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In this paper, we report a facile one-pot synthesis method to prepare well dispersed silver nanoparticles (NPs) supported on α-zirconium 

phosphate (α-ZrP) single-layer nanosheets. Silver NPs with a narrow size distribution were reduced on α-ZrP single-layer nanosheet surface 

due to the electrostatic attractions between the positively charged silver cations and the negatively charged α-ZrP nanosheet support. Three 
+reducing agents: glucose, NaBH , and tri-sodium citrate were used to reduce Ag . Transmission electron micrographs show that the reduced 4

silver NPs were well dispersed with a diameter of 18.3 ± 4.4 nm, 48.9 ± 13.8 nm, and 3.5 ± 1.0 nm when reduced by glucose, NaBH , and tri-4

sodium citrate, respectively. Overall, we present a facile method to synthesize Ag NPs with various dimensions for widespread applications.

COMMUNICATION

1. Introduction 
Metal nanoparticles (NPs) have been extensively studied because of 

1their novel properties different from their bulky counterparts.  Previous 

studies have been focusing on controlling the morphology and size of 

NPs, which have led to tunable properties and promising applications in 
2 3 4 5electronics,  optics,  magnetics,  and catalysis.  Studies on Ag NPs are of 

particular interest in recent years thanks to their excellent optical 
6 7 8properties,  antibacterial effect,  and catalytic performance.  Different 

methods on controlling the size of Ag NPs have been developed. 

However, a facile and efficient method to prepare well dispersed Ag 

NPs with a proper range of size distribution is desired. 

One of the characteristic properties of Ag NPs is their optical 

properties. Usually, highly dispersed metal NP suspensions are intense 

in color. The optical properties of metal NPs are the result of collective 

oscillations of conduction electrons of the metal, which is termed as 
6surface plasmon polariton resonance (SPPR)  when excited by 

electromagnetic radiation. Among all metals, silver has the most 

intensive surface plasmon resonance (SPR) band. Moreover, silver 

maintains the highest extinction ratio in the SPR band peak among all 
7known materials that absorb in the same spectrum range.  Another 

characteristic property of silver NPs is their antibacterial effect, which is 

probably because microorganisms are incapable of developing 
9mutations that can resist silver.  A small amount of silver NPs can kill 

10 11most types of bacteria  and they can potentially act as antiviral agents,  

meanwhile it is safe for human cells. Ag NPs and their compounds are 

widely used in protecting human health and food from bacteria and 
12virus in our daily life.   

To maintain the high performance of Ag NPs, it is vital to prevent 

their agglomeration. Conventional methods to prevent oxidation, 

agglomeration, or precipitation of Ag NPs typically involve stabilizing 
13agents such as surfactants.  Both ionic surfactants (such as sodium 

14 15dodecyl sulfate  and cetyltrimethylammonium chloride ) and non-ionic 
16surfactants (such as Tween 80)   were used to control the particle size of 

Ag NPs as well as functioning as a stabilizer. Recently, some novel 
17methods such as chemical reduction by micro-emulsion  and polymer 

18protection  have been developed. Ag NPs with a controllable particle 

size could be synthesized within the internal space of micelles and 
19micro-emulsions owning to their stabilization effect.  Polymers such as 

20 21polyvinylpyrrolidine (PVP),  polyethylene glycol,  poly(methyl 
22 23 24methacrylate),  poly(vinyl alcohol),  polyaniline,  and polyacrylonitrile 

25(PAN)  were also used to protect the formed Ag NPs from 
26agglomeration. Recently, inorganic nanosheets  have proved to be 

27effective supports to stabilize metal NPs.  Both positively charged and 

neutral nanosheets have been used as supports for metal NPs. Layered 

materials, such as clay minerals (montmorillonite, hectorite, etc.) are 

suitable for this purpose because they swell instantly in aqueous 

suspensions which provide a large surface area and large internal space 
28 29to accommodate Ag NPs.  Other layered materials  such as graphene 

was reported to stabilize Ag NPs and the formed composite was used as 
30electrochemical electrode for actuators.  

Herein we report the preparation of Ag NPs supported and 

stabilized by α-zirconium phosphate (Zr(HPO ) ∙H O, α-ZrP) single-4 2 2

layer nanosheets. α-ZrP is a versatile layered compound, which has 
31-41found a wide range of applications.  The lateral dimensions of α-ZrP 

42-45nanosheets can be easily altered by tuning the synthetic conditions.  It 

can be easily exfoliated into single-layer nanosheets and used as a 
46, 47support for guest species.  The surface of ZrP nanosheets is covered 
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31, 42by a high density of acidic hydroxyl groups.  As such, silver cations 

can be absorbed on the negatively charged α-ZrP single-layer nanosheet 

surface by electrostatic interactions and subsequently be reduced to form 

Ag NPs. The stabilized Ag nanoparticles can potentially act as a catalyst 
48for reduction of 4-nitrophenol.  

2. Experiments
Silver nitrate (99.9%), sodium hydroxide (99%), and tri-sodium citrate 

dehydrate (99%) were purchased from Alfa Aesar. D-Glucose 

(Dextrose) anhydrous (99% biotechnology grade) was ordered from 
+ -Amresco. Tetra-n-butylammonium hydroxide solution (TBA OH, 1.0 M 

in methanol) was from Sigma-Aldrich. Zirconyl chloride octahydrate 

(ZrOCl ·8H O, 98%) was purchased from Sigma-Aldrich. O-Phosphoric 2 2

acid was purchased from Fisher Scientific. Ammonium hydroxide (28%)  

was purchased from Sigma-Aldrich. All chemicals were used as 

received without further purifications.  

2.1 Synthesis and exfoliation of α-ZrP
49α-ZrP was prepared via a hydrothermal method.  Typically, 6.0 g 

ZrOCl 8H O was mixed with 60.0 mL 6.0 M H PO  and the mixture 2 2 3 4

was reacted in a Teflon-lined pressure vessel at 200 °C for 24 h. After 

the reaction, the product was centrifuged and washed three times with 

water and ethanol. After washing, the obtained α-ZrP was dried at 100 °C 

for 24 h. The dried α-ZrP was then ground into fine powders. 
+ -The prepared α-ZrP was then exfoliated by TBA OH  in an 

50aqueous dispersion maintained at 0 °C in an ice bath.  Typically, 0.10 g 

α-ZrP was dispersed in 10.0 mL water and ultrasonicated for one hour 
+ -in an ice bath. Then, one molar equivalent TBA OH  was added into α-

ZrP water dispersion. The mixture was stir for one hour and 

subsequently ultrasonicated for an hour in an ice bath to exfoliate α-ZrP. 

2.2 Synthesis of silver nanoparticles 

Generally, a silver precursor was first mixed with α-ZrP single-layer 

nanosheets at a predetermined molar ratio before the reducing agent was 

introduced. According to different methods, heating or cooling was 

applied during the reduction process.

2.2.1 Reduction of Ag NPs by glucose

The traditional silver mirror reaction is adopted in the glucose reduction 
51method.  Ammonium hydroxide (28.0 wt. %) was added drop by drop 

into 50.0 mL, 0.10 M silver nitrate solution under stirring at 60 °C to 
+make Tollens' reagent ([Ag(NH ) ] ) stock solution. During reaction, a 3 2

brown precipitate first formed. Ammonium hydroxide was continuously 

added and gradually the solution became clear. Then, a few drops of 

sodium hydroxide solution were added into the solution. If the brown 

precipitate reformed, additional ammonia solution was added drop by 

drop until the precipitate was dissolved. Then, a suspension containing 

the prepared α-ZrP single-layer nanosheets was added to mix with the 

Tollens' reagent at a pre-determined molar ratio (Ag:α-ZrP ratio). 

Finally, glucose (two molar equivalent of silver) was added into the 
+ +mixture to reduce Ag . Three sets of experiments with Ag  to α-ZrP 

molar ratio of 0.5:1, 1.0:1, and 2.0:1 were conducted to study the 

stabilizing effect.

2.2.2 Reduction of silver NPs by NaBH4

Three solutions, one containing 0.20 g silver nitrate and 50.0 mL water, 

the second was a 13.0 mL suspension of α-ZrP single-layer nanosheets 

(0.01367 g/mL), and the third containing 0.060 g NaBH and 15.0 mL 4 

water, were all cooled down to 0 °C in an ice bath. The first two were 

mixed in an ice bath under stirring. Subsequently, the reducing agent 

(NaBH ) was added into the mixture at 0 °C and stirred for 2 hours until 4

no apparent color change. 

2.2.3 Reduction of silver NPs by tri-sodium citrate  
-3A solution of 50.0 mL AgNO  (10  M) was heated to 105 °C. Then, 3

0.60 mL suspension of α-ZrP single-layer nanosheets (0.01367 g/mL) 

was added to the AgNO  solution under stirring. To this mixture, 5.0 mL 3

of 1% tri-sodium citrate was added drop by drop. The reaction was 

carried out until no further color change after the solution is turned to 

orange. Then, the mixture was removed from the hot plate and further 

stirred overnight. 

2.3 Characterizations

The products were characterized by a X-ray diffractometer (Bruker D8 

with Cu Kα radiation, λ = 1.5406 Å, 40 kV, 40 mA) and a transmission 

electron microscope (JEOL JEM-2010 FASTEM operated at 200 kV). 

3. Results and Discussion
α-ZrP can be effectively exfoliated into single-layer nanosheets by 

+ - 50 +TBA OH.  During the exfoliation process, TBA  was first intercalated 
50in between α-ZrP layers through ion exchange.  The interlayer distance 

+was expanded by the large TBA  ions thus weakening the interlayer 

interactions. Upon further mechanical shearing (stirring and sonication), 

the intercalated α-ZrP can be exfoliated into single layers and stably 

dispersed to form a suspension. The exfoliation process is illustrated in 

Fig. 1. Before exfoliation, the as-prepared α-ZrP (Fig. 2A) has a typical 

size of ca. 600-800 nm in diameter. After exfoliation, the α-ZrP single-

layer nanosheets were ruptured into thin fragments (Fig. 1B). The large 

surface area of α-ZrP single-layer nanosheets makes them an ideal 

candidate to support and disperse Ag NPs. 

+ -Fig. 1 Schematic of α-ZrP exfoliation by TBA OH.
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The negatively charged α-ZrP single-layer nanosheets can 

effectively attract positively charged silver cations by electrostatics 

interactions. When they are mixed together, the attached silver cations 

can be reduced and stabilized on the nanosheet support. The overall 

process is illustrated in Fig. 3. Three conventional reduction agents, 

including glucose, NaBH , and sodium tri-citrate, were adopted to study 4

the reduction process. 

Three Ag NP samples were prepared when silver nitrate to α-ZrP 

single-layer nanosheets molar ratio was varied from 0.5:1 to 2.0:1 in an 

excessive amount of glucose. The samples were prepared by varying the 

amounts of silver nitrate solution (2.5, 5.0, and 10.0 mL, 0.10 M) while 

maintaining the amount of α-ZrP (0.01367 g/mL, 10.0 mL). As shown 

Fig. 2 (A) SEM image of the as-prepared α-ZrP and (B) TEM image of the prepared α-ZrP single-layer nanosheets.

Fig. 3  Schematic of silver cations stabilized and reduced on α-ZrP single-layer nanosheets.

in Fig. 4, the Ag NPs were well dispersed and supported on α-ZrP 

single-layer nanosheets with an average diameter of 13.9 ± 3.5 nm (Fig. 

4A), 17.3 ± 5.4 nm (Fig. 4B), and 18.3 ± 4.4 nm (Fig. 4C) at 0.5:1, 

1.0:1, and  2.0:1 silver nitrate to α-ZrP single-layer nanosheets molar 

ratios, respectively. The particle size stabilized at ca. 18 nm when the 
+Ag  to α-ZrP molar ratio reached 2:1. Overall, the results suggested that 

the dispersion of the reduced Ag NPs on α-ZrP single-layer nanosheet 

support was irrelevant to the starting molar ratio of silver to α-ZrP (Fig. 

4). This is probably because the size of the synthesized Ag NPs was 

much smaller compared to lateral dimensions of the α-ZrP single-layer 

nanosheets (Fig. 2B).

Since Ag NP size stabilized when silver nitrate to α-ZrP single-

+Fig. 4 TEM images of the Ag NPs reduced by glucose at Ag  to α-ZrP molar ratio of 0.5:1 (A), 1.0:1 (B) and 2.0:1 (C). 

Communication ES Materials & Manufacturing

   26 | ES Mater. Manuf., 2019, 5, 24–28 © Engineered Science Publisher LLC 2019



layer nanosheets molar ratio reached 2.0:1, two other reducing agents, 

NaBH  and tri-sodium citrate, were used to reduce silver at this molar 4

ratio. NaBH is a powerful reducing agent, which is commonly used to 4 
52synthesize metal NPs.  Previous studies indicated that NaBH  also acted 4

+ 53as a stabilizer when used to reduce Ag  to prepare NPs.  The other 

reducing agent tri-sodium citrate is often used in the Turkevich 
54process,  where citrate ions simultaneously act as a reducing agent as 

55well as a stabilizer.  Thus, in addition to α-ZrP single-layer nanosheets, 

NaBH  and citrate ions can further stabilize the formed Ag NPs, 4

protecting them from aggregation. Fig. 5A and B show the Ag NPs 

reduced by NaBH  and tri-sodium citrate with an average particle size 4

of 48.9 ± 13.8 nm and 3.5 ± 1.0 nm, respectively. The tri-sodium citrate 

reduced Ag NPs was distinctively smaller than those reduced by NaBH  4
56and glucose, probably because citrate is a much milder reducing agent.  

4. Conclusion
In this paper, a new support, α-ZrP single-layer nanosheets were 

adopted to stabilize the synthesized Ag NPs. Three different reducing 
+agents: glucose, NaBH , and tri-sodium citrate were used to reduce Ag  4

cations to synthesize Ag NPs. The TEM characterization showed that 

the synthesized Ag NPs were well dispersed and supported on the α-ZrP 

single-layer nanosheets with an average diameter ranging from 18.3 ± 

4.4 nm (glucose), 48.9 ± 13.8 nm (NaBH ), to 3.5  ± 1.0 nm (tri-sodium 4

citrate). Overall, the results showed that α-ZrP single-layer nanosheets 

are an effective support to stabilize the synthesized Ag NPs and prevent 

particle agglomeration. 
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Fig. 5 TEM images of Ag NPs reduced by NaBH  (A) and tri-sodium citrate (B) at a silver to α-ZrP molar ratio of 2.0:1. 4
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