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Abstract. The mechanisms responsible for spontaneous silver precipitation in silver-doped sol-gel materials are
identified. The chemistry of the solvent phase is found to be the critical factor in controlling this phenomenon. The
addition of HCI as catalyst leads to the formation of AgCl and subsequent formation of silver upon light exposure.
Another factor leading to silver precipitation is the reducing capability of methanol radicals. Silver precipitation is
inhibited by simply washing out the pore solvents by a solvent exchange method.
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1. Introduction desirable since the plasma absorption band from the
silver particles would interfere with the laser pulses

Sol-gel synthesis is a complex chemical reaction in- resulting in poor contrast. Therefore, research was di-

volving the presence of various intermediates during rected at identifying and controlling the spontaneous

the synthesis step. There have beenreportsin the litera-silver precipitation in sol-gel synthesis.

ture thatthe oxidation states for transition metals (vana-

dium, chromium) were altered during the sol-gel tran-

sition [1, 2] and spontaneous silver reduction has been 2. Experimental

reported [3-5]. The self-catalytic behavior of the gel

matrix has been assumed, however there is relatively Silver-doped silica gels were synthesized using two ap-

little research directed at identifying the responsible proaches. In one case a high concentration of silver salt

species and mechanisms. In our pursuit of fabricating solution was mixed with hydrolyzed silica precursor in

three-dimensional silver patterns by high power laser various ratios. The second method involved synthesiz-

pulses, the spontaneous precipitation of silver is un- ing a pure silica gel and backfilling it with the silver salt
solution. The precursors for the hydrolyzed silica sol

*This material is based upon work supported in part by the US Army were prepared_by mixing TMOS (715 g)and deionized
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hydrochloric acid (HCI), nitric acid (HN€) and sulfu- 0.25

ric acid (H,SOy) were used. The mixture was mixed

ultrasonically for 15 minutes and became a homoge- (.20 -

neous solution. o
Aqueous solutions of silver nitrate (1.06 M) or silver  £0.15 -

perchlorate (0.49 M) were used as the silver source. §

These solutions were mixed with the hydrolyzed sol §0.10 .

and the resulting one-phase solution was then poured -8

into a cuvet and sealed with parafilm for gelation. The .05 -

compositions prepared had a 2 : 1 weight ratio of silver

salt solution : hydrolyzed silica sol. 0.00 , . ‘
The other synthesis approach employed solvent ex- 400 600 800

change. Rather than a silver salt solution, deionized
water was mixed with the hydrolyzed sol in a 2:1
weight ratio and allowed to gel. After gelation, sol- Figure1 Representative absorption curves for samples containing
vent exchange was carried out by immersing the wet 1.06 M AgNOy/H20 and the hydrolyzed silica sol. The hydrolyzed
gel in a farge volume of deioized water 0 femove Sl (e s ssrss waCn () ot s,
the methanolic pore S,Olvem' Then’ the Washed gel V\./aS (in a gel state). The hydrolyzed sol from (C) and (D) is catalyzed
solvent exchanged with the silver salt solution. Inthis by 4No; with (C) taken after mixing for 30 minutes (stil in liquid
way, the resultant liquid phase in the pores of the wet state) and (D) taken after 17 hours (in a gel state).

gel contained nearly the same concentration of silver
as that of the silver salt solution. The synthesized wet
get monoliths were typically 0.5 1 x 2 cm and did
not exhibit any significant shrinking.

wavelength (nm)

around 430 nm. However, the scattering by internal
pores renders the particle size estimation unreliable.
TEM analysis (not shown here) showed that the gels
contain silver particles with sizes between 5 nm and

3. Results and Discussion 30 nm.
The mechanism for silver precipitation in HCI
3.1. Effect of Catalysts catalyzed gels was elucidated in a series of control

experiments where HCI solutions with different con-
Previous research on sol-gel materials doped with silver centrations (0.2 M, 0.04 M and 0.004 M) were mixed
salt solution demonstrated irreversible silver precipita- with aqueous AgN® solution (1.06 M) to produce
tion during the sol-gel transition [3-5]. The same be- aqueous silver salt solutions analogous to those used
havior was observed in our samples as was evident from as the sol-gel precursors. Optical absorption showed a
the gradual color changes after mixing the hydrolyzed scattering-like behavior which was strongly dependent
sol and the silver salt solution. In addition, the precip- on the HCI concentration. The scattering was due to
itation occurred regardless of the catalysts used, silver suspended particles which were formed immediately
salt concentrations or silver salt purity. Figure 1 shows after mixing. These suspended particles precipitated to
representative absorbance curves of a gel sample withthe bottom of the cuvet with time and X-ray diffrac-
the hydrolyzed sol catalyzed by either HCI or HNO tion indicated that the precipitates were silver chloride
The existence of silver nanoparticles is confirmed by (Fig. 2).
the characteristic plasma absorption band centered at The reason for silver chloride precipitation from so-
410 nm. Inthe case of HClI catalysis, the absorption be- lution is due to the low solubility of the AgCl in aque-
havior initially exhibited a scattering dominated curve. ous solution. The solubility for AgCl is.8 x 1076 M
Thereatfter, the silver plasma absorption peak appearedin cold water and it is expected that the actual solu-
and grew with time. For the HNfcase, after mix- bility in the sol-gel precursor solution is smaller [7].
ing for 30 min, there is a broad absorption band ap- The silver ion concentration in the final wet gel ma-
pearing at 415 nm which suggests an initial particle terials (0.70 M) is well above the solubility limit and
size of 14 nm [6]. The broad bandwidth (FWHM thus the factor causing precipitation of AgCl s the con-
226 nm) of this absorption band suggests the presencecentration of HCI used as catalyst. The concentration
of a wide distribution of particle sizes. After gelation, of the chlorine ions in the sol-gel precursor solution is
the absorption curves showed a strong absorption band4.1 x 10~* M, which is two orders of magnitude greater
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Figure 2 X-ray diffraction data of precipitates formed from the
addition of HCI (0.04 N) to an aqueous AgN@Golution (1.06 M).
The phase is identified to be cubic AgCl.

than the solubility limit of AgCI. It is for this reason
that we observed scattering-like behavior immediately
after mixing the silver salt solution with the hydrolyzed
sol.

The AgCI microcrystals are known to be photosen-

wavelength (nm)

Figure 3 Absorbance curves for a pure silica gel (—) and a silver-
doped gel after two-step solvent exchanrge)( The absorption band
at 330 nm is from the AgN@agueous solution.

and not from the silica network. The reduction of Ag
to Ag° requires a relatively high negative redox poten-
tial of —1.8 V in aqueous solution. The intermediates

sitive and produced silver nanoparticles upon exposure in the sol-gel transition primarily consist of partially
to ambient light. This was observed in the absorbance hydrolyzed precursors (Si(OK)OCHs)s4_x) and are

data (Fig. 1) of the gel samples catalyzed by the HCI.

Thus, the HCI-catalyzed gels changed from scattering-

like absorbance at short times into a silver plasma
absorption band.

3.2. Effect of Pore Solvent

The above description provides the reason for silver
precipitation in gels catalyzed by the HCI, but does
not explain precipitation observed for gels catalyzed
by HNO; or H,SOy. In order to clarify the reduction
mechanism responsible for the silver precipitation, a

solvent exchange method was developed to examine

the role of the pore solvents in the silver reduction
process.

The simple two-step solvent exchange method ef-
fectively eliminated the precipitation of silver parti-
cles. After washing in deionized water, the wet gel
exhibits only a»~* Raleigh scattering behavior result-
ing from the internal pores (Fig. 3). Subsequent wash-
ing with the AQNQ aqueous solution leads to only
the absorption at 330 nm from the silver salt solution.

not expected to have such a strong reducing potential.
The most likely source of reduction capability comes
from the methanol generated from hydrolysis and con-
densation. Inthe synthesis of TEOS-derived silica gel,
Wolf et al. have shown that prior to heat treatment,
avariety of organic radicals are present (methyl radical;
-CHjs, and ethanol radical; CGY¥CH-OH) [8]. Similarly,
in the TMOS-derived gel, it is expected that both the
methyl radical and methanol radical (g&®H) would
be present. The methanol radical is responsible for the
formation of silver nanoparticles through the following
reaction [9]:

Agn+Ag" + CHy-OH = Agn 1 +HT +CH,O (1)

with n < 3. Although, the CH-OH radical alone does
not possess the required negative potential to reduce
the silver ions, it has been suggested that the methanol
radical complexes with silverions and, upon absorption
of an additional photon, the silver ion is then reduced
to form Ag° [10].

Thus, there is no indication of the characteristic plasma References
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