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a b s t r a c t 

Core–shell nanoparticles containing plasmonic metals (Ag or Au) have been frequently reported to en- 

hance performance of photo-electrochemical (PEC) devices. However, the stability of these particles in 

water-splitting conditions is usually not addressed. In this study we demonstrate that Ag@SiO 2 core–

shell particles are instable in the acidic conditions in which WO 3 -based PEC cells typically operate, Ag in 

the core being prone to oxidation, even if the SiO 2 shell has a thickness in the order of 10 nm. This is 

evident from in situ voltammetry studies of several anode composites. Similar to the results of the PEC 

experiments, the Ag@SiO 2 core–shell particles are instable in slurry-based, Pt/ZnO induced photocatalytic 

water-splitting. This was evidenced by in situ photodeposition of Ag nanoparticles on the Pt-loaded ZnO 

catalyst, observed in TEM micrographs obtained after reaction. We explain the instability of Ag@SiO 2 by 

OH-radical induced oxidation of Ag, yielding dissolved Ag + . Our results imply that a decrease in shell 

permeability for OH-radicals is necessary to obtain stable, Ag-based plasmonic entities in photo-electro- 

chemical and photocatalytic water splitting. 

© 2017 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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. Introduction 

Photo-electro-chemical or photocatalytic solar water splitting

s promising technology to produce hydrogen sustainably, with-

ut significant CO 2 emissions associated with e.g. methane steam

eforming or coal gasification. Since the first demonstration of

his concept in 1972 by Honda and Fujishima based on TiO 2 [1] , 
esearchers aimed to develop improved semiconductor materials

hich could be used as photo-electrodes or photocatalysts for

uch process [2] . Besides doping to induce visible light activity,

nd deposition of catalytic nanoparticles to improve conversion

fficiency, a third approach to enhance performance of semicon-

uctors in photon induced processes is by functionalization of

he surface with plasmonic nanoparticles [3–5] . Visible light pho-

ons then induce plasmonic resonance, thereby significantly stim-

lating/enhancing photocatalytic activity of the semiconductor [6] .

enerally, metal nanoparticles are positioned in direct contact with

he semiconductor to induce such plasmonic effects. A drawback of

uch configuration is that adverse recombination of electrons and

oles at the metal/semiconductor interface might occur, or alterna-
∗ Corresponding author. 
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ively metal corrosion/oxidation induced by the electrolyte, eventu-

lly extinguishing the plasmonic enhancement. 

To resolve these issues, and in particular metal corrosion,

tilization of core–shell particles, preventing direct contact of

he metal with the electrolyte and semiconductors used in pho-

ocatalysis and PEC cell configurations, has been demonstrated

romising. Several reviews and excellent papers have appeared

ecently, addressing the synthesis and use of core–shell particles in

eterogeneous catalysis [7–9] , including core/yolk–shell nanocat-

lysts [10] , or in energy applications [11,12] . Regarding photon

nduced processes, Thomann et al. convincingly showed plasmonic

nhancement of Fe 2 O 3 with Au@SiO 2 core–shell particles in water

plitting applications [13] , and Abdi et al. explored plasmonic

nhancement by Ag@SiO 2 core–shell particles in contact with a

iVO 4 -based photoanode [5] . Although Thomann et al. imply sta-

ility issues might be present, since the integrity of the shell might

e affected by deformation as a result of thermal processing, the

tability against oxidation of Ag in water splitting conditions, when

resent in core shell particles, has not been extensively addressed. 

Herein, we explore the stability of Ag@SiO 2 core–shell parti-

les in two relevant water splitting applications: (1) in a photo-

lectrochemical cell in contact with WO 3 as active component

or water oxidation, and (2) in a physical mixture with Pt-loaded

nO catalysts contained in a photocatalytic slurry reactor. We will
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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demonstrate by electrochemical and electron microscopy analysis

that significant oxidation of the silver core occurs in both config-

urations, despite the presence of the silica shell. The origin of this

phenomenon is discussed. 

2. Experimental 

2.1. Synthesis and characterization of Ag@SiO 2 nanoparticles 

Ag@SiO 2 core–shell nanoparticles were synthesized using a sol–

gel method. A typical preparation procedure is as follows [14] . A

500 mL beaker was filled with 180 mL of aqueous solution includ-

ing 0.145 g of CTAB under vigorous magnetic stirring. 10 mL of an

aqueous solution of 0.1 M silver nitrate was added to this solu-

tion. 20 mL of 0.1 M ascorbic acid in aqueous solution was subse-

quently drop-wise added in a period of approximately 5 min. Af-

terwards, the mixture was stirred for 10 min, and 0.1 M sodium

hydroxide was added to accelerate the chemical reaction, and to

adjust the pH of the mixed solution to about 6.6. Subsequently,

50 mL of ethanol and 1 mL of TEOS were added to the silver col-

loid suspension, to create the silica shell. The solution was stirred

for three more hours at room temperature. The thus synthesized

Ag@SiO 2 core–shell particles were separated from the solution by

a centrifuge, and dried in an oven at 80 °C in air, yielding a yellow-

ish powder . 

2.2. Preparation of WO 3 films on FTO glass 

The preparation of the WO 3 photo-anode was performed as fol-

lows. First a WO 3 precursor solution was prepared, by dissolving

1.14 g of dark-blue WCl 6 (Sigma Aldrich) in 20 mL of ethanol in an

inert atmosphere. It took several days to dissolve the WCl 6 salt

accompanied by the disappearance of the original blue color, fi-

nally resulting in a transparent colorless liquid. The possible reac-

tion path for the dissolution of WCl 6 in ethanol is described else-

where [15] . For the preparation of the WO 3 film, the WO 3 pre-

cursor solution was spin-coated on fluorine-doped tin oxide glass

(FTO; a thickness of ∼600 nm, 16 �/cm 

2 ) at 600 rpm for 30 s. After

coating, the glass was heated on a hot plate at 100 °C for 1 min,

and cooled. This process was repeated three consecutive times.

Finally the samples were heated in a calcination oven at 500 °C
(10 °C/min) for 2 h in static air. A SEM image of the resulting film

is displayed in the supporting information (Fig. S1), demonstrating

the WO 3 film is porous and has a thickness of ∼300 nm. 

2.3. Preparation of Ag@SiO 2 core–shell particles solution and coating 

Several photo-anode configurations were prepared. For the

preparation of an ‘on top’ configuration, an ethanol suspension

containing Ag@SiO 2 core–shell particles (2 mg/4 mL) was treated

for 30 min in an ultrasonic bath. Then 100 μL of such prepared

suspension was spin coated on the pre-prepared WO 3 film at

10 0 0 rpm for 40 s. After spin coating, the glass was heated on a hot

plate to 100 °C for 1 min. This process was repeated consecutively

to create a homogeneous layer of Ag@SiO 2 core–shell particles.

For the preparation of an ‘enclosed’ configuration, a distilled wa-

ter suspension containing Ag@SiO 2 core–shell particles (2 mg/4 mL)

was treated for 30 min in an ultrasonic bath. Then 100 μL of the

prepared suspension was spin coated on FTO glass at 20 0 0 rpm

for 40 s. After coating, the glass was heated on a hot plate at

100 °C for 1 min. This process was repeated consecutively to cre-

ate a homogeneous layer of Ag@SiO 2 core–shell particles. Subse-

quently WO 3 was deposited according to the previously described

procedure (Section 2.2 ). 
.4. Characterization of the PEC cell in water splitting 

The photoelectrochemical anodic properties of the WO 3 /

g@SiO 2 core–shell particle composites were determined in an

queous electrolyte solution containing 0.1 M of sodium sulfate (pH

3.5). The potential of the working electrode was controlled by

 potentiostat (VERSASTAT 4, Princeton applied research). In the

hree-electrode measurements, a Pt wire and an Ag/AgCl electrode

3 M NaCl, BASi) were used as the counter and reference electrode,

espectively. The photoactive area was defined by an o-ring posi-

ioned in front of the WO 3 anode, being 2.54 cm 

2 [16] . Photocur-

ents were measured under illumination of an AM 1.5 solar simu-

ator (100 mW/cm 

2 ), with a 300 Xe lamp and air mass 1.5 global

lter. The intensity of the simulated sunlight was calibrated using

 standard reference Si solar cell. 

.5. Photo-deposition of Pt nanoparticles on ZnO 

1 g of ZnO (Sigma Aldrich) suspended in Milli-Q water (40 mL)

as mixed with 7 mL of 0.0019 M H 2 PtCl 6 • 6H 2 O solution in a

uartz glass beaker for 30 min in dark conditions. The beaker was

apped by a quartz glass plate to prevent evaporation, and covered

y aluminum foil. 3 mL of methanol was added to the thus pre-

ared solution as sacrificial agent, followed directly by illumination

sing UV light (18 W TL-D Blacklight Blue, Philips) for 1 h. The to-

al light intensity was 3.21 mW/cm 

2 with the wavelength ranging

rom 360 to 380 nm. The thus synthesized Pt-loaded ZnO was cen-

rifuged and washed 3 times by Milli-Q water and then dried in an

ven at 80 °C under atmospheric conditions. 

.6. Characterization of photocatalyst activity by gas 

hromatography 

H 2 evolution was measured for the Pt-loaded ZnO photocat-

lyst in a continuously stirred tank reactor (CSTR) connected to

 gas chromatograph (CompactGC Interscience), equipped with a

ulsed discharge detector. 25 mg of photocatalyst was dispersed

n 25 mL of 0.01 M K 2 SO 4 (pH ∼7.7) within an optical glass cu-

ette of 50 mL, used as CSTR. After removing air from the reactor

y continuous purging with purified He, the suspension was illu-

inated by a solar simulator at 100 mW/cm 

2 (Abet Technologies,

nc., 150 W ozone free arc lamp). The amount of H 2 evolution was

ontinuously measured using Helium as purge gas (10 mL/min). To

etermine the effect of Ag@SiO 2 core–shell particle on the wa-

er splitting efficiency, Ag@SiO 2 core–shell particles were added

fter 4 h of illumination of the Pt-loaded ZnO sample in sus-

ension. Before introduction of the Ag@SiO 2 core–shell particles,

he reactor was purged to remove H 2 from the reactor in dark

onditions. 

.7. Analysis of photo-electrode 

The various photo-anodes and photocatalyst samples were an-

lyzed using field emission scanning electron microscope (FE-

EM, Zeiss LEO 1550), Transmission electron microscopy (HR-

EM, FEI Instruments), X-ray photoelectron spectroscopy (XPS,

uantera SXM from Physical Electronics), X-ray diffraction (XRD,

ruker D2 phaser), and inductively coupled plasma atomic emis-

ion spectroscopy (ICP-AES, Varian Liberty II, Sequential ICP-AES).

V/vis spectroscopy was performed in transmission mode, using a

hermo Scientific Evolution 600 spectrometer and Millipore water

s reference. Pt and Ag particle sizes, oxidation states, crystallinity

f the semiconductors and Pt loading, were thus obtained, respec-

ively. 
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Fig. 1. Characterization of the Ag@SiO 2 core–shell particles. (a) TEM micrographs 

(b) EDX spectra, and (c) the UV–vis spectrum showing the plasmon absorption 

band. The core–shell structure is confirmed, and the plasmon absorption at around 

420 nm in agreement with literature. 
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. Results 

.1. Catalyst characterization 

Fig. 1 (a) shows the transmission electron microscopy (TEM) im-

ges of the as synthesized Ag@SiO 2 core–shell particles. Spheri-

al nanoparticles with a diameter of ∼20 nm of the Ag core, and

 shell thickness of SiO 2 of ∼20 nm, were obtained. The energy-

ispersive X-ray spectroscopy (EDX) spectra of the core and the
hell of the Ag@SiO 2 core–shell particles are shown in Fig. 1 (b),

onfirming the core consists of Ag, and the shell of Si. The Cu

ignature is due to the grid applied for the TEM analysis. A UV–

is absorption spectrum of the Ag@SiO 2 core–shell particles, when

resent in suspension in distilled water, is shown in Fig. 1 (c). The

aximum absorption peak is located around 420 nm, in agreement

ith literature [6] . 

To determine if plasmonic enhancement of the as-prepared

g@SiO 2 core–shell particles was feasible, we used Raman spec-

roscopy (Fig. S2) to evaluate intensity differences in WO 3 induced

aman lines. The features at 710 and 805 cm 

−1 can be attributed

o W–O–W stretching modes of the WO 3 film [17] . The presence of

are Ag nanoparticles results in higher relative Raman intensities

f WO 3 , as compared to WO 3 –FTO. The presence of Ag@SiO 2 core–

hell particles (WO 3 –Ag@SiO 2 –FTO layers) still showed enhance-

ent, albeit significantly less, indicating the shell thickness, above

hich plasmonic features are quenched, was reached. 

.2. Characterization by photo-electrochemical analysis 

Fig. 2 (a) shows the current density for an enclosed configura-

ion in which the Ag@SiO 2 core–shell particles are positioned in

etween the FTO-glass electrode and the WO 3 film. We controlled

he amount of Ag@SiO 2 core–shell particles by increasing the num-

er of spin coating cycles from 1 to 3, before deposition of WO 3 .

he effect of the Ag@SiO 2 core–shell particles on photocurrent ef-

ciency is negative, even after a single spin coating cycle. As indi-

ated in the cartoon, the negative effect of the presence of Ag@SiO 2 

s likely explained by a reduction in effective contact between the

O 3 film and the FTO substrate, more dominant for a thicker than

 thinner film of the Ag@SiO 2 particles. This might introduce sig-

ificant resistances for electron flow from WO 3 into FTO. Appar-

ntly, this negative effect is not (over)compensated by plasmonic

nhancement. Fig. 2 (b) shows the dark current of the applied elec-

rode configurations, clearly demonstrating an anodic peak in the

oltage range of 0.65 till 0.8 V vs. RHE. 

To further analyze this anodic peak, dark scan curves of FTO-

lass, bare SiO 2 on FTO-glass, bare Ag nanoparticles on FTO-glass,

nd Ag@SiO 2 core–shell particles on FTO- glass, are compared in

ig. 3 . The Ag@SiO 2 core–shell particles show a similar anodic cur-

ent peak to the Ag nanoparticles without a shell, albeit of much

ower intensity as evident from the magnified view ( Fig. 3 (b)). The

xidation current can be assigned to oxidation and dissolution of

g: 

g → A g + + e (1) 

Ag is thus instable at the applied (and generated) oxidation po-

ential over a broad range of pH values, [18] and Ag appears only

artly stabilized by the silica shell. We therefore conclude that

lasmonic effects will be diminished at potentials lower than the

otential required for significant water oxidation induced by WO 3 . 

LSV curves of WO 3 anodes with Ag@SiO 2 core–shell particles

eposited on top of WO 3 , are presented in Fig. S3. The presence of

g@SiO 2 again decreases the photocatalytic performance of WO 3 in

onversion of water to O 2 . We propose light scattering and shield-

ng explain the negative effect of Ag@SiO 2 in this electrode config-

ration, in particular when front illumination is applied. We also

nticipate oxidation of Ag is again occurring, preventing plasmonic

nhancement. If so, intimate contact between the Ag@SiO 2 parti-

les and the photo-electrode is apparently unnecessary to induce

xidation. To verify this hypothesis, we evaluated the stability of

g@SiO 2 in the presence of platinized ZnO when illuminated in

ater-splitting conditions. 
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Fig. 2. LSV curves of an unmodified WO 3 electrode, and an electrode containing Ag@SiO 2 core–shell particles between the WO 3 film and FTO-glass under (a) front-side 

illumination and (b) in dark conditions. 

Fig. 3. (a) Dark scan curves of FTO glass, SiO 2 on FTO-glass, Ag nanoparticles on FTO-glass, and Ag@SiO 2 core–shell particles on FTO-glass. (b) Magnified view of the same 

experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Gas chromatography measurement of water splitting induced by Pt-loaded 

ZnO in the absence or presence of Ag@SiO 2 core–shell particles. Only hydrogen was 

detected in significant amounts. 

 

C  
3.3. Stability of Ag@SiO 2 in a photocatalytic slurry reactor 

Gas chromatography measurements of hydrogen and oxygen

evolution induced by illuminated Pt-loaded ZnO in the absence

or presence of Ag@SiO 2 core–shell particles are shown in Fig. 4 .

Fig. 4 clearly shows that ZnO requires Pt nanoparticles to induce

the formation of hydrogen. The Pt-loaded ZnO sample produces ap-

proximately ∼400 ppb H 2 (in 10 mL/min He flow) under 1 sun il-

lumination. The presence of Ag@SiO 2 core–shell particles enhances

H 2 evolution rate to some extent, likely due to light-scattering ef-

fects, contrary to the electrode configuration now favoring a more

homogeneous illumination of the volume of the slurry reactor. In

the presence of 10 wt% of the Ag@SiO 2 particles (on the basis

of Pt/ZnO), the activity of the Pt/ZnO catalyst is in the order of

0.58 μmol H2 /(g ·h). 

We could not detect the formation of O 2 , even though our

pulsed-discharge-detector has sufficient sensitivity for the O 2 

quantities expected on the basis of the quantities of H 2 . We spec-

ulate, that the following alternative reactions for water oxidation

might be relevant [19] . 

(1) Oxidation of carbon contaminants to CO or CO 2 by (acti-

vated) oxygen (reaction ( 2 )). 

“C” on the ZnO surface + O 2 → CO + CO 2 (2)

Unfortunately our GC configuration was not able to measure

O during the reaction, but the formation of CO can be excluded.
2 
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Fig. 5. TEM images of (a) ZnO (scale-bar 100 nm and 10 nm), (b) Platinized ZnO 

after photo-deposition (scale-bar 20 nm and 10 nm), (c) a physical mixture of pla- 

tinized ZnO with Ag@SiO 2 before the water splitting reaction (scale-bar 50 nm and 

20 nm), and (d) a physical mixture of platinized ZnO with Ag@SiO 2 after the water 

splitting reaction (scale-bar 50 nm and 20 nm). 
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p  
arbon contaminants are well-known to be present on semicon-

uctor surfaces [20] . 

(2) Photo-excited holes react with water to produce hydroxyl

adicals (reaction ( 3 )), followed by formation of hydrogen peroxide

reaction ( 4 )), rather than oxygen. 

h 

+ (from ZnO) + 4H 2 O → 4OH • + 4H 

+ (3)

 OH • → 2H 2 O 2 (4)

Reaction ( 3 ) is also very likely to occur, as we will further ad-

ress in Section 4.2 . 

Several samples were analyzed before and after the water split-

ing reaction by TEM ( Fig. 5 ). ZnO used in the present study con-

ists of plate-like, well-defined crystals, with sizes in range of 100

o a few 100 s of nanometers ( Fig. 5 (a)). Fig. 5 (b) shows the sample

btained after photodeposition of Pt nanoparticles. The integrity

f the ZnO crystals is not significantly changed by the photode-

osition procedure, as confirmed by XRD data shown in Fig. S4,

hile small homogeneously distributed Pt nanoparticles can be ob-

erved. Using the program image J (see supplementary information

ig. S5), we determined an average Pt-particle size in the order

f 1.94 nm ± 0.7 nm. ICP-AES confirmed that photo-deposition of

t on ZnO occurred with an efficiency of 99.5%. Reduction of the

t-precursor was not fully complete, since the presence of some

t(II)O was identified by XPS analysis (Fig. S6). 

Ag@SiO 2 core–shell particles are also clearly visible in the im-

ges of the Pt-loaded ZnO ( Fig. 5 (c)). Fig. 5 (d) shows images taken

fter the photocatalytic reaction. Several remarkable observations

an be made. First, the image shows a Ag@SiO 2 core–shell parti-

le in which the Ag core has clearly shrunk, leaving a void be-

ween the shell and the (smaller) Ag particle. Second, relatively

arge Ag metal particles appear to have deposited on the ZnO crys-

als, which can be clearly discerned from the Pt particles by EDX

s shown in Fig. S7. The Pt particles did not significantly change

n morphology, but were determined by XPS analysis (Fig. S8) to

e fully reduced to the metallic state (Pt 0 ), on the basis of the

eak position at 71.0 eV. In situ reduction of PtO x upon illumina-

ion of ZnO is entirely feasible, and might occur as schematically

llustrated in Fig. 6 . Conversion of oxidic Pt is in agreement with

he transient in hydrogen production rate, which increases in the

nitial hour of the experiment. 

. Discussion 

.1. Stability of Ag@SiO 2 in photo-electro-chemical water splitting 

onditions 

Various studies have demonstrated that plasmonic en-

ancement by Au or Ag nanoparticles is feasible in photo-

lectrochemical applications. A very illustrative study has been

eported by Abdi et al. who explored the application of Ag@SiO 2 

ore–shell nanoparticles on the surface of BiVO 4 to improve the

bsorption in BiVO 4 [5] . Contrary to our data for WO 3 , Abdi et al .

ound enhancement in photocurrent, when Ag@SiO 2 was in con-

act with BiVO 4 , which they tentatively explain by improvement

f water oxidation kinetics due to catalytic activity of Ag@SiO 2 

anoparticles. They arrived at this explanation on the basis of a

imilar experiment as shown in Fig. 3 , in which they also observed

n electrochemical response. Instability of the Ag@SiO 2 particles

n photo-electrochemical conditions was, however, not considered.

lternatively to the explanation of Abdi et al., we propose our

lectrochemical response in Fig. 3 is due to the (sacrificial) oxida-

ion of the Ag core, which we presume in photo-electrochemical

onditions is predominantly electrochemical (see reaction ( 1 )).
ased on the photocatalysis data, there is additional, alterna-

ive chemistry for oxidation of Ag, which will be discussed as

ollows. 

.2. Stability of Ag@SiO 2 in photo-catalytic water splitting conditions 

To the best of our knowledge, there is no study in the litera-

ure that has addressed the (in)stability of Ag@SiO 2 core shell par-

icles in photocatalytic water-splitting applications. To explain our

henomena ( Fig. 5 ), we propose the following reaction sequence.
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Fig. 6. Illustration of the processes initially occurring upon illumination of Pt/ZnO 

in water-splitting conditions. 
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[  
First, photo-excited ZnO induces the formation of hydroxyl radicals

according to reaction ( 3 ). Recent studies have demonstrated that

these radicals can dissolve in water. These are apparently also ca-

pable of penetrating the porous SiO 2 shell, and to induce oxidation

of Ag to Ag + according to reaction ( 5 ). Then we assume Ag + to dif-

fuse out of the shell into solution, after which Ag + reacts with the

photo-excited electron from ZnO to create Ag nanoparticles (reac-

tion ( 6 )), similar to a photo-deposition process. 

OH • + Ag (core of Ag@SiO 2 ) → Ag + + OH 

− (5)

Ag + (in solution) + e − → Ag (on ZnO) (6)

In fact, the observation of photodeposited Ag particles on ZnO

is evidence that Ag + ions are transported through the shell-wall,

thus leaching into solution. Re-deposition of Ag on the ZnO sur-

face was that effective, that Ag + concentrations were below the

detection limit of the ICP-AES instrument. Corroborating the poros-

ity of the silica shell, are the results reported by Suryanarayanan

et al. [21] . They showed the Ag core of Ag@SiO 2 core–shell par-

ticles can be oxidized into silver ions by reaction with halocar-

bons. Loss of the integrity of the shell by deformation as a result of

thermal processing, as proposed by Thomann et al. [7] , might in-

crease the porosity and exposure of Ag to the electrolyte solution

and dissolved hydroxyl radicals therein. Our results imply that Ag

nanoparticles need to be covered with a dense, non-porous SiO 2 

shell, to ensure stability in photo-electrochemical and photocat-

alytic water splitting conditions. CTAB, used in this study to pre-

pare the silica shell, has been used to produce (meso)porous films

of silica, including hexagonal porous films [22] . Films of higher

density can be synthesized through the use of a silane coupling

agent (such as (3-aminopropyl)trimethoxysilane) which can replace

CTAB yielding a monolayer of dense SiO 2 [23,24] , or by growth off

of a polyvinylpyrrolidone (PVP) surface [25] . Use of these meth-

ods should allow for the formation of a thinner and denser silica

film. The use of a silane coupling agent may not prevent all ac-

cess to the surface, as Suryanarayanan et al. [15] observed degra-

dation of Ag particles in SiO 2 shells grown on APTMS over 14 h

of cyclic voltammetry. Future study in our laboratory will focus on

synthesis methods providing dense silica shells, to enhance stabil-

ity of the Ag in Ag@SiO 2 particles. We will also address the ef-

ficient removal of carbon residues used in the various synthesis

procedures. 
. Conclusions 

In summary, we have analyzed the performance of Ag@SiO 2 

ore–shell particles in WO 3 -based photo-electrochemical water

plitting and in Pt/ZnO based photocatalytic water-splitting. Elec-

rochemical oxidation of the Ag core was demonstrated to occur

t potentials lower than required for WO 3 induced water oxida-

ion, explaining the absence of plasmonic enhancement in photo-

urrent. Based on the TEM images obtained after Pt/ZnO based

hotocatalytic water splitting, we propose oxidation of Ag by OH-

adicals is also feasible, resulting in hollow Ag@SiO 2 particles, dis-

olution of Ag + , and (photo)deposition of Ag on ZnO. Our results

hus suggest that the shell morphology of Ag@SiO 2 should be op-

imized to (i) minimize electrical contact of Ag with a photoan-

de, (ii) to prevent OH-radical based oxidation and dissolution of

he Ag core, and (iii) to preserve plasmonic enhancement in photo-

lectrochemical and photocatalytic water splitting. 
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