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a b s t r a c t 

Synthesis of silver nanoparticles (Ag NPs) with state-of-the-art chemical or photo-reduction methods gen- 

erally takes several steps and requires both reducing agents and stabilizers to obtain NPs with narrow size 

distribution. Herein, we report a novel method to synthesize Ag NPs rapidly in one step, achieving typi- 

cal particle sizes in the range from 5 to 15 nm. The synthesis steps only involve three chemicals without 

any reducing agent: AgNO 3 as precursor, polyvinylpyrrolidone (PVP) as stabilizer, and AgCl as photocat- 

alyst. The Ag NPs were supported on carbon and showed excellent performance in thermal catalytic p - 

nitrophenol reduction and nitrobenzene hydrogenation, and as electrocatalyst for the oxygen reduction 

reaction. 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

In recent years, noble-metal nanoparticles have received con-

siderable interest because of their enhanced performance across a

diverse range of fields. Among them, silver nanoparticles (Ag NPs)

are currently the most widely commercialized nanomaterial. Ag

NPs are applied in catalysis, energy, optoelectronics, photochem-

istry, and medicine [1,2] . It is also well known that silver-based

compounds are highly toxic to microorganisms [3] . This property

makes silver an excellent choice for medical applications. More-

over, silver is a catalyst with a long history in lab and industry,

for example, in ethylene epoxidation. 

Various Ag NPs synthesis processes have been developed,

including chemical synthesis, physical synthesis, photochemical

synthesis, and biological synthesis [4–7] . Among all synthesis

processes, chemical reduction is the most frequently applied

method for the preparation of Ag NPs. Reduction of noble metal

salts, including silver nitrate, is one of the most popular ap-

proaches [8–10] . Initially, the reduction of Ag + ions leads to

the formation of silver atoms, followed by agglomeration into

oligomeric clusters. These clusters eventually turn into colloidal

Ag NPs. When the nanoparticle size is much smaller than the

wavelength of visible light, the colloidal solution shows different

colours depending on particle size and shape [11] . The key chal-

lenge for large-scale applications is to achieve long-term-stable Ag

NPs in a well-controlled process in terms of particle size and sur-

face chemistry. Therefore, stabilizers are commonly used in combi-

nation with reducing agents, for example, the reduction of AgNO 3 

with NaBH 4 at room temperature [12] , or with ethylene glycol in

the presence of polyvinylpyrrolidone (PVP), the so-called polyol

process [13] . Normally, it yields 10 nm particles with a narrow size

distribution. Ag NPs can also be obtained by direct photo-reduction

of AgNO 3 in aqueous Triton X-100 [14] or carboxymethylated chi-

tosan (CMCTS) with UV light [15] . Both Triton X-100 and CM-

CTS serve simultaneously as reducing agents for the silver cations

and stabilizing agents. 2–8 nm Ag NPs can be synthesised by this

method. It has been reported by Zhou et al. [16] that Ag nanorods

and dendrites can be obtained by photo-reduction of silver ni-

trate with polyvinylalcohol using UV irradiation. However, the pro-

cess takes several hours under different temperatures rendering

the synthesis complex. To the best of our knowledge, almost all

reported photo-reduction processes require both reducing agents

and stabilizers. 

Despite the success of the individual synthetic routes, the chal-

lenge of producing truly reproducible and highly homogeneous Ag

NPs still remains. The lack of morphological control over the Ag

NPs and the residual surfactants and reducing agents have signifi-

cant impact on the accessibility of the Ag surface. Hence, it limits

the function and applicability, especially in catalysis and medicine

applications. Single reduction will typically result in a broad range

of particle size (30–150 nm) and diverse shapes, e.g., spheres, rods,

and plates [17–19] . Several functional agents including solvents, re-

ducing agents and stabilizers are introduced into different stages

during the synthesis process to control the morphology and parti-

cle size [20,21] . This often induces long and complicated processes.

Therefore, it is difficult to reproduce and control such a process,

which is one of the key objectives of this work. 

Carbon nanotubes (CNTs) have cylinder structure with one or

more layers of graphene. All carbon atoms are bound in a hexag-

onal lattice except at the end in a perfect structure [22] . Multi-

walled carbon nanotubes (MWCNTs) have very good mechanical

and thermal stability with high conductivity. Therefore, they were

first used as electrical conductive fillers in plastics. Its high surface

area also renders CNTs a good candidate for catalytic applications

[23,24] . Many studies have indicated an enhanced performance by

employing CNTs as catalyst support [25,26] . 
Nanocomposites have been developed with numerous appli-

ations in the last decades, which can provide improved perfor-

ance, higher stability or resistance, and economic benefit. No-

le metal NPs, for practical applications, are often supported by

arbon-based materials [27–30] . Research on Ag nanocomposites

as been well established, e.g., Ag NPs growing on graphene ox-

de [31] and ZnO [32] by different reduction agents, resulting in

nhanced performance [30] . 

This work aims at developing an efficient and highly re-

roducible method for the synthesis of Ag NPs supported on

arbon materials in a well controllable way without using re-

ucing agents. The developed method combines the advantages

f both photochemical and chemical reactions. Ag NPs were

ynthesized by using AgNO 3 aqueous solutions containing PVP

s stabilizer and NaCl to form AgCl as photocatalyst with natural

ndoor daylight as light source. Both the morphology of the com-

osites and their catalytic activities in p -nitrophenol reduction,

itrobenzene hydrogenation, and oxygen reduction reaction were

nvestigated. 

. Experimental 

.1. Materials 

Sodium chloride (AR grade, Alfa Aesar), silver nitrate (AR grade,

igma-Aldrich), PVP (M.W. 10,0 0 0, AR grade, Sigma-Aldrich), ac-

ivated carbon (AC) and CNTs (Baytubes® C 150 P, Bayer AG)

ere applied in the synthesis. NaBH 4 (AR grade, Fluka) and p -

itrophenol (AR grade, Sigma-Aldrich) were used for catalytic char-

cterization. All chemicals and materials except CNTs were used

s received without further treatment. Pristine CNTs were first

ashed with 1.5 M HNO 3 solution at room temperature for 72 h to

emove the residual growth catalyst. Purified CNTs were treated in

itric acid vapour at 200 °C under reflux for 48 h to obtain oxygen-

unctionalized CNTs (OCNTs) before use. A detailed description of

he preparation of OCNTs can be found elsewhere [33] . Deionized

ater was used in all experiments. All glassware and instruments

ere rinsed by deionized water before use. 

.2. Synthesis of Ag NPs and Ag/carbon nanocomposites 

The typical synthesis protocol of Ag NPs in solution comprises

he following steps: 55 mg PVP (0.5 mmol of PVP monomer) and

40 mg AgNO 3 (2 mmol) were first dissolved in 400 mL deionized

ater, and then 2 mL NaCl (20 mM) aqueous solution was added to

he AgNO 3 solution. The solution was exposed to natural light with

gitation for 10 min. Different amounts of PVP and NaCl were used,

nd the synthesis was optimized based on the optical properties of

he solution. 

The typical synthesis procedure of Ag/carbon nanocomposite

onsists of the following steps: Ag NP-containing solution was syn-

hesized first according to the protocol as mentioned above. Then,

he carbon support (2.16 g) was added to the solution under agita-

ion. The composites were labelled as Ag-AC for activated carbon

upport and Ag-OCNT for OCNT support ( Fig. 1 a). Alternatively, the

arbon support was added to the solution right after introducing

aCl aqueous solution, and then the mixed solution was exposed

or 10 min to natural light. These samples were named as AC-Ag for

he activated carbon support and OCNT-Ag for the OCNT support

 Fig. 1 b). After synthesis, all samples were centrifuged and subse-

uently dried in an oven overnight before further characterization

r catalytic tests. 
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Fig. 1. Different synthesis procedures: (a) sequential Ag NP synthesis-deposition method and (b) simultaneous Ag NP synthesis-deposition method. 
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.3. Catalyst characterization 

N 2 physisorption was carried out at −196 °C using a NOVA

0 0 0 series analyzer (Quantachrome Instruments). Prior to each

easurement, the sample was first degassed at 200 °C for 2 h.

he Ag content was determined by atomic absorption spectroscopy

AAS) (Hitachi Z-20 0 0). X-ray diffraction (XRD) patterns were

ecorded using a PANalytical Empyrean Bragg-Brentano θ- θ diffrac-

ometer with Cu K α radiation. Transmission electron microscopy

TEM) measurements were carried out with a JEOL JEM-2100HR in-

trument. The TEM samples were prepared by dispersing the cata-

yst powder in ethanol under ultrasonication for 30 min and drop-

ing the suspension on a copper grid. 

.4. Catalytic tests 

The reduction of p -nitrophenol to p -aminophenol with NaBH 4 

as employed to evaluate the catalytic activities of the prepared

g-based catalyst. The reduction progress was followed with a UV-

is spectrometer (Lambda 950, PerkinElmer) by monitoring the UV

bsorption of p -nitrophenol at 400 nm and the absorption of the

roduct p -aminophenol at 300 nm. In a typical measurement, 2 mg

arbon supported Ag NPs was added to 3 mL solution containing

 -nitrophenol (0.1 mM) and NaBH 4 (0.12 M), and the spectra were

epeatedly recorded every 2 min in the range of 20 0–50 0 nm until

he reaction was finished. The baseline shift had been eliminated

hen plotting the spectrum. 

Nitrobenzene hydrogenation was carried out in a continuous

xed-bed flow reactor in the gas phase (see Fig. S1 in the Sup-

orting Information). The tubular quartz reactor was packed with

.1 g of catalyst diluted with 1 g of quartz sand. Prior to the re-

ction, the catalyst was activated with 100 mL/min of 10 vol%

 2 in He at 350 °C for 1 h. The reaction was then performed

y feeding a reactant gas mixture containing 0.3 mL/min of ni-

robenzene, 9 mL/min of H 2 and 90.7 mL/min of He into the re-

ctor at atmospheric pressure and temperatures ranging from 200

o 350 °C with an interval of 25 °C. A constant nitrobenzene flow

0.3 mL/min) was obtained by passing He through two nitroben-

ene saturators at 80 °C. The duration of the catalytic test was

 h for each temperature except at the highest temperature of 350

C, which was tested for 12 h to evaluate the stability of the cat-

lyst. The effluent products were analyzed every 10 min by an

nline gas chromatograph (Shimadzu GC-2014) equipped with a

alco sampling loop, a flame ionization detector (FID) and a HP-5

olumn. 

The electrochemical measurements were conducted at room

emperature using a CH Instrument (CHI760E, China) in combina-

ion with a rotating disk electrode having an area of 0.2472 cm 

2 

PINE Research Instrumentation, USA) in 0.1 M NaOH. Ag/AgCl/3 M

Cl and Pt-mesh electrode were used as reference and counter
lectrode, respectively. For the preparation of the catalyst ink, 5 mg

f the catalyst powder was dispersed in a mixture of water, ethanol

nd Nafion (5%) using a volume ratio of 4 90:4 90:20, respectively,

ith the aid of ultrasonication for 30 min. A catalyst suspension

f 10.4 μL was dropped on the glassy carbon electrode, which

orresponds to a loading of 0.210 mg cm 

−2 . The electrode was

eft to dry at room temperature in air for at least 30 min be-

ore being applied in the oxygen reduction reaction (ORR). The

otential was scanned between 0 and −1 V (vs. Ag/AgCl/3 M KCl)

t a scan rate of 5 mV s −1 . The presented electrocatalytic cur-

ents were obtained by subtracting the current recorded with the

lectrolyte saturated with Ar from the currents measured under

 2 -saturated conditions. The potentials were reported with re-

pect to the reversible hydrogen electrode (RHE) scale, accord-

ng to the conversion E = E 0 + E Ag/AgCl + 0.059 × pH- iR s, where E 0 is

he measured potential vs. Ag/AgCl/3 M KCl, E Ag/AgCl is the stan-

ard potential of the Ag/AgCl/3 M KCl reference electrode with

espect to the standard hydrogen electrode at zero pH, 0.207 V

or this case. i is the background-subtracted current measured in

he O 2 -saturated solution. R s is the electrolyte resistance, which

as obtained directly from the CHI software at the open circuit

otential. 

. Results and discussion 

.1. Ag NPs, Ag/carbon composite preparation and characterization 

Under the action of light, silver nitrate decomposes to metal-

ic silver which generally appears black. This process produces

arge Ag/Ag 2 O grains in an uncontrolled way. Because of their

ight sensitivity, silver halides together with silver nitrate have

een extensively used in photographic films and papers. A sil-

er halide particle generates an electron-hole pair when absorb-

ng a photon. Subsequently, the photo-generated electron com-

ines with an Ag + ion, which will be reduced to form an

g 0 atom, whereas the photogenerated holes oxidize H 2 O to O 2 

34–37] . 

By adding trace amounts of NaCl to the AgNO 3 solution, AgCl is

ormed. In the presence of sunlight, AgCl absorbs photons to gener-

te electrons, which reduce Ag + to Ag 0 . With PVP as stabilizer, Ag

Ps are well dispersed in the aqueous solution. Different amounts

f NaCl solution were added to the AgNO 3 solution before expo-

ure to sunlight, resulting in different concentrations of Cl ̄ in the

olution (1, 0.1, and 0.01 mM). 

As can be seen from the pictures in Table S1 (Supporting In-

ormation), the solution changed from transparent to pink/light-

range, which is an indication of Ag NP formation. When there

as no NaCl present in the solution, the colour did not change

ven after 30 min, indicating a much lower reaction rate compared

ith that in the presence of AgCl. A significant colour change was
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Fig. 2. Synthesis of Ag NPs supported on AC: (a) AgNO 3 –PVP solution, (b) after 

adding NaCl under sunlight, (c) after adding AC to the solution, and (d) after cen- 

trifugation to obtain Ag/AC at the bottom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. UV-Vis spectra of Ag NPs after exposure to natural light. 

Table 1. BET specific surface areas and Ag loadings determined by AAS. 

Samples AC OCNT Ag-AC AC-Ag Ag-OCNT OCNT-Ag 

Surface area (m 

2 g −1 ) 650 283 473 507 268 258 

Ag loading (wt%) – – 2.6 2.7 1.8 1.2 

Fig. 4. XRD patterns of synthesised catalysts. 
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observed for the 0.01 mM solution after 15 min. The solution

started to change in colour after 10 min, when the concentration

of Cl ̄ was 0.1 mM in the AgNO 3 solution, and it started to change

significantly after 5 min at the Cl ̄ concentration of 1 mM. This re-

sult implies that the amount of Cl ̄ plays a key role in the Ag NPs

reduction rate. More Cl ̄ can generate more AgCl nuclei, and, ac-

cordingly, more electrons resulting in a higher reaction rate of Ag

NP formation. 

Different amounts of PVP were tested during the Ag NP synthe-

sis. The molar ratio between PVP monomer and AgNO 3 was varied

from 1:1 to 1:8. As can be seen from Table S2 (Supporting Infor-

mation), the solution changed to different colours as a function of

the amount of PVP. The colour also appeared at different periods of

time during the exposure to sunlight. This result indicates that the

amount of PVP has an impact on the shape and size of Ag NPs. As

seen from Fig. 2 , the original AgNO 3 /PVP solution is transparent.

After adding NaCl to the solution, it becomes light-orange, indicat-

ing the formation of Ag NPs. After adding the carbon support (AC)

to the Ag NPs solution followed by centrifugation, the colour of

the solution changes from light-orange to transparent due to the

deposition of Ag NPs on AC. 

In the case of nanoscale metal particles, the absorption wave-

length associated with the s-p transitions depends on the shape

and size of the particles. This is a unique property of NPs due

to the fact that the s-p (conduction) electrons are largely free to

move throughout the NP, and their energies are therefore sensitive

to the shape and size. For Ag NPs, the colour depends on their

morphology and shape. The colour change of the solution from

transparent to red/pink is a clear indication of Ag NP formation.

When nanoparticles aggregate, the wavelengths of absorbed light

change rationalizing the colour difference among the samples pre-

pared from different amount of PVP. 

The UV-Vis spectra of Ag NPs were taken after exposure to nat-

ural light for different periods of time. As shown in Fig. 3 , the char-

acteristic plasmon band of Ag at 380 nm after 7 and 14 min expo-

sure indicates the presence of Ag NPs. However, there was no Ag

NPs formation even after 14 min exposure without NaCl, indicat-

ing that Cl ̄ and light exposure are the key factors in this Ag NPs

synthesis strategy. 
The specific surface areas and Ag loadings of the prepared

arbon-supported catalysts are summarized in Table 1 . The spe-

ific surface areas of AC- and OCNT-supported catalysts were close

o those of the parent materials amounting to 650 m 

2 g −1 and

83 m 

2 g −1 , respectively. The addition of the carbon support be-

ore or after Ag NP formation did not show a significant effect

n the specific surface area. Ag loadings for Ag-AC, AC-Ag, Ag-

CNT and OCNT-Ag are 2.6, 2.7, 1.8 and 1.2 wt%, respectively. Com-

ared with OCNT-supported Ag catalysts, AC-supported catalysts

ave higher Ag loadings, which is probably due to the higher spe-

ific surface area. 

The XRD patterns of the prepared samples are shown in

ig. 4 . AC-supported catalysts only show typical features of
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Fig. 5. High resolution TEM images of (a) Ag-AC, (b) AC-Ag, (c) Ag-OCNT, (d) OCNT-Ag; (e) magnified TEM image of Ag NPs in OCNT-Ag, (f) particle size distribution of the 

synthesised Ag NPs. 
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morphous carbon, but no reflections of metallic Ag indicating

ighly dispersed small Ag particles. In comparison, both Ag-OCNT

nd OCNT-Ag show very small reflections at 38.1 °, 44.2 ° and 64.4 °
ue to metallic Ag NPs, indicating the successful synthesis of

CNT-supported Ag catalysts and the absence of large Ag particles.

urthermore, the small reflection at 32.3 ° (PDF# 0 0-0 01-1013) sug-

ests a minor content of AgCl for all 4 samples. 

In order to assess the Ag NP morphology, high-resolution TEM

as used to characterise all 4 samples. As can be seen from

ig. 5 , the Ag NPs are well dispersed on all samples. Fig. 5 (a and

) is image of samples originating from adding AC to the solution

efore (Ag-AC) and after Ag NP (AC-Ag) formation, respectively.

ig. 5 (c and d) is image of samples obtained by adding OCNTs

o the solution before (Ag-OCNT) and after Ag NP (OCNT-Ag) for-

ation, respectively. Furthermore, the lattice fringe spacings of Ag
Ps in OCNT-Ag are determined to be 0.23 and 0.20 nm represent-

ng Ag (111) and Ag (200) lattice planes ( Fig. 5 e and Fig. S2), re-

pectively. Fig. 5 (f) shows a representative particle size distribution

f the Ag-AC sample in the range up to 15 nm. Other samples show

imilar particle size distributions, which is consistent with the XRD

esults. There is no significant difference between adding the car-

on support before or after the Ag NP formation. 

Homogeneous deposition of Ag NPs with narrow particle size

istribution on the carbon supports demonstrates the advantages

f the photocatalytic one-step synthesis. Because the trace amount

f AgCl is well dispersed in the solution without precipitation, it

cts as photocatalyst reducing Ag + to Ag 0 , and PVP acts as sta-

ilizer protecting the reduced Ag 0 NPs from further agglomera-

ion. As coupled reaction, H 2 O is oxidised to O 2 providing elec-

rons (oxygen evolution reaction, OER) [38,39] . As can be seen from
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Fig. 6. Reduction of p -nitrophenol (yellow solution) to p -aminophenol (transparent 

solution) in the presence of NaBH 4 and carbon-supported silver nanoparticles. 
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Fig. 5 , all Ag NPs are well dispersed on the carbon supports with

similar particle sizes. Furthermore, there exists the possibility that

the size of the Ag NPs would increase during the deposition on the

carbon support. Therefore, it can be concluded that these directly

synthesized Ag NPs have a particle size of less than 15 nm with an

even distribution on the carbon support. 

3.2. p- Nitrophenol reduction in the liquid phase 

The catalytic activities of the Ag-AC, AC-Ag, Ag-OCNT and OCNT-

g samples were first examined by the reduction of p -nitrophenol

to p -aminophenol in the presence of excess NaBH 4 . This reaction is

a well-known test reaction and has been widely used to character-

ize the catalytic activity of functional materials. Metal NPs catalyze

this reaction by facilitating electron relay from the donor BH 4 
− to

the acceptor p -nitrophenol to overcome the kinetic barrier [40] . As

can be seen from Fig. 6 , after adding carbon-supported Ag NPs

to the solution, the colour of p -nitrophenol changes from yellow

to transparent, clearly indicating the reduction from p -nitrophenol

to p -aminophenol. The experimental blank tests with pure AC and

OCNT samples were also performed. As shown in Fig. S3, it was

confirmed that the reduction did not occur in the absence of Ag

NPs. 

Fig. 7 shows typical UV-Vis spectra of the p -nitrophenol re-

duction with carbon-supported Ag NPs as catalyst. The absorption

peak of p -nitrophenol at 400 nm gradually decreased with a con-

comitant increase of the 300 nm peak of p -aminophenol within

10 min after the addition of carbon-supported Ag NPs to the so-

lution of p -nitrophenol and excess NaBH 4 . As can be seen from

Fig. 7 (a-d) (red line), the 300 nm peak is not present in the ab-

sence of supported Ag NPs in the solution. 

The amount of NaBH 4 was much higher than that of p -

nitrophenol during the test. Therefore, the concentration of NaBH 4 

is considered to be essentially constant during the whole reaction.

The two absorption bands have the two principle components p -

nitrophenol and p -aminophenol, allowing us to investigate the re-

action kinetics by applying pseudo-first order kinetics. The ratio of

C t and C 0 is the ratio of p -nitrophenol concentrations at time t and

0, which can be derived from the ratio of relative absorption in-

tensity A t and A 0 . The linear relationship of ln( C t / C 0 ) versus time

indicates that the reactions follow first-order kinetics. The reac-

tion rate constant is calculated from the slope of each straight line,

which varies from 0.2 to 0.4 min 

−1 ( Fig. 7 e). The AC-supported Ag

NPs show higher reaction rates than the OCNT-supported Ag NPs,

which can be explained by the higher Ag loading. There are no sig-

nificant differences between adding the carbon support before or

after the formation of Ag NPs. Overall, all samples achieved high

reaction rates demonstrating good catalytic performance. 
.3. Nitrobenzene hydrogenation in the gas phase 

In addition to p -nitrophenol reduction, the prepared Ag-based

atalysts were also employed to catalyse the hydrogenation of ni-

robenzene in the gas phase. Nitrobenzene hydrogenation is one of

he most widely used approaches to produce aniline with a world-

ide production capacity of 5 million metric tons annually, which

s mainly used in the manufacture of precursors to polyurethane

nd other industrial chemicals, such as rubber processing chemi-

als, herbicides, dyes and pigments [41,42] . The simplified reaction

athway for the hydrogenation of nitrobenzene is shown in Fig. 8 .

itrobenzene is first hydrogenated to nitrosobenzene, subsequently

o phenylhydroxylamine and finally to aniline. 

The catalytic activities of the catalyst supports, i.e., AC and OC-

Ts, were first investigated as reference in the hydrogenation of

itrobenzene at temperatures ranging from 250 to 350 °C (see Fig.

4 in Supporting Information). The conversion of nitrobenzene was

radually increased from 0 to 2.2% with increasing the tempera-

ure from 250 to 350 °C over AC, and the selectivity was 100% to

he partially hydrogenated intermediate nitrosobenzene. The con-

ersion of nitrobenzene (i.e., from 0.4% to 7%) was considerably

igher over OCNT than that over AC at all reaction temperatures,

hich probably can be attributed to the residual growth catalyst

n OCNT despite of the intensive washing with nitric acid. The se-

ectivity to aniline was between 60% to 80%, and the other product

as nitrosobenzene. The support was stable, and there was only

light deactivation at the highest reaction temperature. 

The hydrogenation of nitrobenzene was further investigated

ith the prepared Ag-based catalysts in the temperature range

etween of 200 to 350 °C at atmospheric pressure ( Fig. 9 ). The

ighest conversion of 95% was achieved with OCNT-Ag at 350 °C,

hereas only 55% conversion was reached over Ag-AC at the same

emperature. The selectivity of aniline was always 100% for both

CNT-based catalysts, while a maximum selectivity of 10% and 20%

o nitrosobenzene was observed for AC-Ag and Ag-AC at lower

emperatures, respectively. It can be seen that the conversion of

itrobenzene increases with temperature and follows the sequence

CNT-Ag > Ag-OCNT > AC-Ag > Ag-AC in the whole temperature

ange. In terms of turnover frequency (TOF), the trend for nitroben-

ene hydrogenation is even more distinct, that is, OCNT-Ag >> Ag-

CNT >> AC-Ag > Ag-AC (see Fig. S5 in Supporting Information).

n comparison with other Ag-based catalysts (Table S3), the TOF

f OCNT-Ag is larger than that of previously reported Ag/TiO 2 (i.e.,

.0 vs. 1.2 h 

−1 at 200 °C), but it is lower than that of Ag/Al 2 O 3 

pplied in liquid-phase nitrobenzene hydrogenation, which can be

ttributed to the much lower nitrobenzene concentration and H 2 

ressure (1 bar vs. 30 bar). 

Despite the smaller specific surface area and lower Ag loading

f OCNT-supported catalysts ( Table 1 ), they showed much better

ctivity for gas-phase nitrobenzene hydrogenation, suggesting su-

erior structural properties. Regarding the catalyst synthesis se-

uence, it can be concluded that the simultaneous Ag NP forma-

ion and deposition on the support is better than the sequential

g NP formation and deposition: OCNT-Ag > Ag-OCNT and AC-Ag

 Ag-AC. Compared with the sequential NPs synthesis-deposition

ethod, the Ag NPs formed by photoreduction were immediately

dsorbed on the support during the simultaneous deposition syn-

hesis, which prevented further aggregation of the Ag NPs. 

Fig. 9 shows catalyst deactivation in the whole temperature

ange especially at the highest temperature. All 4 catalysts lose

round 30% of their activity during 12 h at 350 °C. It is worthwhile

o mention that their deactivation rates are very similar, suggesting

he same deactivation mechanism. Sintering of Ag NPs is assumed

o be the main reason for the catalyst deactivation. By comparing

he Ag particle size before and after reaction (see Fig. 10 for OCNT-

g and AC-Ag after reaction), it is clear that the Ag particle size
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Fig. 7. Time dependent UV absorption spectra for the reduction of p -nitrophenol in the presence of (a) Ag-AC, (b) AC-Ag, (c) Ag-OCNT, (d) OCNT-Ag. (e) Plot of ln( C t / C 0 ) 

versus time for each sample. 

Fig. 8. Simplified reaction pathway for the hydrogenation of nitrobenzene. 
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Fig. 9. Conversion and selectivity as a function of reaction time for the hydrogenation of nitrobenzene with Ag-based catalysts. Reaction conditions: 0.1 g catalysts, 0.3 mL/min 

nitrobenzene, 9 mL/min H 2 , temperature from 200 to 350 °C with an interval of 25 °C, 1 h at each temperature except 12 h at 350 °C. 

Fig. 10. TEM images of (a, b) AC-Ag and (c, d) OCNT-Ag after nitrobenzene hydro- 

genation. 
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increases from 5 to 15 nm to 15–20 nm for OCNT-Ag and AC-Ag.

However, other possible deactivation mechanisms like deposition

of carbonaceous layers cannot be excluded. 

3.4. Oxygen reduction reaction 

The development of inexpensive electrocatalysts for the oxy-

gen reduction reaction (ORR) is a key challenge in the conversion

of chemical fuels to electricity for many renewable energy con-
ersion systems such as fuel cells and metal air batteries [43] .

herefore, we studied the electrocatalytic performances of the 4

amples in the ORR ( Fig. 11 ). The linear sweep voltammograms of

he Ag-AC, AC-Ag, Ag-OCNT and OCNT-Ag recorded in O 2 -saturated

.1 M NaOH solution at a scan rate of 5 mV s −1 under hydrody-

amic conditions by means of a rotating disk electrode (RDE) with

ifferent rotating speed (10 0, 40 0, 90 0 and 160 0 rpm) are shown

s Fig. 11 (a-d), respectively. The measured current increased with

igher rotating speed as expected as a result of faster O 2 flux

o the electrode surface [44] . The onset potential of the 4 cata-

ysts, defined as the potential corresponding to a current density

f −0.1 mA cm 

−2 at the rotating rate of 1600 rpm was in the or-

er AC-Ag (0.908 V) > Ag-OCNT (0.885 V) > OCNT-Ag (0.872 V) >

g-AC (0.865 V). However, Ag-OCNT required the lowest overpoten-

ial (0.700 V) compared with the other samples (OCNT-Ag (0.518 V),

g-AC (0.478 V) and AC-Ag (0.449 V)) to reach a current density of

3 mA cm 

−2 . Koutecky-Levich plots of the 4 samples at different

otentials (0.2, 0.3, 0.4, 0.5 and 0.6 V) obtained from the corre-

ponding LSVs are presented as the insets of Fig. 11 (a-d). All the

lots show fairly good linearity, indicating first-order reaction ki-

etics towards ORR. The number of electrons transferred per O 2 

olecule in the ORR at the potential of 0.2 V was derived to be

.55, 3.49, 3.28 and 3.23 for AC-Ag, Ag-OCNT, OCNT-Ag and Ag-

C, respectively. It means that the catalysts favoured the selectiv-

ty of the ORR more towards the 4-electron transfer pathway. All

repared 4 samples showed good electrochemical performances,

hich are very similar to other reported Ag-based materials

Table S4). 

. Conclusions 

Ag NPs with typical sizes of 5–15 nm were synthesized by

n efficient one-step method without employing reducing agents,

hich only involves AgNO 3 as precursor, PVP as stabilizer, and AgCl

s photocatalyst for providing electrons for Ag + reduction. This

ynthesis requires only less than 10 min under ambient conditions

n aqueous solution, rendering it suitable for continuous process

onditions. All parameters are easy to control resulting in the re-
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Fig. 11. Linear sweep voltammograms (LSVs, corrected for background currents) recorded in O 2 -saturated 0.1 M NaOH solution at a scan rate of 5 mV s −1 with different 

rotating rates (10 0, 40 0, 90 0 and 160 0 rpm) showing the electrocatalytic ORR performance of (a) Ag-AC, (b) AC-Ag, (c) Ag-OCNT, and (d) OCNT-Ag. 

p  

T  

t  

p  

a  

d  

c  

s  

N

A

 

N  

n  

2  

n  

s  

U  

P  

o  

2  

f  

(  

d  

a  

U  

N  

p

S

 

f

R

 

 

 

 

 

 

 

 

 

 

[  
roducible synthesis of Ag NPs with the same physical properties.

he Ag NPs were deposited on carbon supports (AC and OCNTs)

o form composites as catalyst and applied in the liquid phase in

 -nitrophenol reduction, in gas-phase nitrobenzene hydrogenation,

nd as electrocatalysts in the oxygen reduction reaction. All results

emonstrated good catalytic performance. The developed process

ombines the advantages of photochemical and chemical synthe-

is, opening a highly efficient way to large-scale synthesis of Ag

Ps. 
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