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The effects of various parameters on the photoassisted reduction of silver ions to metallic 
deposits on powder titanium dioxide has been studied. The initial deposition rate (i) varied with the 
starting concentration of Ag’ ions according to a Langmuir-Hinshelwood mechanism, (ii) was 
almost independent of the temperature around 300 K, and (iii) was proportional to the radiant flux 
(300 nm < A < 400 nm) of photons absorbable by TiOz, at least up to a value of 7.6 x lOI photons 
s-’ cm-*. For the same illumination conditions, an apparent initial quantum yield of 0.16 was 
calculated at room temperature in the case of complete coverage of the surface by Ag+ ions. 
Transmission electron microscopy revealed that silver initially formed particles between 3 and 8 
nm in diameter. For larger amounts of silver deposited and longer illumination times, large 
crystallites (up to 400 nm) were also observed. This prevented the photosensitive surface from 
being substantially covered and, for instance, a silver-to-titania mass ratio of ca. 2.4 was reached 
without a decrease in the deposition rate. This phenomenon, as well as the removal of silver ions 
down to the detection limit, supports the possible use of this method for the recovery of silver from 
dilute aqueous solutions. In this connection, preliminary experiments showed that silver was 
selectively extracted from equimolar solutions of Ag’ and Cu” ions (cf. electrolytic baths) and that 
it was also recovered in the presence of thiosulfate ions (cf. photographic fixing baths). u IYXX 
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INTRODUCTION 

Because of appropriate redox potentials, 
a certain number of metal cations can be 
reduced by the free electrons created by 
band gap illumination of common semicon- 
ductors. This phenomenon has been known 
for more than 20 years (Z-4) and it has 
often been employed to obtain metals de- 
posited on semiconductor powders or col-, 
loids in situ, with a view to increase the rate 
of steps involving hydrogen in photocata- 
lytic reactions. 

Generally, oxidizable additives (hole 
scavengers) were added to improve the rate 
of deposition. It has even been claimed that 
in their absence there is no reduction of 
platinum on a titanium dioxide sample (5). 
Currently, photodeposition is reexamined, 
not only for the preparation of well-dis- 
persed metallic (6-10) or bimetallic (10) 
supported catalysts, but also, to a larger 
extent, for the recovery of noble or toxic 
metals. In this respect, more work on the 

influence of the parameters affecting the 
kinetics of the photodeposition and the 
morphology of the metal deposits has been 
undertaken. 

If we limit the literature survey to noble 
metal photodeposition on powder semicon- 
ductors with the objective of recovering 
metal, recent studies have dealt with vari- 
ous salts or complexes of gold, in the 
absence (11) or presence of cyanide ions 
(12), rhodium (23), palladium (13), and plat- 
inum (24). Selective recovery of a given 
metal by this method was also shown in the 
case of gold extracted from a mixture of 
Cu, Ni, and Zn ions (II) and for Pt removed 
from Pt-Rh solution (13). Titania was gen- 
erally used. 

In the particular case of silver, several 
papers have been devoted to its photode- 
position, mainly on ZnO (15-17) and on 
TiOz (1, 15, 18-21). The relevant informa- 
tion is discussed throughout this article 
whenever necessary. 

The present work on the photodeposition 
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of silver was undertaken to extend the 
previous detailed study concerning that of 
platinum from various complexes (14) and 
thereby to look for similarities and dif- 
ferences between these two metals. An 
anatase sample was chosen as a semicon- 
ductor because of its efficiency, its stability 
in UV-illuminated aqueous solutions, and 
its low cost. In addition, preliminary exper- 
iments were carried out with a view to 
possible implementation of the method for 
silver recovery from diluted aqueous solu- 
tions. The mass of silver recovered per unit 
mass of titanium dioxide was determined. 
High loadings were obtained because of 
the formation of large metal crystallites as 
shown by transmission electron micros- 
copy. Silver was selectively recovered 
from Ag+-Cu2+ mixtures, and the presence 
of thiosulfate ions, as in photograpic fixing 
baths, did not hinder its deposition. 

EXPERIMENTAL 

Materials. TiOz was nonporous Degussa 
P-25, mainly anatase, with a surface area of 
50 m2 g-l. Silver solutions were prepared 
with AgN03 (Merck) of pure reagent grade. 

Photoreactor. The photodeposition of 
silver was carried out in a Pyrex flask of ca. 
100 cm3 with a bottom optical window 
transparent to wavelengths greater than or 
equal to 300 nm. This reactor could be 
connected to a vacuum line or to a gas 
chromatograph for analysis of evolved 
gases. The slurry was vigorously agitated 
with a magnetic stirrer. A Philips HPK 
125-W mercury lamp was employed. 

Analyses. The reaction rate was followed 
by using atomic absorption spectrometry 
(AAS) to analyze the remaining Ag’ ions in 
the solution obtained after centrifugation at 
12,000 rpm and/or by measurement of the 
concentration of protons released in the 
solution [see Eq. (2)]. The oxygen evolved 
was sometimes measured by on-line gas 
chromatography. In certain cases, the 
amount of deposited silver was also deter- 
mined by AAS analysis of the solution 
which was obtained by recovering the solid 

from the slurry by centrifugation, washing 
it three times with distilled water, and dis- 
solving it in HF and aqua regia. 

Procedure. Unless otherwise indicated, 
50 mg of TiOl was suspended in 10 cm3 of 
Ag solution. This concentration in TiOz 
provided complete absorption of the light 
for the photoreactor used. The gas phase 
was evacuated for 2 min, while the solution 
was stirred. The suspension was main- 
tained in the dark under static vacuum for 
15 min to allow the evolution of dissolved 
or reversibly adsorbed gases which were 
subsequently evacuated for a second period 
of 2 min. No oxygen was chromatograph- 
ically detected after this procedure. 

RESULTS AND DISCUSSION 

Preliminary Remarks 

The reactant did not absorb at wave- 
lengths greater than 300 nm; hence no cor- 
rection was needed to determine the effi- 
cient radiant flux. Since adsorption is the 
preliminary step in any photocatalytic sys- 
tem, Ag+ adsorption was determined by 
analyzing this supernatant solution after 
stirring slurries containing various concen- 
trations c of silver in the dark at natural pH 
(ca. 4.5) for 15 min. Maximum adsorption 
was found at ca. c = 4 x 1O-4 M, corre- 
sponding to 0.44 Ag+/nm’, i.e., about 
one-tenth of the surface density of OH 
groups (22, 23). Simultaneously the pH de- 
creased, which was indicative of the re- 
placement of surface protons by silver ions: 

TiOH + Ag’ G TiO-Ag + H’ (1) 

Stoichiometry of the Photodeposition 

On illumination, the suspension turned 
rapidly from white to brown. Figure 1 
shows the variations of photodeposited sil- 
ver, released protons, and evolved oxygen. 
For a starting concentration of 10-j M, 
silver was removed from the solution 
within about 10 min and an equivalent 
number of protons appeared in the solution, 
as expected from 
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tim* min 
/ 

FIG. 1. Kinetics of photodeposition of Ag. Varia- 
tions in the amounts of silver deposited versus time 
(A), H’ released (B), and O2 evolved (C). Conditions: 
50 mg of Ti02 in 10 cm3 of 10e3 M AgN03. 

Ag&s) + 1HzOTG2 Ag” + H+ + +Oz(g> 

(2) 

In contrast, the amount of oxygen 
evolved did not follow the stoichiometry of 
Eq. (2). As in the case of platinum photode- 
position (14), the initial increase in oxygen 
pressure (Fig. I), which is greater than that 
expected from the stoichiometry, can be 
interpreted in terms of photodesorption of 
ionosorbed oxygen species remaining at the 
surface of titania, even after the evacuation 
preceding the illumination: 

TiO: + hu + e- + p+ (hu 2 EC) 

(3) 

0; + p+ + ww32 (8) x= 1,2 

(4) 

This photodesorption is beneficial for the 
photodeposition of silver, since it con- 
sumes holes and thus decreases the elec- 
tron-hole recombination. The subsequent 
decrease in oxygen pressure (Fig. 1) cor- 
responds to a period of time when most 

Ag’ ions have been reduced and accord- 
ingly electrons are not predominantly cap- 
tured by these ions. Oxygen, initially pho- 
todesorbed or generated by the reaction 
[Eq. (2)], is readsorbed on titania and also 
on the silver particles formed. 

Effect of the Initial Concentration 

The influence of the concentration on 
kinetics has to be determined under initial 
conditions since the reactor is of the static 
type. An illumination time of 10 min was 
estimated as the shortest time for a suffi- 
ciently accurate analysis. Moreover, since 
the quantity of reduced silver at low con- 
versions can be of the same order of magni- 
tude as the quantity of adsorbed silver ions, 
the reaction rate was determined by ph 
measurements [Eq. (2)]. The isotherm is 
presented in Fig. 2A. Similar isotherms of 
the Langmuir-Hinshelwood type have al- 
ready been observed for Ag photode- 
position on Ti02 single crystals (16) and for 
Pt photodeposition under conditions similar 
to the present ones (14). 

This implies that the photodeposition 
rate r obeys the equation 

r = k%Ag = kKCI(1 + KC) (5) 

where dAg is the surface coverage by Ag+ 
ions, k is the rate constant (depending on 
the wavelength distribution and the radiant 
flux), and K is the adsorption constant of 
Ag+ ions. These constants can be derived 
from the slope and the ordinate at the origin 
of Fig. 2B. We find that 

k = 2.1 x 10m6 mol min-’ 
K = 6 x 10’ dm3 mall’. 

This set of values is in the same range as 
those found for the photodeposition of plat- 
inum (14). 

Figure 2A also indicates that the effects 
of other parameters on the kinetics of pho- 
todeposition should be determined at con- 
centrations greater than or equal to 5 x 10e3 
M to avoid the perturbation induced by a 
decreasing surface coverage by silver ions. 
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FIG. 2. (A) Initial rate of the photoassisted deposition of silver as a function of the initial 

concentration of AgNO,. (B) Linear transform of the isotherm. 

Effect of Temperature 

This was studied in a jacketted photo- 
reactor connected to a Huber HS40 ther- 
mostat. The rates were determined either 
by pH measurements of the suspension at 
room temperature or by measurement of 
the amount of silver deposited after 15 min 
illumination. The results are displayed in 
the Arrhenius plot in Fig. 3. The rate varies 
within one-tenth of an order of magnitude 
for AT - 80 K. Between 303 and 333 K, the 
photodeposition rate is nearly constant, 
showing that the process is almost nonac- 

3.0 103/ T (K.‘) 3.4 

FIG. 3. Arrhenius plot of the initial rate of photode- 

position of silver from IO-’ M AgNO?; 50 mg of l‘i0: in 
20 cm’ of solution: illumination time = I5 min. Solid 
line: r-ate of H ’ release: dashed line: rate of hilvcr I-C- 

moval from the solution. 

tivated as expected for a true photocata- 
lytic regime (24). At lower temperatures 
(277 5 T 5 303 K), the curve indicating 
the release of protons into the solution 
can be explained by the limited beneficial 
effect of a rise in temperature on the de- 
sorption of protons. This is not inconsis- 
tent with the curve referring to the amounts 
of silver deposited on TiO?, since these 
amounts include both reduced and irrever- 
sibly chemisorbed Ag+ ions, whose ad- 
sorption is favored at lower temperatures. 
Similarly, for higher temperatures (333 5 7. 
5 353 K), the decrease in r can be ascribed 
to a detrimental effect of the temperature 
on Ag’ adsorption. Therefore, the optimum 
temperature range for silver deposition un- 
der our conditions is between room temper-- 
ature and ca. 333 K. 

The present Arrhenius plot differs sub- 
stantially from that observed for the photo- 
deposition of platinum (14) for which a 
straight line was obtained, corresponding to 
an apparent activation energy of 6 kJ mol-’ 
in the same temperature range. This differ- 
ence could arise from a lower heat of ad- 
sorption of Ag’ ions as compared with that 
of the chloroplatinic complex. 

Effect of Radiant F~IIX 

Quasimonochromatic light was obtained 
with a Corning 7-60 filter, whose maximum 
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FIG. 4. Variations of the initial photodeposition rate 
as a function of the relative radiant flux. h-independent 
attenuation of the full output of the lamp was obtained 
with calibrated grids. 10m2 M AgN03; illumination 
time = 5 min. For other conditions, see the text. 

transmittance is close to that of the most 
intense mercury line at 365 nm. The influ- 
ence of the radiant flux on the reaction rate 
Y, which was derived from pH measure- 
ments, must be determined under initial 
conditions. Figure 4 shows that the initial 
reaction rate of silver photodeposition is 
proportional to the radiant flux Q as previ- 
ously observed, for instance, for the photo- 
deposition of Pd on a TiOz single crystal 
(25) or a TiOz film (26) and for that of Pt on 
the same anatase powder (14). This implies 
that the second-order recombination of 
electrons and holes is not preponderant as 
corroborated by the high rate of initial 
photodesorption [Eq. (4)]. Otherwise, r 
would have been proportional to @I” (27). 

Quantum Yield 

The differential quantum yield 4 is the 
ratio of the reaction rate to the incident flux 
of photons that can be absorbed by titania. 
This latter value was determined by taking 
into account the overall radiant flux (6.75 
mW cm-*), the transmission of the filter, 

the energy of each ray of the mercury lamp, 
and the absorbance of Ti02 (in fact, use of 
the 7-60 Corning filter made the 365-nm line 
markedly preponderant). 4 was determined 
(i) under initial conditions, (ii) for complete 
coverage by Ag+ ions (cO 2 5 x 10e3 M), 
(iii) at a temperature in the plateau region of 
Fig. 3, and (iv) with a radiant flux corre- 
sponding to the linear relationship of Fig. 
4 (&, = 7.6 x lOI photons s-’ cm-*). 
An initial quantum yield of 0.16 was thus 
calculated. This value is very close to those 
reported for the photodeposition of silver 
on titania single crystal (16, 19) or powder 
(18). It is a lower limit since no allowance 
was made for light scattering by TiOz parti- 
cles. It corresponds roughly to four times 
the quantum yield of platinum photode- 
posited under similar conditions (14), as 
expected from the ratio of the metal va- 
lences. 

This quantum yield enables one to deter- 
mine the energetic yield, defined as the 
mass of metal recovered per unit of electri- 
cal energy consumed by the lamp. Assum- 
ing no loss of the light emitted and taking 
into account a conversion of 20% of the 
electrical power into radiant power, an op- 
timum initial energetic yield of ca. 40 g of 
silver per kilowatt hour or I I. 1 g of silver 
per megaJoule was calculated. 

TiOz Capacity for Silver Deposition 

The capacity C is defined as the mass of 
deposited metal per unit mass of support. 
In the first experiment, complete photode- 
position of Ag on TiOz was achieved in 
order to reach a capacity of 0.42 (50 mg of 
Ti02 in 20 cm3 of lo-* M Ag NO3). Subse- 
quent addition of the same quantity of Ag+ 
ions doubled C without modification of the 
kinetics. In the second experiment, silver 
photodeposition from a more concentrated 
solution was carried out over 100 h without 
a decrease in the rate (Fig. 5). In other 
words, no saturation of the surface by 
metallic silver was reached, allowing one to 
reject the formation of a silver monolayer 
or a silver film, which would correspond to 
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FIG. 5. Variations of the photodeposition capacity C 
(C = mass of deposited metal per unit of mass of 
support) as a function of time. Conditions: 50 mg of 
TiO? in 20 cm3 of 10-l M AgN03. 

C = 0.16 or 0.52 (for a film thickness of 1 
nm), respectively, and cause the progres- 
sive occultation of the titanium dioxide 
surface. 

These long-duration experiments, to- 
gether with the effects of initial concentra- 
tion, temperature, and radiant flux, demon- 
strate that the deposition process, 
represented by Eq. (2), is photocatalytic 
according to the criteria indicated in Refs. 
(28, 2Y). 

Transmission Electron Microscopy of the 
Silver Deposits 

TEM examination established that silver 
initially deposits as small crystallites of 
between 3 and 8 nm in diameter on all the 
particles of TiOz (Fig. 6). In other words, 
well-dispersed Ag/TiOz catalysts, up to 
loadings in the range l-2 wt%, are obtained 
after short periods of illumination (10). 
When the metal loading increases, huge 
crystallites of metal appear (up to 400 nm, 
i.e., much larger than the TiOz particles) in 
addition to these small particles (Fig. 7). 

Large agglomerates were also found for 
Pt photodeposits [see Fig. 9 in Ref. (14)] 

but their shapes were different. Whereas 
silver particles had a regular shape, plati- 
num gathered as “spongelike” agglom- 
erates as if resulting from the accumulation 
of smaller crystallites. These differences 
can originate from the nature of the metals 
or of their ions (Ag.+ versus (PtC&J-~ com- 
plexes). Since metal crystallites are en- 
riched in photoproduced electrons (30, 3/), 
they can constitute sites for the cathodic- 
like reduction of cations, which would pro- 
gressively increase their size as observed 
for Pd on TiOz films (31). The fact that only 
one electron is needed to reduce one Ag’ 
ion, instead of four for one Pt’“, could favor 
this mechanism for silver. However, fur- 
ther studies are needed to elucidate the 
origin of the difference between Ag and Pt. 
These large metal particles contain the ma- 
jor part of the metal deposited. Conse- 
quently, the photosensitive surface is not 
markedly masked and high C values can be 
reached (Fig. 5). 

Photodeposition Mechunism 

The reaction steps proposed include the 
adsorption of Ag’ on OH surface groups, 
Eq. (I); creation of electron-hole pairs, Eq. 
(3); and the reaction of holes with nega- 
tively charged adsorbed oxygen species, 
Eq. (4), and with OH- surface species, 

H20 * H+ + OH- (6) 

OH- + p+ -+ OH” + tH20 + f02(g) (7) 

whereas electrons reduce adsorbed Ag+ 
ions: 

Ag’ + e- -+ Ag”. (8) 

Formation of small crystallites (ca. 3 nm in 
diameter) can occur either by agglomer- 
ation of these atoms, 

mAg” + Ag, (9) 

or by cathodic-like successive reduction 
(30) as in the photographic process, 

Ag” + Ag’ + (Ag); aAg+Ag++ 

(Aa+ = Ag, + . . . 3 Ag ,,,. (IO) 
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FIG. 6. Transmission electron micrograph of Ag/TiO? obtained after illuminating (A 2 300 nm) a 
deaerated suspension of 50 mg of TiOz in 10 cm3 of 10-l M AgNO, for 10 min. Weight percentage of Ag 
= ca. 2%. 
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FIG. 7. As in Fig. 6 except for the AgN03 concentration (10-l M) and the illumination time (2.5 h). 
This solid corresponds to the first point in Fig. 5. Weight percentage of Ag = ca. 38%. 
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TABLE 1 

Separation of Silver from Copper by Photodeposition on TiO, 

w+10 Lb+lo L [cd+] 
0-d &‘I f 

[Ag+lf Ad [&+1~4&+lo 
WI WI WI (wm) 

lo-’ 10-3 1 1o-3 4.6 x lo-’ 50 4.6 x 1O-4 
1o-2 10-2 6 10-2 6.5 x 1O-6 702 6.5 x 10m4 

Note. The subscripts 0 and f refer to the initial and final concentrations, 
respectively; t,, is illumination time. Conditions: 100 mg of TiOZ in 20 cm3 of 
Cu’+-Ag+ solution. 

Potential Applications 

Silver recovery. In view of the capacity 
of titania for silver photodeposition, imple- 
mentation of this method could be con- 
sidered, at least in special cases. First, 
since in the absence of other cations and 
complexing anions the concentration of 
Agf ions can be decreased to the detection 
limit of the atomic absorption spectrometer 
(~0.1 ppm), photodeposition could be used 
for the treatment of very diluted solutions 
which, for instance, have previously been 
subjected to classical recovery techniques. 

Second, the treatment of photographic 
baths could also be envisaged. Indeed, total 
recovery of Ag was obtained from a solu- 
tion containing 10m3 M Ag+ and 2 x 10m2 M 
S20:- ions (conditions: 100 mg of Ti02 in 20 
cm3; illumination time: 1 h, opened reac- 
tor). Thiosulfate ions were simultaneously 
oxidized to SOS- ions. 

Silver separation. Generally, industrial 
silver solutions contain other metal cations. 
In particular, copper ions are often present, 
especially in electrolytic baths. To assess 
whether silver can be recovered indepen- 
dently of copper, the present method was 
carried out using two equimolar Cu2+-Ag+ 
synthetic solutions of different concentra- 
tions. The results are given in Table 1. Only 
Ag was deposited, whereas no change in 
cupric ion concentration was observed. 
This is in agreement with previous results 
(14), which showed that copper could not 
photodeposit on titania, despite a slightly 
favorable redox potential with respect to 

the flat-band potential of titanium dioxide. 
TEM examination of the samples showed 
Ag crystallites of various sizes as in Figs. 6 
and 7. Scanning transmission electron mi- 
croscopy confirmed that metal particles 
were exclusively composed of silver. Some 
minute traces of copper could be detected, 
probably as Cu2+ adsorbed ions, in amounts 
too small to be deduced from chemical 
analysis of the final solution (Table 1). 

CONCLUSION 

This fundamental study combines with 
others (see Introduction) to show that the 
characteristics of silver deposition on UV- 
illuminated Ti02 allow one to envisage a 
practical use of this method. However, 
more research work is still necessary using, 
in particular, solutions that contain ions or 
complexes capable of competing with Ag+ 
ions for adsorption on Ti02. In some cases, 
prior pretreatments can be required to elim- 
inate these elements, as has been shown for 
the recovery of gold in solutions containing 
cyanide ions (22). In addition, preliminary 
results have shown that silver can also be 
deposited on other powdered semicon- 
ductors, such as CdS, Fel03, and WO3 
using wavelengths in the visible spectral 
region. 
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