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Equation 1 has been analyzed experimentally3 and theo-
retically5 in some detail. We know that silver cations
adsorbed at the surface of silver chloride nanocrystals are
necessary for the reaction to proceed. Thus, the light ab-
sorption can be considered as a charge transfer excitation
from Cl– to adsorbed Ag+ (see Eq. 3). The electron hole
pairs may recombine, or electrons and holes may sepa-
rate as reduced silver atoms Ags,i

0, and Cls
• radicals. The

indices s and i refer to surface and interstitial species.

 [AgCl]Ags
+   

light →  [AgCl]{Ag+, Ag0}s,i + Cls
• (3)

The Cls
• radicals recombine very fast to form Cl2:

2Cls
• → Cl2 (4)

Under the applied conditions (~10–3 M Ag+, pH 4–6),
the Cl2 reacts with water to produce hypochloric acid.
Silver cations act as a catalyst for the decomposition of
the latter into molecular oxygen, protons and chloride
ions. The chloride ions are bound by the Ag+. These re-
actions are very fast and we assume that they take place
at or very near to the surface.

Cl2 + H2O → HOCl + H+ + Cl– (5)

2HOCl   
Ag +

 →  O2 + 2H+ + 2Cl– (6)

The reduced silver atoms may react with other silver
species (Ag0 atoms, Ag+ ions, or silver clusters) according
to Eq. 7, forming positively charged or neutral silver clus-
ters. In its first stages, this reaction is related to the fun-
damental process of latent image formation in the silver
halides. Continuous illumination leads to the formation
of printout silver.6
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Introduction
The splitting of water into hydrogen and oxygen driven
by solar energy is considered as the “Holy Grail” towards
a clean and renewable energy source.1,2 One of the key
problems in the photocatalytic water splitting is the oxi-
dation to oxygen, mainly because of the difficulty in ac-
cumulating the necessary four oxidative equivalents
required. Our experimental results show that appropri-
ately prepared silver chloride electrodes can fulfill this
task. Therefore, we consider this material a suitable
choice in a photocatalytic water splitting device. A sil-
ver chloride layer acts as a photocatalyst in the pres-
ence of a small excess of silver cations with a maximum
oxygen evolution rate between pH 4 and 6. Its
photoactivity extends from the UV to the visible region
due to a process known as self-sensitization. The photo-
catalytic reaction occurs in two steps. Water is oxidized
to oxygen plus protons, and silver cations are reduced
to silver upon irradiation. The reduced silver species
are reoxidized which makes the system catalytic.3,4

[nAg+, mAgCl] + 
    

r
2

H2O   
light →

[(n–r)Ag+, mAgCl, rAg0] + rH+ + 
    

r
4

O2 (1)

[(n–r)Ag+, mAgCl, rAg0]   
electrode →   [nAg+, mAgCl] + re–

(2)
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Thin AgCl layers photocatalytically oxidize water to O2 under appropriate conditions. The photoactivity of AgCl extends from the
UV into the visible light region in a process known as self-sensitization, which is due to the formation of silver during the
photoreaction. This silver can be almost quantitatively reoxidized electrochemically, making it feasible that a thin AgCl layer
deposited on a conducting substrate can be used as a photoanode for water splitting if coupled with an appropriate photocathode.
The silver chloride/silver cluster phase boundary plays a decisive role in the photocatalytic silver chloride electrode system. We
have therefore studied this interphase by means of quantum chemical calculations from which we report first results, specifi-
cally for the (Ag)115(AgCl)192 composite. Clusters of semiconducting materials are interesting considering their application as a
photocathode in such a device. In this context, we also report the synthesis and properties of luminescent quantum-sized silver
sulfide clusters in the cavities of zeolite A. The color of the silver sulfide zeolite A composites ranges from colorless (low loading)
to yellow–green (medium loading) to brown (high loading). A low silver sulfide content is characterized by a blue–green lumines-
cence and distinct absorption bands, while samples with medium or high silver sulfide content show an orange or red colored
emission and a continuous absorption.
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Ag0 + Agr
q+ → Ag(r+1)

q+ (r ≥ 1; 0 ≤ q ≤ r) (7)

The self-sensitization4,7 of the photochemical activity of
AgCl is due to silver clusters adsorbed on its surface. A
comparison of the energetic positions of the AgCl8 band
gap and the silver clusters show that the silver clusters
have empty energy levels below the conduction band of
AgCl (see Fig. 1). In the absence of silver clusters, AgCl
does not absorb light below the indirect band gap tran-
sition, which is in the near UV at 3.3 eV (≈ 380 nm).
Their presence enables a new electronic transition from
the AgCl valence band to the empty silver cluster en-
ergy levels. The energy for this transition is lower than
the energy needed for an optical transition from the AgCl
valence band to the AgCl conduction band. Neverthe-
less, this new optical transition in the visible spectral
range still initiates the oxidation of water, because the
conduction band is not directly involved in water oxida-
tion. Thus, the photocatalytic oxidation of water on AgCl
is extended from the near UV into the visible range of
the spectrum. Self-sensitization as observed by us
should not be confused with the spectral sensitization
effected by silver clusters, also termed photographic
Becquerel effect. The latter observation has been attrib-
uted to an electron injection from electron-donating sil-
ver clusters into the AgCl conduction band.

The reoxidation (Eq. 2) is very simple from a stoichio-
metric point of view. It is, however, not easy to under-
stand. In order to explain the problem we show in Fig. 2
the results of one of the first successful experiments.9

This experiment was carried out with a AgCl-coated
electrode produced by precipitation of AgCl on SnO2:F
coated glass, in a 10–3 M silver nitrate solution at pH
4.5. Illumination periods of 100 min duration alternate
with dark periods of 25 min duration. It is remarkable
that the O2 signal and the photocurrent coincide when
the light is switched on and off, which is observed in all
experiments. We note that the photocurrent is cathodic
(reductive) during the first 12 min of the first illumina-
tion period and turns anodic (oxidative) afterwards.

About six turnovers with respect to the total amount of
AgCl deposited on the electrode (0.46 µmol) were mea-
sured before the experiment was stopped after 10.5 h.

The first investigation of the photoelectrochemical
properties of AgCl-coated electrodes was made by
Becquerel in 1839,10 a few years after Talbot had real-
ized the first photographic pictures on paper based on
AgCl.11 The photocurrent observed by Becquerel was re-
ductive. An AgCl-coated platinum working electrode and
a blank platinum counter electrode were immersed in
an aqueous nitric acid electrolyte solution. Illumination
of the AgCl-coated electrode by sunlight generated a
photovoltage that produced a reductive photocurrent at
the AgCl-coated electrode. This is termed the Becquerel
effect and represented the first reported photovoltaic
device. Equation 2 corresponds to a current of reversed
sign with respect to the Becquerel photocurrent. The
cathodic current observed during the first 12 min, how-
ever, has the same sign as the Becquerel current. Then
it changes its behavior and finally corresponds to the
anodic current expressed in Eq. 2. We assume that sil-
ver clusters formed at the beginning of an experiment
do not make electric contact to the conducting glass sup-
port. Even nanostructured silver chloride is too good an
insulator for electrons, not allowing them to flow to the
SnO2:F back contact. However, after some silver clus-
ters have been produced, anodic photocurrents can flow.
It was shown that more sophisticated preparation meth-
ods for the AgCl layers lead to more stable, more re-
versible, and more light sensitive electrodes. A typical
result obtained on SnO2:F coated glass support with a
thin layer of gold, upon which AgCl is prepared by elec-
trochemical oxidation of a 50 nm silver layer, is shown
in Fig. 3. The AgCl particle size is smaller than one mi-
crometer (see Ref. 3, Fig. 9). These electrodes display a
remarkable stability as evidenced by the sustained O2

production and reoxidation photocurrent. The number
of turnovers of AgCl was 11 during the period shown.
Obviously much larger turnovers can be achieved by
running the experiment over a longer time period. The
light intensity from a 450 W Xe arc lamp at the AgCl

Figure 1. Energy level diagram explaining the self-sensitiza-
tion of silver chloride. The photochemical activity is extended
from the near UV into the visible range of the spectrum upon
near UV illumination.

Figure 2. Chronoamperometry of a AgCl-coated SnO2:F elec-
trode, carried out at 0.64 V versus NHE, with illumination
and dark periods. The O2 production rate (nmol·h–1) and the
photocurrent (µA; anodic current is drawn upwards) are plot-
ted versus time.9
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electrode was approximately 50 mW·cm–2 of which only
part was absorbed.

The silver chloride/silver cluster phase boundary ob-
viously plays a decisive role in the photocatalytic silver
chloride electrode system. We have therefore studied
this interphase by means of quantum chemical calcula-
tions from which we report first results.

Silver sulfide plays an important role in silver halide
photography. We also expect it to become important in
the processes discussed in this article. We have recently
succeeded in preparing the first colored silver sulfide
species which luminesce in the visible range of the spec-
trum.12 Here we report additional, remarkable charac-
teristics of luminescent quantum-sized silver sulfide
clusters in the cavities of zeolite A. A tunable band gap
in this semiconductor material makes it very attractive
for many purposes, including solar energy conversion.

The oxidation properties of silver chloride
photoelectrodes in a photoelectrochemical water split-
ting system will be discussed in the last section.

AgCl Surface States and Ag/AgCl
Metal-Semiconductor Contact

A deeper theoretical insight of the Ag/AgCl system is
important for a better understanding of the photoanodic
properties in a water splitting device.3 This has moti-
vated us to explore selected clusters and composites,
which are difficult to investigate experimentally, by
theoretical means. We are especially interested in un-
derstanding the influence of so called surface states
(SURS)13,14, adsorbed silver ions, and silver clusters on
the electronic structure of silver chloride. The metal to
silver chloride contact is of special importance with re-
gard to solar cell technology and some first results will
be described below. We have recently shown that the
EHMO-ASED method15,16 is well suited for studying the
electronic structure of AgCl crystals, AgCl clusters, hy-

drated silver ions (see Figs. 3 to 6 and Tables III and IV
in Ref. 5), as well as for advancing our understanding
of silver ions in zeolites.17 Therefore, this method was
applied in the present study.

AgCl Clusters and Surface States. It is well estab-
lished that the (100) surface of AgCl is by far the most
stable.18 For our calculations the (AgCl)n clusters shown
in Fig. 4 were chosen. The AgCl distance increases sub-
stantially with increasing size of the cluster (see Fig. 8
in Ref. 5). The change becomes small for larger clus-
ters, for example 0.02 Å from (AgCl)108 to (AgCl)256. The
observed decrease of the HOMO–LUMO gap is exclu-
sively caused by the change of the LUMO position, while
the energy of the HOMO remains nearly constant. The
latter consists of 3p(Cl) lone pairs, while the LUMO is
of 5s(Ag) type. The LUMO is mainly localized at the
corner atoms and can therefore be identified as surface
state level. These SURS lie about 1 eV below the con-
duction band edge of the crystal.5

Adsorbed Ag+(H2O)2 has a marked influence on the
electronic structure of silver chloride. The energy level
diagram shown in the middle of Fig. 5 represents the
situation where the silver ion of Ag+(H2O)2 is opposite
to a silver atom of a (100) silver chloride surface. The
adsorbed silver ion gives rise to a low lying 5s(Ag) level,
the energy of which rises quickly when the Ag+(H2O)2 is
shifted to a position opposite to a chlorine atom on the
same surface. The next four higher levels, which are of
SURS type, are fully localized on the silver corner at-
oms. This means that due to the adsorption of a
Ag+(H2O)2, the charge transfer (CT) properties of silver
chloride change. The adsorbed silver ion gives rise to a
new energy level which becomes the new LUMO, while
the HOMO is not affected.

Main features of the different electronic structures of
a AgCl single crystal, a nanocrystal with one Ag+(H2O)2

adsorbed and a nanocrystal on which several are
adsorbed (some of them already reduced and therefore
represented as (Agr

q+)aq) are summarized in Fig. 5. Prop-
erties of silver clusters and their role in silver halide
photography was investigated in detail by Henglein19

and Belloni.20 We observed that when a Ag+(H2O)2 is
placed on all six faces of a (AgCl)108 cluster the oscilla-
tor strength of the first electronic transition, which is
of 5s(Ag) ← 3p(Cl) CT type, rises more than six times
with respect to (AgCl)108–Ag+(H2O)2 due to the coopera-

Figure 3. Chronoamperometry of an electrochemically pre-
pared AgCl electrode (substrate: SnO2:F coated glass, 1 cm2)
modified with a thin gold layer (10 nm), at 0.64 V versus NHE,
with illumination and dark periods. The O2 production rate
and the photocurrent (anodic current drawn upwards) are plot-
ted versus time.

Figure 4. Clusters and composites discussed in this article.
Top: (AgCl)n clusters with (100) surfaces. Bottom left: the com-
posite (Ag)115(AgCl)192. Bottom right: an adsorbed Ag+(H2O)2 on
the surface of (AgCl)108.
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tion between the adsorbed silver species. It is likely that
these CT transitions are responsible for the well-estab-
lished increased photochemical activity of
nanocrystalline AgCl materials in presence of an excess
of silver ions.5

Ag/AgCl Metal-Semiconductor Contact. Band struc-
ture diagrams of Schottky and ohmic contacts have been
studied in many laboratories.21,22 Much less is known
about the properties of metal/semiconductor interphases
on an atomic or molecular level. We are specifically in-
terested in learning more about the influence of
adsorbed silver clusters on the electronic states of AgCl.
There are a nearly unlimited number of possibilities to
create Ag and AgCl cluster models. Silver clusters23,24

have the tendency to be of spherical shape.25 We have
therefore investigated silver clusters of spherical shape
adsorbed on a (1 0 0) silver chloride surface. The
(Ag)115(AgCl)192 composite illustrated in Fig. 4 was found
to be of relevant size for studying important aspects of
the electronic structure of such systems. Searching for
the most stable position of the (Ag)115 on the (AgCl)192

we found the result illustrated in Fig. 6. It shows the
calculated energy as the cluster is moved along the di-
agonal line on top of the (AgCl)192. The most stable situ-
ation is observed when the cluster sits in the central
region of this surface. The stabilization is mainly due
to favorable interactions between some molecular or-
bitals of the two adjacent silver and silver chloride lay-
ers. Significant exchange of charges takes place at this
interface as illustrated in Fig. 7. Three regions are ana-
lyzed. The first takes all atoms of the corresponding
layer into account (region I). The second excludes the
first Ag cluster shell and the corresponding atoms on
the AgCl side (region II) and the third excludes the first
and the second Ag cluster shell (region III). The overall
charges are divided by the number of atoms so that the
different regions can be compared. Such an analysis of
the electron density along the z axis shows that directly
at the junction a negative charge on the AgCl side and a
similar positive charge on the Ag side is observed. When
comparing with the separated system ((AgCl)192 and

Figure 5. Comparison of the electronic structure of a silver
chloride crystal, a silver chloride nanocluster with one
Ag+(H2O)2 adsorbed on its surface, and one with several of them
adsorbed (some of them already reduced and therefore repre-
sented as (Agr

q+)aq). The crystal band gap and (AgCl)n–(Agr
q+)aq

values correspond to experimental results.

Figure 6. Stabilization energy of the Ag/AgCl cluster system.
Selected positions are shown.

Figure 7. Charge per atom in the layers 1 to 11 of the Ag/AgCl
cluster system for the regions I (solid), II (dash–dot), III (dot).

(Ag)115 at infinite distance), we observe major charge
changes on the layers 6, 7, and 8. We also observe a
large charge difference at the interface when compar-
ing regions I and II, however the difference between
regions II and III is small. The atoms at the surface of
the Ag cluster are negatively charged while those in-
side are positive.

Figure 8 shows the weighted density of states (DOS)
of the band gap region of layers 1 to 6. These DOS are
similar to the projected DOS in the EHTB (Extended
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Hückel Tight Binding) method.16,26 First, each energy
level is weighted with the Mulliken orbital popula-
tion of the corresponding atoms, then their density is
calculated. Details will be described in Ref. 27. The
newly formed states lying in the AgCl band gap re-
gion, which are induced by the Ag cluster atoms, cor-
respond to what has also been called metal induced
gap states (MIGS) in other systems.28 These states do
not penetrate deeply into the silver chloride. They can
only be observed in the 5th and 6th layer of the AgCl
cluster. Such states should be detectable in specific
spectroscopic experiments.

Quantum Sized Silver Sulfide Clusters
Bulk silver sulfide has been considered for photoimaging
and photodetection in the IR region,29,30 while molecules
and small clusters are known to play an important role
in photographic sensitivity.31–35 In contrast to the thor-
oughly investigated nanoparticles of semiconductors
such as CdS36 or ZnS37, only a few studies on clusters of
Ag 2S are currently available.38–42 Silver sulfide
nanoparticles show a strong tendency to aggregate into
bulk, which renders the preparation of small clusters
extremely difficult. By using the well defined cavities
of zeolite A, we developed a method of synthesizing sil-
ver sulfide clusters in the size regime below 15 Å.12 The
preparation is based on the observation that Ag+ loaded
zeolite A can be reversibly activated at room tempera-
ture.17,43 Its reaction with H2S leads to the formation of
silver sulfide clusters inside the zeolite cages. The clus-
ter size can be varied by adjusting the initial amount of
exchanged silver ions.

The low temperature phase of bulk silver sulfide (α–
Ag2S or acanthite, stable up to 450 K) is a semiconduc-
tor with a monoclinic structure and a band gap of
approximately 1 eV at room temperature.29 The predomi-
nant electronic transition in bulk Ag2S and presumably
also in Ag2S nanoparticles is a charge transfer from 3p(S)
to 5s(Ag). Figure 9 shows the calculated DOS of bulk α–
Ag2S. The contribution of 3p(S) states to the valence
band is much more pronounced than for the conduction
band, which is mainly of 5s(Ag) character. An analogous
observation can be made for a hypothetical Ag2S mol-
ecule. Furthermore the HOMO–LUMO region of such a

molecule, and most probably also of larger silver sul-
fide clusters, fits well into the energy gap between the
oxygen lone pairs of the zeolite A framework and the
zeolite A LUMO region, therefore allowing the investi-
gation of its electronic transitions.

In our synthesis of quantum-sized silver sulfide clus-
ters, the zeolite is used as a stabilizing matrix that pre-
vents the silver sulfide particles from growing and
aggregating into bulk. The main structural features of
zeolite A are the α– and β–cages with diameters of 11.4
and 6.6 Å, respectively (see Fig. 10).44 It can be assumed
that the clusters are located in these cages, with pos-
sible interactions between clusters in adjacent cages of
high silver sulfide loading.

Silver sulfide clusters were synthesized in sodium zeo-
lite A (NaA) and calcium zeolite A (CaA). The properties
of the silver sulfide zeolite A composites depend strongly
on the silver sulfide loading density. We have shown that
increasing the silver sulfide content leads to the forma-
tion of larger clusters and to a drastic variation of the
optical absorption and luminescence of the material.12 The
color of the silver sulfide zeolite A composites (Ag2S–NaA-x
or Ag2S–CaA-x, where x denotes the average number of
silver ions per a-cage) ranges from colorless (0.01 < x <
0.5) to yellow-green (0.5 < x < 2) to brown (x > 2). Be-
cause pure zeolite A shows no absorption in the investi-
gated spectral range and hydrated Ag+ – loaded zeolite A
is colorless as well, it can be concluded that the color of
Ag2S–NaA and Ag2S–CaA is caused by the presence of
quantum-sized silver sulfide clusters (see Fig. 11).

The silver sulfide zeolite A composites exhibit a vari-
ety of luminescence properties depending on the silver
sulfide loading density and to a smaller extent, on the
co-cations. A low silver sulfide content is basically char-
acterized by a blue–green emission and distinct absorp-
tion bands, while samples with medium silver sulfide
content show an orange-colored emission and a continu-
ous absorption (see Fig. 12). Further increasing the sil-
ver sulfide content (x > 2) and therefore the cluster size
results in a bathochromic shift of this characteristic
emission and a gradual shortening of the luminescence
decay times. The decays are multiexponential owing to
silver sulfide clusters on different sites inside the zeo-
lite cages and/or a narrow size distribution.

Figure 8.  Density of states (DOS) observed in the
(Ag)115(AgCl)192 composite in the band gap region of (AgCl)192.
The layers 1 to 6 are shown.

Figure 9. Left: Density of states (DOS) plot of α–Ag2S. The
hatched region indicates the contribution of sulfur 3p-states
(BICON–CEDiT16 calculation). The Fermi level , is marked by
an arrow. Right: HOMO–LUMO region of a hypothetical Ag2S
molecule in comparison to the HOMO–LUMO region of zeolite
A (ICON–EDiT15 calculation).
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Photoelectrochemical Water Splitting with AgCl
as Photoanode

Silver chloride is a semiconductor with an indirect
band gap of 3.3 to 3.5 eV. The position of the valence
band edge can be estimated by means of electrochemi-
cal and thermodynamic arguments to be around 2.5 V
versus NHE. On the other hand, the energy of the con-
duction band edges of AgCl and AgBr are nearly equal,
namely about –3.3 eV.45–47 This corresponds to an elec-
trochemical potential of –1.2 V versus NHE (–4.5 eV is
equivalent to 0.0 V versus NHE). Adding the value of
the band gap energy of AgCl we obtain 2.1 to 2.3 V ver-
sus NHE for the position of the valence band edge. Based
on these estimates, we will use a value of 2.3 V versus
NHE for the position of the valence band edge and –1.0
V versus NHE for the position of the conduction band
edge of AgCl (see Fig. 13).

The equilibrium redox potential of a Ag+/Ag0
bulk silver

electrode is 0.62 V versus NHE at a Ag+ concentration
of 10–3 M. As long as all reduced silver species on the
AgCl surface build up bulk silver, the value of 0.62 V
can be considered to be the lower edge of the silver clus-
ter redox potential range. But if the reduced silver clus-
ters are prevented from forming bulk silver, then the
thermodynamic situation is different. We do not know

how such a system can be stabilized over an extended
period of time. Nevertheless, it is well known that the
redox potential of silver clusters E°[Ag+/Ag0

n] becomes
more negative with decreasing cluster size.48–50 This is
responsible for the decrease of the minimum absorption
energy required to excite an electron of the valence band
of AgCl, thus extending the photoactivity of the mate-
rial from the UV to the visible region of the solar spec-
trum (self-sensitization). Our arguments are therefore
based on the equilibrium potential of 0.62 V versus NHE
for bulk silver as indicated in Fig. 13.

Silicon has already been used in water splitting de-
vices, in which single or multiple semiconductor p/n

Figure 10. Left: Representation of the structure of zeolite A. Right: SEM micrograph of highly pure sodium zeolite A (prepared
according to reference 60) used for the synthesis of quantum-sized silver sulfide clusters.

Figure 11. Diffuse reflectance spectra of Ag2S–NaA–0.05 (solid),
Ag2S–NaA–0.1 (dash), Ag2S–NaA–0.5 (dot) and Ag2S–NaA–2
(dash–dot) under ambient conditions.

Figure 12. Luminescence spectra (solid lines, excitation at 280
nm) and excitation spectra (dashed lines) of Ag2S–CaA–0.01
(top) and Ag2S–CaA–2 (bottom) measured at 80 K.



Quantum-Sized Silver, Silver Chloride and Silver Sulfide Clusters Vol. 45, No. 4, July/August  2001  337

junctions were utilized as electrodes.51,52 Another inter-
esting approach for the photoelectrochemical decompo-
sition of water is the use of monolithic tandem cell
devices, where different semiconductors layers with dif-
ferent band gaps are connected in series.53,54 On the left
side of Fig. 13 the position of the valence and conduc-
tion band edge of silicon is shown (band gap 1.1 eV).
The hν1 and hν2 arrows represent the minimum excita-
tion energies required on each side of a tandem device.
To illustrate the energetic requirement for a semicon-
ductor combined with a Ag/AgCl photoanode in a water
splitting device, a simplified qualitative scheme of a

tandem device is shown in Fig. 14. The main require-
ment for a suitable photocathode to be combined with a
Ag/AgCl photoanode is the following: The valence band
edge of the photocathode should have a lower energy
than the edge of the silver clusters redox potential range,
so that no external bias for the reoxidation of the Ag
clusters has to be applied (see ∆E in Fig. 14).

In Fig. 15 the position of valence band and conduc-
tion band edge for a selection of semiconductors is rep-
resented.55–59 The values on the right side are
electrochemical potentials relative to three different
reference electrodes. On the left side an energy scale in

Figure 13. Position of the band edges of silver chloride modified with silver species on its surface. On the right side the following
redox potentials versus NHE are shown: Ag+/Ag0

bulk at [Ag+] = 10–3 M, (0.62 V); oxidation (O2/H2O, 0.96 V) and reduction (H2O/H2,
–0.27 V) of water at pH = 4.5. The electrochemical potential range of silver clusters is represented by the shaded region. On the
left side, the position of the valence and conduction band of silicon is shown (band gap 1.1 eV).

Figure 14. Qualitative scheme of a tandem device based on a Ag/AgCl photoanode and an appropriate semiconductor as
photocathode.
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eV was chosen. For some semiconductors different val-
ues for the edge positions are reported in the literature,
therefore a fixed error range of ±0.2 eV was added.

Conclusion
AgCl can be used as a photocatalyst for the
photoelectrochemical oxidation of water to oxygen. The
goal is to combine this half-reaction with a photocata-
lyst for the reduction of water into hydrogen, to finally
get an array capable of water splitting. The amount of
O2 produced by the Ag/AgCl system depends on the illu-
minated surface area of the catalyst. To increase the
amount of O2 produced by the Ag/AgCl photoanode, ex-
periments with layers deposited on a structured sur-
face are in progress.

We found that adsorbed (Agr
q+)aq species on the sur-

face of AgCl are responsible for the self-sensitization.
The band gap of AgCl decreases substantially by the
presence of silver ion 5s states. We also investigated
the Ag/AgCl metal-semiconductor contact. The poten-
tial energy of a Ag cluster on a AgCl surface is lower
compared to a separated system. The boundary between
the Ag cluster and the AgCl surface shows predomi-
nantly a negative charge on the AgCl side and a posi-
tive charge on the Ag side.

Zeolite A is a convenient host material for silver sul-
fide nanoparticles. The cluster size, and thus the spec-
troscopic behavior of the silver sulfide clusters can be
varied by adjusting the preparation conditions. The sil-
ver sulfide zeolite A composites are luminescent in the
visible region of the spectrum. The emission ranges
from blue, to orange, to red, depending on the size of
the clusters.

From the energetic viewpoint many semiconductors
seem to be appropriate for use as photocathode together
with a Ag/AgCl photoanode in a water splitting device
(e.g., Cu2O, Si, SiC, CdS, Ag2S, see also Fig. 15). The

Figure 15. The position of valence band and conduction band edges for a selection of semiconductors. A fixed error range of ±0.2
eV was selected for all values. The scales on the right side are electrochemical potentials for three different reference electrodes.
NHE: Normal Hydrogen Electrode, 2H+ + 2e– → H2 (E° = 0.000 V); NCE: Normal Calomel Electrode (1M KCl), Hg2Cl2 + 2e– → 2Hg
+ 2Cl– (E° = 0.280 V versus NHE); MSE: Mercury Sulfate Electrode (Saturated K2SO4), Hg2SO4 + 2e– → 2Hg + SO4

2– (E° = 0.650 V
versus NHE). The energy scale on the left side is in eV. See Refs. 55 – 59.

main difficulties lie in the stability of the material
against photocorrosion and the kinetic requirements to
drive the reaction. To test its water splitting capability,
the Ag/AgCl photoanode is combined with other semi-
conductors suitable as a photocathode. Experiments are
currently being carried out with an apparatus consist-
ing of two separate compartments connected through a
salt bridge. One compartment is used for the Ag/AgCl
photoanode and the other for the photocathode.   
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