
ww.sciencedirect.com

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 4 2 6 4e3 4 2 7 5
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Microwave assisted synthesis of silver
nanoparticles and its application in sustainable
photocatalytic hydrogen evolution
Guilherme B. Strapasson a, Marcelo Assis b, Cl�audio W. Backes a,
Silma A. Corrêa a, Elson Longo b, Daniel E. Weibel a,*

a Institute of Chemistry, Universidade Federal do Rio Grande do Sul-UFRGS, Avenida Bento Gonçalves 9500, 91501-
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� Glycerol, Starch and Ag were used

for the Microwave synthesis of

TiO2@AgNPs.

� Highly stable Ag NPs with di-

ameters from 2.9 nm were

prepared.

� Typical steady state photocatalytic

H2 evolution was obtained.

� Sustainable and green hydrogen

photoreforming can be achieved.
a r t i c l e i n f o

Article history:

Received 16 May 2021

Received in revised form

4 July 2021

Accepted 31 July 2021

Available online 1 September 2021

Keywords:

Photocatalytic H2 production

Glycerol

Sustainable synthesis

Microwave irradiation
a b s t r a c t

Large amounts of photocatalysts are needed for the generation of solar hydrogen (H2) and

eco-friendly synthetic alternatives are essential. Here, we use glycerol as solvent and

reducing agent, and food grade corn starch as stabilizing agent for the preparation of silver

nanoparticles (Ag NPs) by microwave irradiation. The Ag NPs were also synthesized using

various proportions of glycerol/water mixtures. The Ag NPs were loaded onto commercial

TiO2 NPs to study the photogeneration of H2. Characterization was carried out by UVevis,

XRD, TEM, UVeVis DRS, and RBS. Stable Ag NPs after 320 days of aging with diameters from

2.9 to ~44 nm were prepared under several experimental conditions. Finally, TiO2@AgNPs

showed that the rate of evolved H2 is stable, much higher than pure TiO2 NPs and pro-

portional to the amount of Ag NPs loaded. The present study introduces a new sustainable

and eco-friendly strategy for designing low-cost photocatalysts for H2 generation.
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Introduction

The world's growing energy need, alongside the increasing

population led to the continual use of fossil fuel-based energy

sources. Environmental concerns have encouraged a constant

search for renewable energy sources, such as biomass, that

can be converted into liquid fuels (biofuels). Biodiesel, a

renewable biofuel, is attracting attention as a clean energetic

alternative which does not depend on fossil fuels. It lacks

toxicity, sulphured or aromatic by-products and has a rela-

tively low cost [1]. Among biodiesels, glycerol is usually ob-

tained in large amounts as a by-product. It is estimated that

10 kg of glycerol are generated during the production of 100 kg

of biodiesel [2]. Agricultural production accounts for a signif-

icant portion of the gross domestic product (GDP) in Brazil and

the addition of biodiesel to diesel of petrochemical origin was

established by law [3]. The amount of biodiesel was increasing

from that time and it is foreseen that by 2023 the percentage of

biodiesel in the diesel will reach about 15%, rising propor-

tionally to the amount of glycerol generation. The importance

of biodiesel and glycerol in Brazil led research groups to

investigate with success the biohydrogen production by photo

fermentation, using glycerol derived from the production of

biodiesel and waste cooking oils [4].

Photocatalytic hydrogen (H2) is been considered the next-

generation energy carrier due to its sustainability and no

pollution to the environment. In the last two decades H2 pro-

duction induced by photons was extensively studied, but in

spite of all the efforts the development of a commercial

application is lacking mainly due to the low efficiency and

durability of the photocatalysts [5]. Photocatalytic H2 genera-

tion from water splitting [6], photo-reform of alcohols [7], and

addition of sacrificial donors [8] represent some examples of

the attempts to find an efficient and clean source of H2 using

light as excitation source. This promising green H2 is based on

the use of nanostructured photocatalysts with the addition in

many cases of co-catalysts, such as nanoparticles (NPs) or

quantum dots. Those small particles increase the photon-

hydrogen conversion efficiency by the known plasmon

mechanisms: hot electron transfer or local electric field

enhancement (optical antenna effect) [9]. The use of metals or

noble metals NPs with large work functions lead to electron

traps, which favours H2 evolution [7,10e16]. Additionally, new

interesting approaches using several types of photocatalysts

were recently reported with the objective to produce photo-

catalytic H2, such as MoeSeP hetrojunction photocatalyst [17],

3DMoSx nanoflowers [18], MoO3/Ag/TiO2 nanotube (NT) arrays

synthesized in-situ after impregnation and annealing with

AgNO3 and MoO3 powders on the NTs [19] and the preparation

of TiO2 thin films with Ag2S NPs grown electronically for a

photoelectrochemical water spitting application [20].

Ciamician, G. called our attentionmore than a century ago,

by saying that coal is not inexhaustible and additionally he

calculated the daily solar energy that the Sahara desert re-

ceives every single day [21]. From that date on, reports are

periodically published estimating the desired photocatalyst

properties for a commercial solar H2 system. The main com-

mon required parameters are: energy conversion efficiency

(between 10% [22e24] and 15% [25]), daily H2 rate production
(from ~10�3 g/s m2 [23] to ~ 0.7 g/s m2 [22]; in the first calcu-

lation it was included the sunlight-angle correction), useful

wavelength of light (400 < l < 800 nm) [22e25] and durability of

the photocatalyst (between 1 year [25] and 10 years [23,24]).

The amount of water that would be required to satisfy one-

third of the projected energy demand of human society in

2050 using solar energy was also calculated (5.1 107 T/day [23]).

The above impressive numbers also show that for a practical

system, huge amounts of nanostructured photocatalysts and

co-catalysts will be needed.

It is important to point out that the traditional synthesis of

NPs in many fields and, in particular in the photocatalytic

generation of H2, are not environmentally friendly. In general,

the NPs preparation involves harmful synthetic methods, the

use of toxic reagents and the generation, in many cases, of

dangerous waste. Therefore, some research groups have

started to synthesize NPs by green methods, following the

concepts of sustainability and green chemistry [26,27]. In

recent years, several reports have shown the success in the

use of the green precepts for the NPs synthesis [28]. For

example, AgNPs have been prepared using an aqueous extract

from Rosa santana petals [29], aqueous leaf extract of Melia

azedarach [30], corn starch and sodium citrate [31], different

starch types that act as reducing agents [32], cauliflower waste

extract [33] and also employing the extract of a native tree of

Central and South America, popularly called “ipê-roxo” in

Brazil [34]. Preparation of Au NPs were also reported employ-

ing an aqueous rhizome extract of a medicinal plant [35] and

glycerol as reducing and stabilizing specie [36]. The green

method is not only focused on noble metal NPs synthesis, but

also in oxides and other complex nanostructures, such as

SrMnO3 NPs [37], Ce0.2Ni0.8Fe2O4 nanoflakes [38], manganese

zinc ferrite NPs [39], and several metal oxide NPs [40]. In

almost all the above mentioned examples, the use of micro-

wave irradiation as a conventional synthetic chemistry tool

[26] is evident, with some exceptions in the use of ultrasound

[34,37].

Several reportswere published recently employing glycerol

for the production of hydrogen, such as the glycerol reforming

using Cu/TiO2/rGO photocatalysts with various Cu and gra-

phene loadings [14], impregnation of TiO2, Pd and Pt onto

mesoporous g-Al2O3 (catalyst/support) produced from

aluminium foil waste [13], an integrated biosystem using

crude glycerol and photo-fermentation to produce hydrogen

[4] and LaCoO3 perovskite doped with Au, Ag, Cu, Pt for the

investigation of the glycerol steam reforming reaction in the

temperature range of 400 e 700 �C [48]. In spite of the above

recent reports that make use of the eco-friendly glycerol for

the production of hydrogen, the use of extensive chemicals in

many synthetic steps led them to a deviation of the precepts

of sustainability. In the past, we have produced efficient

photocatalytic nanostructures using toxic chemical routes

with the generation, in many cases, of dangerous waste

[7,12,41e44]. Recently our research group shifted to green

methods to produce NPs with photocatalytic properties [45].

The aim of this study was the green synthesis of Ag NPs using

an eco-friendly alternative: glycerol employed as solvent and

reducing agent and food grade corn starch as the stabilizing

agent. In the biodiesel production the high miscibility of

glycerol with water leads to the generation of glycerol with
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about 20% of water [46,47]. For that reason, it was also an

important target of the present work to investigate the effect

of water in the synthesis of the Ag NPs. Microwave assisted

chemistry (MWAC) was chosen as a green source of heating.

The nanostructures were characterized by UVevis spectros-

copy, X-ray diffraction (XRD), transmission electron micro-

scopy (TEM), UVeVis diffuse reflectance spectroscopy

(UVeVis DRS), and Rutherford Backscattering Spectrometry

(RBS). Furthermore, the prepared Ag NPs were impregnated

onto commercial TiO2 NPs and tested for the H2 evolution in

the photo-reform of methanol at room temperature. The re-

sults presented here show that green synthetic methods can

be used efficiently for the preparation of photocatalysts that

produce stable H2 generation by UVevis light irradiation.
Experimental section

Materials

Silver nitrate (AgNO3) was purchased from Plat LAB (Com�ercio

de Artigos para Laborat�orios e Serviços Ltda). Ethanol, meth-

anol and bi-distilled glycerol were purchased from Casa da

Quı́mica. TitaniumdioxideNPs powder, AEROXIDE® TiO2eP25

from EVONIK (a mixture of about 75% anatase and 25% rutile)

was received from Degussa Corporation. Food grade corn

starch (Maizena®, Garanhuns/PE e Brazil) was used as

received.

Silver nanoparticles syntheses

Silver nanoparticles (Ag NPs) were synthesized by microwave

irradiation using pure glycerol as solvent and reducing agent.

Food grade corn starch was used as stabilizing agent. A series

of runs were also carried out adding water to the mixtures at

constant starch/Ag ratio (w/w). A simplified scheme for the

syntheses is presented on Scheme 1. For the syntheses using

pure glycerol, AgNO3 was solubilised on glycerol, stirred and

sonicated for 30 min; then corn starch was added into the

mixtures, stirred and sonicated for more 40 min until its

complete dispersion; finally, the mixtures were introduced
Scheme 1 e Schematic representation for the syntheses of Ag N

water mixtures. MW: microwave.
into a homemade Teflon reactor and irradiated at high power

for 30 s, using a commercial Panasonic Microwave oven

(1600 W of maximum power). The syntheses using glycerol/

water mixtures were done with a similar procedure, but water

was introduced into the mixtures after corn starch dispersion

and sonicated for additional 10 min. All the syntheses were

carried out with a final volume of 30 mL. Finally, the mixtures

were introduced into the Teflon reactor and irradiated at high

power for 30 s, using the same equipment as before. Thewater

percent concentrationwas varied from 5 to 40% (v/v). The time

of 30 s was chosen following previous experiments using the

same microwave oven [45].

The synthesized Ag NPs were used to impregnate the

commercial TiO2 NPs (AEROXIDE® TiO2eP25) by conventional

wet impregnation method. For this, Ag NPs were dispersed on

ethanol and centrifuged for 10 min at 4000 rpm. Then the

supernatant was removed, the Ag NPs were resuspended on

water and the TiO2 NPsweremixed in the suspensionwith the

desired amount of Ag NPs (1.25, 2.50 or 5.00 Ag/TiO2 wt.%).

Finally, the suspensionwas sonicated for 30min, oven dried at

80 �C for 24 h and thermal treated at 400 �C in air for 3 h with a

heating rate of 3 �C.min�1. The H2 evolution experiments were

carried out impregnating the TiO2 NPs with Ag NPs prepared

using AgNO3 with a concentration of 3 mmol L�1, 10 g L�1 of

starch and 15% of H2O. This sample was chosen due to the

lmax of the surface plasmon resonance (SPR) as well as the

FWHM were the smaller values measured. Additionally, the

TEM data confirmed a mean size distribution of the Ag NPs of

~3 nm in diameter (see section Results and discussion).

Characterization

To follow the formation of Ag NPs and to investigate themean

size distribution and stability over time, UVevis spectroscopy

studies were performed on the colloidal Ag NPs, using a CARY

50 spectrophotometer (Varian) in the wavelength range of

200e800 nm.

The crystallographic planes identification of the Ag NPs

was conducted with X-ray diffraction using a Siemens Goni-

ometer D500 equipped with Cu Ka radiation at 40 kV and

20 mA. The data were collected for scattering angles (2q)
Ps, where the solvent is (a) pure glycerol and (b) glycerol/
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ranging from 20� to 80� with a step size of 0.05�. The results

were analysed using the Crystallographica Search-Match

(CSM) software.

Transmission electron microscopy (TEM) were performed

with a FEI TECNAI F20 (Netherlands) microscope operating at

200 kV. The samples were prepared by depositing small

amounts of the Ag NPs solution directly onto holed carbon

coated Cu grids. Themean size of the NPswasmeasured using

the software ImageJ®.

The optical properties of the TiO2 and TiO2 impregnated

NPs with Ag NPs (TiO2@Ag NPs) were measured using a

double-beam CARY 5000 spectrophotometer (Varian) in the

wavelength range of 200e800 nm. The bandgap values of

samples were determined by UVeVis measurements with an

integrated sphere. The KubelkaeMunk model was used to

determine the band-gap assuming that the sample scattering

coefficient was constant for the UVeVis wavelength range.

The Ag/Ti atomic ratios were determined by Rutherford

backscattering spectrometry (RBS). The dry TiO2@Ag NPs were

suspended in ethanol and samples were prepared by drop

casting the diluted solution on silicon wafers. The analyses

were performed using a Heþ ion beamwith an incident energy

of 2.0 MeV produced by 3 MV Tandetron accelerator. In all

measurements, the incident beam was perpendicular to the

sample surface and the detection angle was 165� related to the

beam direction. Backscattered ions were detected by a semi-

conductor surface barrier detector and the SIMNRA software

[49] was used to evaluate the sample composition by fitting

the individual elemental fractions until a good agreement

between experimental and calculated data was achieved. The

atomic ratios determined were then converted into Ag/TiO2

weight percentage (wt. %) by using each element respective

atomic weight.

Photocatalytic hydrogen measurements

Hydrogen photogeneration experiments were carried out using

a calibrated (24.16 ± 0.01) mL gas-closed photochemical reactor

made of PTFE under continuous magnetic stirring. A quartz

window of 2.54 cm in diameter allowed irradiation of the

samples under awide incident spectral range, includingUVand

visible light. Typically, 1 mg mL�1 of each photocatalyst was

suspended on a methanol/water solution (~1/8 v/v) and soni-

cated for 30min. The ratio of methanol/water solution of about

1/8 v/v was a typical ratio used in our previous works where

different experimental conditionswere already studied. Prior to

irradiation, the reactor was deaerated with nitrogen during

20min. The photocatalysiswas carried outwith a high pressure

Xe/Hg lamp of 350 W (Scientech), and the photocatalytic ac-

tivity was evaluated by gas chromatography (Shimatzsu GC-

2010 chromatograph) using a molecular sieve 5 A packed col-

umn following a previously reported procedure [7,12].
Results and discussion

Ag nanoparticles synthesis and characterization

Silver nanoparticles (Ag NPs) were synthesized by microwave

irradiation using AgNO3 as silver precursor, pure glycerol as
solvent and reducing agent, together with the addition of food

grade corn starch as stabilizing agent. The optical absorption

spectra obtained after the syntheses (Fig. 1) show a strong

absorption in the visible region at about 405e420 nm, for all

samples. Those absorptions are mainly originated from the

well-known surface plasmon resonance (SPR) effect of the Ag

NPs [50]. A dependence of the lmax (wavelength at the

maximum absorption) and the FWHM (Full Width at Half

Maximum) on the AgNO3 and starch concentrations can also

be observed (Fig. 1). A continuous decrease in lmax and FWHM

can be clearly seen when the concentration of starch in-

creases (Fig. S1. ESI). If the concentration of starch is equal to

or greater than 20 g L�1 a limit value was obtained in all the

cases studied. The lmax reached (407 ± 2) nm and the FWHM

stabilized in (65 ± 11) nm (Fig. S1. ESI). Those values were

almost independent of the AgNO3 concentration employed on

the syntheses. Those results may indicate that with the in-

crease of starch concentration the Ag NPs mean size became

smaller and with a narrower size distribution (Fig. S1. ESI).

Conventionally, the first step for the glycerol-rich treat-

ment process consists on the removal of non-volatile com-

ponents using filtration, ion exchange resins, and activated

carbon adsorption. The second step generally involves high-

energy cost evaporation, which removes the major volatile

components. The material stream obtained in the second

treatment step is mainly composed of glycerol (>80%) and

water [46]. For that reason, several runs were carried out to

know if it would be possible to prepare Ag NPs also in the

presence of water. The optical absorption spectra obtained for

the syntheses using glycerol/water mixtures show immedi-

ately the merge of the characteristic SPR effect of the Ag NPs

(Fig. 2). Keeping the concentrations of AgNO3 and starch

constant, the %H2O was varied from 0 to 40%. It is observed

that the maximum in the SPR intensity occurs at about 15% of

H2O (v/v) (Fig. 2-inset). Furthermore, the lmax of absorption

when the amount of H2O was 10e15% (v/v) corresponded to a

wavelength of 403 nm, slightly lower than without water

addition (Fig. S1. ESI). When the amount of water was <10% (v/

v) or > 15% (v/v), the lmax of absorption always increased

(Table S1. ESI). The FWHM strongly increased at a H2O content

higher than 15% (v/v) (Table S1. ESI). These results indicate

that Ag NPs can potentially be prepared successfully using a

green method even in the presence of water. It means that in

the production of biodiesel the secondary product, i.e. glyc-

erol, and water (<20%) can be directly employed to produce Ag

NPswithout any further purification step in the glycerol/water

separation process.

Typical XRD diffractograms of Ag NPs synthesized using

3 mmol L�1 of AgNO3 and 10 g L�1 of starch, on a glycerol/

water mixture (Fig. 3a) and on pure glycerol (Fig. 3b), show the

characteristic pattern of metallic silver. The prepared Ag NPs

possessed good crystallinity and high purity with four signals

in the range of 2q ¼ 37.5oe77.5� that can be assigned as (111),

(200), (220), and (311) planes, respectively, corresponding to

face centred cubic (fcc) silver crystal structure. The broad peak

centred at 2q ¼ 24� corresponds to the glass substrate used in

the measurements [51].

To examine the particle morphology under the several

synthesis conditions used, TEM analyses were performed.

Typical TEM images of the Ag NPs prepared by microwave

https://doi.org/10.1016/j.ijhydene.2021.07.237
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Fig. 1 e UVeVis absorbance spectra of Ag NPs obtained from optimized synthesis at several AgNO3 and food grade corn

starch concentrations. The insets show the photo of the solutions after microwave irradiation.

Fig. 2 e UVeVis absorbance spectra of Ag NPs prepared

from optimized synthesis by microwave irradiation with

several additions of H2O (% v/v). The concentrations of

AgNO3 and food grade corn starch are indicated in the

figure. The photo shows the colours of the solutions after

microwave irradiation with increasing H2O concentration.

The inset shows the change in the lmax intensity as a

function of the H2O increase (% v/v). (For interpretation of

the references to color in this figure legend, the reader is

referred to the Web version of this article).

Fig. 3 e XRD pattern of: (a) silver nanoparticles prepared by

microwave irradiation from AgNO3 (3 mmol L¡1) in the

presence of food grade corn starch (10 gL-1) on glycerol/

water mixture (15% H2O v/v); (b) Same as (a) but on pure

glycerol; (c) Silver pattern of fcc crystal structure (ICSD

064997).
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irradiation from 1 mmol L�1 AgNO3 on pure glycerol and

20 g L�1 of starch showed the existence of circular nano-

particles with mean diameter of (10.7 ± 3.9) nm (Fig. 4aec and

Table 1).When the amounts of AgNO3 increased to 3mmol L�1

the Ag NPsmean diameter slightly increased to (15.9 ± 4.0) nm

(Fig. 4def and Table 1). Increasing the concentration of AgNO3

and starch evenmore, to 6mmol L�1 and 40 g L�1, respectively

(Fig. 4gei), no remarkable changes in the mean size

(11.5 ± 6.9 nm) of the Ag NPs were observed (Table 1). If water

was added to the synthesis the mean diameters of Ag NPs

(2.9 ± 1.4 nm) agree with the information obtained by optical

absorption spectroscopy where a minimum value of lmax and

FWHM was measured (Table S1. ESI). Some amounts of larger
Fig. 4 e TEM image of Ag NPs prepared by microwave irradiation

pure glycerol and 20 g L¡1 of starch; (def) 3 mmol L¡1 AgNO3 on p

on pure glycerol and 40 g L¡1 of starch and (jel) 3 mmol L¡1 Ag

starch.
Ag NPs were also observed, probably due to agglomeration,

with a mean diameter of (21.8 ± 8.1) nm (Fig. 4jel and Table 1).

In some experimental conditions using a low amount of

AgNO3 on pure glycerol (1 mmol L�1), without addition of

water and 5 or 10 g L�1 of starch; a bimodal distribution of the

Ag NPs sizes was also observed (Table 1). In those cases,

doubling the starch concentration decreased the mean

diameter of the Ag NPs by half. As the starch is used as sta-

bilizing agent, it is already known from the classical and

modified polyol process that the size and shape of nano-

structures depend on the amount of stabilizing used [52,53].

Nevertheless, approximately 90% of the AgNPs corresponds to

the smaller diameter (Fig. S3. ESI and S4. ESI). TEM images and
and its size distribution from: (aec) 1 mmol L¡1 AgNO3 on

ure glycerol and 20 g L¡1 of starch; (gei) 6 mmol L¡1 AgNO3

NO3 on glycerol/water mixture (15% of H2O) and 10 g L¡1 of

https://doi.org/10.1016/j.ijhydene.2021.07.237
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Table 1 e Average calculated diameter of the Ag NPs
prepared by microwave irradiation under several
experimental conditions. The two values of the average
diameter correspond to bimodal distributions. The mean
size of the NPs was measured using the software
ImageJ®.

[AgNO3]
(mmol.L�1)

[Starch]
(g.L�1)

% H2O
(v/v)

Mean size
(nm)

1 2 e 39.3 ± 22.5

1 5 e 11.6 ± 5.2

43.9 ± 11.1

1 10 e 5.4 ± 1.8

20.2 ± 2.9

1 20 e 10.7 ± 3.9

3 10 e 15.9 ± 4.0

3 20 e 15.7 ± 9.5

3 40 e 11.5 ± 6.9

6 20 e 21.3 ± 6.4

6 40 e 11.3 ± 8.7

3 10 15 2.9 ± 1.4

21.8 ± 8.1

Fig. 5 e Reproducibility and stability tests of the prepared

Ag NPs measured by optical absorption spectra. (a) Three

independent synthesis of Ag NPs using AgNO3

(3 mmol L¡1) on pure glycerol and food grade corn starch

(10 g L¡1); (b) Aging of Ag NPs prepared in (a); (c) Aging of Ag

NPs prepared using glycerol/water mixture and food grade

corn starch. [AgNO3]: 3 mmol L¡1, [starch]: 10 g L¡1, H2O:

15% (v/v).

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 4 2 6 4e3 4 2 7 534270
size distribution histograms from Table 1 samples are pre-

sented from Figs. S2eS11 (ESI).

Reproducibility and stability tests of the Ag NPs

It is highly desirable in the preparation of metal NPs, that the

syntheses present reproducibility and also have good stability

over time. Therefore, a series of runs were carried out to test

the reproducibility and aging of the prepared Ag NPs. Three

independent preparations of Ag NPs using 3 mmol L�1 of

AgNO3 dissolved on pure glycerol and 10 g L�1 of food grade

corn starch led to almost identical results in lmax of absorp-

tion, FWHM and intensity (Fig. 5a) showing the high repro-

ducibility of the synthetic method employed. The aging

experiments showed a very high stability of the prepared Ag

NPs because the aggregation processes did not affect in a great

extent the optical properties of the SPR effect of the Ag NPs. In

the case of the synthesis of Ag NPs using 3mmol L�1 of AgNO3

on pure glycerol and 10 g L�1 of food grade corn starch (Fig. 5b)

a shift of about 1.2% of the lmax of absorption was observed

after 320 days of aging (from 411 nm to 416 nm) and almost no

shift within 30 days of aging was observed. When water was

used in the preparation method about 2% shift in the lmax of

absorptionwasmeasured after 320 days of aging (from 405 nm

to 413 nm). Less than 1% shift in the lmax of absorption occurs

after 30 days of aging. As it should be expected a probable

aggregation process of the NPs is facilitated by the water

presence in the liquid medium. Fig. S12 (ESI) shows how the

FWHM and lmax evolve for both stability test samples from

Fig. 5.

Photocatalytic hydrogen generation by impregnation of
green Ag NPs on TiO2 NPs

The prepared Ag NPs were loaded onto a photocatalyst

commonly used as reference in the literature, i.e. the TiO2 NPs

(AEROXIDE® TiO2eP25). The final co-catalyst was further

employed for H2 photogeneration experiments under UVevis
irradiation. UVeVis diffuse reflectance spectra (DRS) of bare

P25 TiO2 NPs showed the fundamental absorbance edge at

about 3.2 eV (Fig. 6a). A shift in the absorption edge towards

the visible-light region and the appearance of a noticeable

visible band is observed for the Ag NPs-impregnated TiO2

catalyst (TiO2@AgNPs) (Fig. 6a). The intensity of the visible

https://doi.org/10.1016/j.ijhydene.2021.07.237
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Fig. 7 e Silver 3d regions of XPS spectra after UVevis

irradiation (a) and before irradiation (b). TiO2 NPs (P25)

were impregnated with Ag (5 % wt.). AgNPs were prepared

by microwave irradiation. a.u. stands for arbitrary units.

Table 2 e The Ag/TiO2 wt.% amount as determined by
RBS. Normalized H2 evolution rate is also presented.

Samplea Amount
determined by RBS

(Ag/TiO2 wt.%)

Normalized H2

evolution rate
(mmol g�1 h�1)b

P25 0 1

P25 þ 1.25% Ag 0.34 3.3

P25 þ 2.50% Ag 0.62 4.9

P25 þ 5.00% Ag 1.02 7.0

a The amount of impregnated Ag NPs is referred in the name of the

samples as % Ag.
b Data obtained from Fig. 8a.
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band absorption centred at about 2.5 eV (~496 nm) increased

as the Ag NPs amount increased, indicated as Ag/TiO2 wt.%

(Ag/TiO2 weight ratio percentage) in the figure.

The Rutherford backscattering spectrometry (RBS) tech-

niquewas employed in order to determine the composition of

Ag NPs-impregnated TiO2 catalyst. RBSmeasurements can be

performed with small amounts of sample material and it can

provide quantitative information on elemental composition,

depth and thickness of layers in a film with the advantage

that typically it does not require the use of standards [54]. The

use of RBS in the characterization of catalysts [55,56], pho-

tocatalysts [57,58], NPs [59,60], and nanocrystals [61,62] is well

documented in the literature. The experimental RBS data of

TiO2@AgNPs samples are shown in Fig. 6b. The four steps

seen in Fig. 6b correspond to signals from Ag, Ti, Si, and O,

respectively, from the right to the left. The silicon signal in all

three samples stands for the substrate on which solutions of

the TiO2@AgNPs were dripped. Moreover, one can clearly see

a Fe contamination signal in the P25 þ 2.50% Ag sample. This

contamination is more likely to come from the impregnation

procedure. It was hypothesized that the Fe contamination

was accidental and probably the Teflon magnetic stirrer bar

during the impregnation procedure had an unseen small

damage on it. The sensitivity of RBS on metals depend on the

mass and for Fe the technique is highly sensitivity. Never-

theless, to confirm or not the presence of Fe on the surface

XPS spectra were acquired. The XPS results for the

P25 þ 2.50% Ag sample did not show any Fe 2p signal (See

Fig. S16 in SI). Therefore, no effect on the photocatalytic re-

sults would be expected.

The elemental composition was determined by fitting of

the RBS data using the SIMNRA software [49] and results are

presented in Table 2 as Ag/TiO2 wt.%. The fitting for each

sample is shown in Figs. S13, S14, S15 (ESI). As revealed by RBS,

the amount of Ag NPs that are effectively impregnated in the

commercial TiO2 NPs is less than 30% of the amounts in the

corresponding Ag NPs suspension (see Experimental section

for details regarding the impregnation procedure). The Ag/

TiO2 wt.% amount determined by RBS for the P25 þ 1.25% Ag
Fig. 6 e The amount of impregnated Ag is shown in the figure a

NPs (P25) impregnated with Ag NPs (TiO2@AgNPs) prepared by m

backscattered yield was normalized by the Ti signal and logari

observed for each sample.
sample corresponds to only 27% of its nominal amount of

1.25% Ag employed in the impregnation. The amounts

impregnated are even lower for the P25 þ 2.50% Ag and

P25 þ 5.00% Ag samples, i.e. 25% and 20%, respectively.
s Ag/TiO2 wt.%. (a) DRS UVeVis of TiO2 NPs (P25) and TiO2

icrowave irradiation. (b) RBS data of the TiO2@AgNPs. The

thmic scale was used to better display the amount of Ag
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Fig. 8 e (a) Photocatalytic hydrogen production over

UVeVis irradiation using the prepared TiO2@AgNPs co-

catalyst. Methanol was used as sacrificial agent (methanol/

water solution: ~1/8 v/v). (b) Typical hydrogen evolution

rate showing the stability of the photocatalytic reaction.

Photocatalyst: TiO2 commercial P25 þ 5% Ag NPs (Ag:TiO2

wt.%). Methanol/water solution: ~1/8 v/v.
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XPS spectroscopy was used to confirm the presence of

silver on the surface before and after the photocatalytic re-

actions. The results show in Fig. 7 clearly demonstrate the

presence of Ag 3d signals with the Ag 3d5/2 and Ag 3d3/2 peaks

appearing at 368.2 eV and 374.1 eV, respectively and with 6 eV

of the 3d doublet splitting [63]. Fig. 7b also evidences a partial

oxidation of the Ag NPs before the photocatalytic reaction

(Ag2O or AgO). Under the actual XPS experimental conditions

the expected spectra resolution should be about 1 eV and due

to the small binding energy difference between Ag2O and AgO,

the signals cannot be properly separated. The inclusion of the

oxidized Ag was necessary because the FWHM (Full Width at

High Maximum) before irradiation of the Ag 3d5/2 and Ag 3d3/2

signals was ~2.2 eV larger than the actual width of ~1.5e1.7 eV

observed, for example, in the irradiated silver co-catalyst

(Fig. 7a). The analyses of the O 1s signals did not show

important differences between irradiated and non irradiated

samples probably due to much higher concentration of TiO2

than silver (see Fig. S17 in SI).

Reactions using metal oxide semiconductors as photo-

catalysts for the generation of H2 are usually carried out in

aqueous solutions with the addition of easily oxidizable

reducing agents [64,65]. The photogenerated holes irreversibly

oxidize those species, such as methanol, instead of water. By

this way the electron concentration on the photocatalyst sur-

face increases and theH2 evolution rate is enhanced. Reactions

using sacrificial agents are regarded as half reactions and

usually called as photo-induced reforming of alcohols at room

temperature. Those types of reactions are very useful in pho-

tocatalytic H2 or O2 evolution tests. Typical results obtained in

the presence of methanol-water solutions on TiO2@AgNPs

show that the rate of evolvedH2 (mmol g�1) ismuchhigher than

pure TiO2 NPs and proportional to the amount of AgNPs loaded

onto the TiO2 NPs (Fig. 8a and Table 2). Even though the RBS

data showed an apparent inefficient impregnation of the TiO2

NPs (see Table 2), it was enough to observe an increase in the

photocatalytic hydrogen production when TiO2@AgNPs were

used as compared to results for TiO2 commercial P25. The time

evolution pattern of hydrogen generation from a mixture of

water and methanol under UVeVis illumination using TiO2@-

AgNPs co-catalyst indicated that H2 production evolved

steadily and the photocatalytic activity did not deteriorate,

even after 12 h of continuous irradiation (Fig. 8b).

The photocatalytic hydrogen production from aqueous

alcohol solutions using TiO2 photocatalyst with simultaneous

noble metal loading was studied and reviewed in the past

[16,66e69]. Briefly, the mechanism of SPR coupling with

TiO2@AgNPs using methanol as sacrificial specie for the

hydrogen evolution can be explained with the help of the

following reactions:

TiO2@AgNPs þ hn / TiO2@AgNPs (e�CB þ hþ
VB) (1)

The photogenerated holes (hþ
VB) migrate to the surface of

TiO2 and oxidize the surface OH groups, water or CH3OH

adsorbed on TiO2 to produce HO$ radicals according to the

well known mechanism [12,66]:

OHsurface group þ hþ
VB / HO$ (2)
H2O þ hþ
VB / HO$ þ Hþ (3)

CH3OH þ hþ
VB / CH3O$ þ Hþ (4)

CH3O$ þ hþ
VB / CH2O$ þ Hþ (5)

CH2O$ þ hþ
VB / CHO$ þ Hþ (6)

CHO$ þ $OH / HCOOH (7)

HCOOH þ hþ
VB / HCOO$ þ Hþ (8)

HCOO$ þ hþ
VB / CO2 þ Hþ (9)

On the other side, the fast reactions described above allow

methanol to be an efficient hole scavenger and potentially

hydrogen atom “reservoirs” at the Ag and TiO2 interface. The

final reduction of Hþ to H atoms leads to molecular hydrogen

generation.
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Conclusions

Microwave-assisted synthesis of well-crystallized Ag NPs,

using glycerol and food grade corn starch has proven to be a

fast-green eco-friendly methodology. Under diverse experi-

mental conditions, including the presence of water, Ag NPs

were obtained with diameters between 2.9 and ~44 nm. The

synthetic method was very reproducible and the prepared Ag

NPs were highly stable after 320 days of aging. Furthermore,

the Ag NPs were loaded onto commercial TiO2 NPs. The Ag/

TiO2 wt. % amount determined by RBS for the TiO2@AgNPs co-

catalysts showed that the Ag concentrations varied propor-

tional to the nominal amounts employed in the impregnation

from 20% to 27%. The evolved H2 under UVeVis irradiation in

the presence of methanol-water solutions showed that the H2

generation rate was much higher than pure TiO2 NPs and

proportional to the amount of Ag NPs loaded onto the TiO2

NPs. The route for the Ag NPs preparation described in this

work can be used for synthesizing various nanoparticles and it

shows the potential for photocatalysts preparation in large

amounts using sustainable chemical compounds.
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