
interaction between the anion and the cation.

Compound 2 belongs to the monoclinic system with C2/c 
space group. The molecular structure includes a metal Ag 
cluster, a metal Co cluster, a hydroxide ion, three free DMF 
and two lattice water. In the structure, the Co cluster is a cat-
ionic cluster with +2 valence. As shown in Fig. 2a, the metal 
Co atom and six nitrogen atoms from three 2, 2ʹ-bipyridine 
(N1–N3,  N1#1–N3#1; #1: 1 − x, y, 0.5 − z) form a six-coor-
dinate octahedral configuration. As shown in Fig. 2c, the 
coordination mode of ligand 2, 2ʹ-bipyridine is μ2-ηN1ηN1. 
Ag clusters are anionic clusters with -1 valence and consist 
of ten silver ions and eleven iodide ions as shown Fig. 2b. 
In which, Ag1 is coordinated by four μ4-I (I1,  I1#1, I2,  I2#1) 
to form a tetrahedral configuration. Ag2 is coordinated by a 
μ2-I (I4), a μ3-I (I3) and a μ4-I (I4) to form a deformed trian-
gular pyramid configuration. Ag3 is coordinated by one μ2-I 
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(I4) and two μ3-I (I5,  I5#1) to form a triangular pyramid con-
figuration. Ag4 is coordinated by a μ2-I (I4) and a μ4-I (I6) to 
form a V shape. Ag5 is coordinated by one μ3-I (I3) and six 
μ4-I (I1,  I1#1, I2, I5, I6,  I6#1) to form a deformed pentago-
nal biconical configuration. Ag6 is coordinated by one μ3-I 
(I3) and four μ4-I (I1, I2, I5, I6) to form a triangular double 
cone configuration. The coordination environment of metal-
lic Ag ions is shown in Table S6. The bond length range of 
Ag-I bond in compound 2 is 2.736–3.212 Å, which is simi-
lar to the bond length range of Ag-I bond (2.737–3.181 Å) 
reported in the literatures [46–48]. Two V shaped  AgI2, three 

triangular pyramid configuration  AgI3, one tetrahedral con-
figuration  AgI4, two triangular biconical configuration  AgI5 
and two deformed pentagonal biconical configuration  AgI7 
are connected by the sharing edges to form a "kite Shaped" 
 Ag10I11 building block. As shown in Fig. 2d, the building 
blocks are connected by shared edges Ag3–I4 to form a one-
dimensional chain structure. Similarly, like the structure of 
1, as shown in Fig. 2e and 2f, a more stable interlaced lay-
ered super molecular structure is formed between the metal 
Ag cluster part and the metal Co cluster part through the 
electrostatic interaction between the anion and the cation.

Fig. 1  Compound 1: a the 
coordination environment of 
metal Co; b the coordination 
environment of metal Ag; c 
the connection mode of ligand 
phen; d 1D chain structure; 
e 2D layered structure; f 2D 
layered structure

Fig. 2  Compound 2: a The 
coordination environment of 
metal Co; b The coordination 
environment of metal Ag; c The 
connection of ligand 2, 2ʹ-bipy; 
d 1D chain structure; e 2D lay-
ered structure (#1: 1-x, y, 0.5-z); 
f 2D layered structure (#1: 1-x, 
y, 0.5-z)
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3.6  Electrochemical Properties of 1 and 2

Figure 3 is the CV curve of carbon paste electrode and 
compounds 1 and 2 electrode in NaOH electrolyte solu-
tion. Compared with the carbon paste electrode, the redox 
peak of 1 and 2 appeared. Figure 3a is the CV curve of 
1, The oxidation peak is at 0.276 V and its current value 
is 2.696 ×  10–7 A; the reduction peak is at − 0.015 V and 
its current value is -2.407 ×  10–7 A. Figure 3b is the CV 
curve of 2. The oxidation potential is at 0.261 V and the 
current value is 8.018 ×  10–6 A; the reduction potential is at 
0.039 V and the current value is -1.347 ×  10–5 A. According 
to Eq. 1, it can be detected whether the electrode reaction 
is Nernst reaction. When T = 298 K, it can be simplified 
to ΔEp = 59/z. When the value of ΔEp is close to 59/z, the 
electrode reaction is a reversible reaction. The ΔEp value of 
1 is 251 mV, the ΔEp value of 2 is 222 mV, and its ΔEp value 
cannot be close to 59/z, so the electrode reactions of 1 and 2 
are all irreversible reactions. In an irreversible reaction, the 
number of transferred electrons in the oxidation process can 
be calculated by Eq. 2. According to Eq. 1, the number of 
transferred electrons of 1 and 2 is calculated to be 1.5 and 
1.5, respectively. Therefore, the compounds 1 and 2 transfer 
1.5 electrons during the oxidation process.

where ΔEp is the difference between oxidation potential 
and reduction potential (mV), R is 8.314 J/(mol K), T is tem-
perature (K), z is the number of transferred electrons, F is 
96500 C/mol, Ep is the oxidation peak Potential (mV), Ep/2 
is the half-peak potential (mV), α is the electron transfer 
coefficient, which is approximately 0.5, and n is the number 
of transferred electrons.

(1)ΔEp = 2.3RT∕zF

(2)∣Ep − Ep∕2∣ = 47.7∕(1 − �) n

3.6.1  The Influence of Different Scanning Speed on Cyclic 
Voltammetry

By studying the CV curves of 1 and 2 at different scan rates, 
the CV curve at the best scan rate was determined. It can be 
seen from Fig. 4 that with the increase of the sweep rate, 
the peak current of the reduction potential and the oxida-
tion potential of 1 first increase to the maximum and then 
decrease. At a sweep rate of 0.05 V/s, the peak current of 
1 reaches the maximum and the peak shape is complete. 
Therefore, the best sweep speed of the CV curve of 1 is 
0.05 V/s. Figure 5a and Fig. 5b are the CV curves of 2 at 
different sweep speeds. It can be seen from the figure that 
the reduction potential and the peak current of the oxidation 
potential of 2 increase with the increase of the sweep rate. 
When the sweep speed is 0.1 V/s, the peak current reaches 
the maximum and the peak shape is complete. Therefore, the 
best sweep rate for the CV curve of 2 is 0.1 V/s.

3.6.2  The Influence of Different Resting Time on Cyclic 
Voltammetry

Through the research on the CV curve of 1 and 2 under 
different resting time, the CV curve under the best resting 
time is determined. It can be seen from Fig. 6 that the peak 
currents of the oxidation potential and reduction potential 
of 1 gradually decrease and then almost remain unchanged 
when the resting time increases. When the rest time is equal 
to 5 s, the peak current of the CV curve of 1 reaches the 
maximum and the peak shape is complete. Therefore, the 
optimal resting time of the CV curve of 1 is 5 s. It can be 
seen from Fig. 7 that as the sweep rate increases, the peak 
current of 2 also decreases, and remains unchanged after 
decreasing to the minimum. When the sweep speed is 5 s, 
the peak current reaches the maximum and the peak shape 
is perfect. Therefore, the optimal resting time of the CV 
curve of 2 is 5 s.

Fig. 3  CV curves of bcpe and 1 and 2 
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3.6.3  The Influence of Different pH on Cyclic Voltammetry 
Curve

The CV curves of 1 and 2 were tested under the condition of 
phosphate buffer solution of different pH to study the effect 

of pH on the CV curves of 1 and 2. It can be seen from Fig. 8 
that as the pH changes from 5 to 6, the peak current of the 
reduction potential and oxidation potential of 1 reaches the 
maximum; as the pH changes from 6 to 8, the peak cur-
rent gradually decreases. Therefore, pH = 6 can be used as 

Fig. 4  a CV curves of 1 at different scan rates; b the line chart of peak current at different scan rates of 1 

Fig. 5  a CV curves of 2 at different scan rates; b the line chart of peak current at different scan rates of 2 

Fig. 6  a CV curves of 1 at different time; b the line chart of peak current at different time of 1 
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the optimal pH for the CV curve of 1. It can be seen from 
Fig. 9 that with the increase of pH, the peak current of 2 also 
increases, increases to the maximum and then decreases. 
When the pH is 8, the peak current reaches the maximum 

and the peak shape is good. Therefore, the optimal pH of the 
CV curve of 2 is 8. 

Fig. 7  a CV curves of 2 at different time; b the line chart of peak current at different time of 2 

Fig. 8  a CV curves of 1 at different pH; b the line chart of peak current at different pH of 1 

Fig. 9  a CV curves of 2 at different pH; b the line chart of peak current at different pH of 2 
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3.7  Catalytic Reduction of PNP by 1 and 2

After adding  NaBH4 to the PNP solution, the color changed 
to bright yellow and a characteristic peak appeared at 
400 nm. This is because PNP is ionized under alkaline con-
ditions, and a large amount of  H+ are released under the 

condition of the catalyst, and PNP is catalytically reduced to 
PAP. The characteristic absorption peak of PAP is at 298 nm. 
As shown in Fig. 10, as time increases, the characteristic 
peak at 400 nm gradually decreases, while the character-
istic peak at 298 nm gradually increases. This means that 
the concentration of PNP is gradually decreasing, and the 

Fig. 10  Curves of catalytic reduction of PNP: a 1; b 2 

Fig. 11  Effect of  NaBH4 concentration on catalytic reduction of PNP with 1: a 0.1 M; b 0.2 M; c 0.4 M; d Comparison of removal rates
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concentration of PAP is increasing. It can be seen that PNP 
is catalytically reduced to PAP under the combined action of 
1 and 2 and  NaBH4, and the reduction rates of 1 and 2 can 
reach more than 90%.

3.7.1  The Effect of Different Concentrations of Sodium 
Borohydride

Because  NaBH4 is a key parameter that controls the entire 
redox reaction, it is necessary to determine the optimal 
concentration of  NaBH4. A series of catalytic reduction 
experiments were carried out under the conditions of  NaBH4 
concentration of 0.1–0.4 M, PNP concentration of 0.1 mM 
and 5 mg of the compound. As shown in Fig. 11, when the 
 NaBH4 concentrations were 0.1 M, 0.2 M, and 0.4 M, the 
removal rates of PNP by the catalytic reduction of 1 were 
95.7%, 94.4% and 97.4%, respectively. As the concentration 
of  NaBH4 increases, the removal rate of catalytic reduction 
of PNP does not change significantly. Taking into account 
the length of the reduction time, the optimal concentration 
of  NaBH4 for the catalytic reduction of PNP in 1 was deter-
mined to be 0.2 M. As shown in Fig. 12, when the  NaBH4 

concentration is 0.1 M, 0.2 M, and 0.4 M, the removal rate 
of PNP by the catalytic reduction of 2 is 30.1%, 92.9%, 
and 99.3%, respectively. As the concentration of  NaBH4 
increases, the removal rate of catalytic reduction PNP also 
increases, but the removal rate of 0.2 M and 0.4 M  NaBH4 
does not change much. Taking into account the utilization of 
the compound, the optimal concentration of  NaBH4 for the 
catalytic reduction of PNP in 2 was determined to be 0.2 M.

3.7.2  The Effect of Different Concentrations of PNP

In order to determine the optimal concentration of PNP in 
the catalytic reduction process, a series of catalytic reduc-
tion experiments were carried out under the condition that 
the  NaBH4 concentration was 0.2 M and the 5 mg com-
pound was unchanged. As shown in Fig. 13, when the PNP 
concentrations were 0.05 mM, 0.1 mM, and 0.15 mM, the 
removal rate of PNP by the catalytic reduction of 1 was 
97.0%, 94.4%, and 90.1%, respectively. As the PNP con-
centration increases, the removal rate of catalytic reduc-
tion PNP decreases, but the removal rate does not change 
much. The time for catalytic reduction of 0.15 mM PNP 

Fig. 12  Effect of  NaBH4 concentration on catalytic reduction of PNP with 2: a 0.1 M; b 0.2 M; c 0.4 M; d Comparison of removal rates
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solution of 1 is 70 min, which is relatively long, while the 
time for catalytic reduction of both 0.05 mM and 0.1 mM 
PNP solutions is 15 min. Taking into account the length of 
the reduction time and the utilization of the compound, the 
optimal PNP concentration for the catalytic reduction of 1 
was determined to be 0.1 mM. As shown in Fig. 14, when 
the PNP concentration is 0.05 mM, 0.1 mM, and 0.15 mM, 
the removal rate of PNP by the catalytic reduction of 2 is 
100%, 92.9%, and 62.8%, respectively. With the increase 
of PNP concentration, the removal rate of PNP by the cata-
lytic reduction of 2 decreases. When 2 is used for catalytic 
reduction of 0.05 mM PNP solution, the reduction time is 
2 min, which does not make full use of the compound. When 
catalytic reduction of 0.15 mM PNP solution, the reduction 
time is longer and the reduction rate is lower. Taking into 
account the utilization of the compound and the reduction 
removal rate, the optimal PNP concentration for the catalytic 
reduction of 2 was determined to be 0.1 mM.

3.7.3  The Influence of the Amount of Different Catalysts

In order to make full use of the reducibility of the compound, 
the optimal dosage of the compound in the catalytic reduc-
tion of PNP was determined. A series of catalytic reduction 
experiments were carried out under constant conditions of 
 NaBH4 concentration of 0.2 M and PNP concentration of 
0.1 mM. As shown in Fig. 15, in the case of 3 mg, 5 mg, and 
10 mg of 1, the removal rates of catalytic reduction of PNP 
are 83.4%, 94.4%, and 97.7%, respectively. With the increase 
of the amount of 1, the removal rate of catalytic reduction 
PNP increases, but the degree of removal rate changes lit-
tle. Taking into account the length of the reduction time 
and the utilization of the compound, the optimal dosage of 
1 was determined to be 5 mg. As shown in Fig. 16, in the 
case of 3 mg, 5 mg, and 10 mg of 2, the removal rate of PNP 
by the catalytic reduction of 2 is 48.6%, 92.9%, and 100%, 
respectively. As the amount of 2 increases, the removal rate 

Fig. 13  Effect of PNP concentration on catalytic reduction of PNP with 1: a 0.05 mM; b 0.1 mM; c 0.15 mM; d Comparison of removal rates
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of catalytic reduction of PNP increases. When 10 mg of 2 is 
used for catalytic reduction of PNP solution, the reduction 
time is very short, and it is useless to make full use of the 
compound. When 3 mg of 2 is used for catalytic reduction 
of PNP solution, the reduction time is longer and the reduc-
tion rate is lower.

Therefore, considering the utilization and reduction rate 
of the compound, the optimal dosage of 2 was determined 
to be 5 mg.

3.8  Kinetic Study of Catalytic Reduction Process

In order to analyze the kinetic behavior of the catalytic 
reduction of PNP solution by 1 and 2, we used the quasi-
first-order kinetic Eq. 3 and the quasi-second-order kinetic 
Eq. 4 to linearly fit the catalytic reduction process of PNP, 
and we obtained Fig.  17 and other related parameters 
Table 1.

(3)ln
(

Ct∕C0

)

= −k
1
t

where Ce (mol/L) represents the equilibrium concentra-
tion, Ct (mol/L) represents the concentration at a certain 
moment, k1  (min−1) and k2 (L/(mol/min)) represent the rate 
constant respectively, t (min) Is the reaction time.

It can be seen from Fig. 17 that the R2 values of the 
pseudo-first-order kinetic equation fitted by the catalytic 
reduction of PNP by 1 and 2 are 0.9952 and 0.9901, respec-
tively, which are closer to 1 than the R2 value of the pseudo-
second-order kinetic equation. This indicates that the cata-
lytic reduction of PNP solution by 1 and 2 conforms to the 
quasi-first order kinetic model.

3.9  Study on the Mechanism of Catalytic Reduction 
of PNP

In order to better understand the process of the catalytic 
reduction of PNP solution by 1 and 2, we speculated on the 
mechanism of the catalytic reduction process. It can be seen 

(4)1∕Ct − 1∕C
0
= k

2
t

Fig. 14  Effect of PNP concentration on catalytic reduction of PNP with 2: a 0.05 mM; b 0.1 mM; c 0.15 mM; d comparison of removal rates
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from the above that the compounds 1 and 2 exhibits good 
redox properties. Therefore, the mechanism of the catalytic 
reduction of PNP by 1 and 2 is: (i) The compounds 1 and 2 
oxidize  BH4

− to  BO2
− and release  H+. The reaction energy 

barrier is greatly reduced. The rapid transfer of electrons 
correspondingly increases the surface potential difference 
between the compounds, which increases oxidize  BH4

− by 
compounds, the  H+ released by  BH4

− can catalyze PNP and 
accelerates the reaction rate [49]. It becomes a PAP solution 
and emits hydrogen gas (Fig. 18).

4  Conclusions

This work uses solvent evaporation method to 
design and synthesize two silver cluster com-
pounds {[Co(1,10′-phen)3]2‧[Ag8I12]} (1) and {[Co(2, 

2′-bipy)3]‧[Ag10I11]‧(OH)‧3DMF‧2H2O} (2). The com-
pounds 1 and 2 form an infinite two-dimensional planar 
structure through the electrostatic interaction between anion 
and cation. Compounds 1 and 2 can efficiently catalytically 
reduce PNP in aqueous solution, and the reduction removal 
rate can reach more than 90%. At the same time, kinetic 
analysis showed that the catalytic reduction of PNP by 1 and 
2 fits well with the quasi-first-order kinetic model. The redox 
properties of 1 and 2 were determined by cyclic voltammetry 
curve. Therefore, the mechanism of the catalytic reduction 
of PNP by 1 and 2 is that the silver cluster anion in 1 and 
2 deoxidizes  BH4

− through its own oxidative property and 
releases  H+, and then  H+ catalytically reduces PNP to PAP, 
which releases hydrogen. Therefore, the compounds 1 and 2 
can be used as a reducing agent for efficiently removing PNP 
in aqueous solution, and has good application prospects.

Fig. 15  Effect of compound dose on catalytic reduction of PNP with 1: a 3 mg; b 5 mg; c 10 mg; d comparison of removal rates of PNP in cata-
lytic reduction of 1 with compound dose
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Fig. 16  Effect of compound dose on catalytic reduction of PNP with 2: a 3 mg; b 5 mg; c 10 mg; d comparison of removal rates of PNP in cata-
lytic reduction of 2 with compound dose
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Fig. 17  a Pseudo-first-order kinetic curves of catalytic reduction of 
PNP with 1; b pseudo-second-order kinetic curves of catalytic reduc-
tion of PNP with 1; c pseudo-first-order kinetic curves of catalytic 

reduction of PNP with 2; d pseudo-second-order kinetic curves of 
catalytic reduction of PNP with 2 

Table 1  Correlation data of pseudo-first-order and pseudo-second-
order kinetics

Compounds Pseudo first-order kinet-
ics model

Pseudo secondary-order 
kinetics model

k1  (min−1) R2 k2 (g/(mg‧min)) R2

1 0.1797 0.9952 10.862 0.905
2 0.1044 0.9901 5.5104 0.9592

Fig. 18  Mechanism of catalytic reduction of PNP
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