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Abstract.  The deposition of silver on the surfaces of micro- and 
nanoparticles of zirconium, molybdenum, and their oxides, 
obtained by laser ablation of pure metals in aqueous solutions of 
silver nitrate, is investigated experimentally. Different irradiation 
regimes and reagent concentrations are approved. The experi-
mental results indicate a possibility of continuous or partial coat-
ing (decorating) with silver the surfaces of nanostructures of 
oxides of the aforementioned metals; using such systems as sub-
strates, one can increase the Raman scattering amplitude. Silver-
coated zirconium and molybdenum oxides can be applied in the 
diagnostic techniques based on the phenomenon of surface-
enhanced Raman scattering.

Keywords: laser ablation in liquid, nanostructures, oxides, zirco-
nium, molybdenum, silver deposition.

1. Introduction

To implement the highly sensitive method for determining 
the composition of various materials (analytes), based on 
the phenomenon of surface-enhanced Raman scattering 
(SERS), one must find materials (the so-called substrates) 
with a well-developed nano- or microstructured surface 
contacting with analyte molecules [1, 2]. Examples of such 
substrates are nanostructures of transition metal oxides, 
which have high chemical durability, thermal stability, and 
relatively low cost [3 – 5] in comparison with substrates 
involving nanoparticles of gold, silver, etc. Metal sub-
strates with a high electrical conductivity are known to be 
characterised by plasmonic SERS mechanism [3, 6], which 
increases the scattered signal amplitude by a factor of 
1012 – 1014. Substrates based on transition metal oxides 
exhibit a much lower SERS enhancement factor (on the 
order of 104 – 108). The enhancement factor can be increased 
significantly by depositing metals with a high electrical 
conductivity (silver, gold, etc.) on the surface of oxide sub-
strates of [7, 8]. These substrates can be widely used in 
practice, in particular, in diagnostics of two-phase high-
speed gas-dynamic flows [9, 10]. 

It is known [11, 12] that core – shell nanoparticles can be 
obtained by irradiating a colloid containing a mixture of 
prepared nanoparticles of two different metals with signifi-
cantly different melting temperatures with high-power laser 
pulses. After laser-beam-induced melting of particles, a par-
ticle with a lower melting temperature can envelop a particle 
with a higher melting temperature when the latter hardens 
upon cooling. When the surface of semiconductor nanopar-
ticles must be coated with high-conductivity metals, com-
mercial nanopowders of oxides and aqueous salt solutions 
(reagents) – metal dopant suppliers – are often used to this 
end (see, e.g., [8]). Such mixtures are irradiated by short 
laser pulses.

In experiments we actually combine the formation of 
submicron particles of metal oxides with the coating of 
their surface by silver, performing laser ablation of metal 
targets in an aqueous solution of reagent. This approach, 
implying one-stage synthesis of metal and oxide particles 
with their coating by noble metals or other elements that 
are present in liquid, has been applied for a long time; it 
was discussed in detail in a number of reviews (see, e.g., 
[13 – 15]). The irradiation of a target in liquid by a laser 
pulse leads to the formation of plasma – vapor microbub-
bles, in which high temperature and pressure are obtained 
for a short time, and complex physicochemical processes 
with participation of reagents occur. As a result, a col-
loidal solution is formed, which consists of individual 
micro- and nanoparticles and their conglomerates 
[14 – 16]. Previously [17 – 19], we implemented ablation of 
transition metals Cu, Zn, Zr, Mo, W, and V in pure water 
and investigated the compositions and morphology of the 
particles formed. In this study, we chose Zr and Mo from 
this series to perform the first experiments on ‘doping’ 
oxide microparticles and compare the results of their 
ablation in pure water and in an aqueous solution of sil-
ver nitrate.

2. Experimental setup and diagnostics 
of nanoparticle properties 

The synthesis of nanostructures of zirconium and molybde-
num oxides and their doping were performed by laser abla-
tion of pure metals in water with silver nitrate solution 
added. The experimental bench was described in [17]. It 
includes a repetitively pulsed copper vapour laser with radi-
ation wavelengths of 510 and 578 nm, pulse duration ~20 ns, 
pulse repetition rate of 10 kHz, and average output power of 
13 – 15 W. The radiation peak power and pulse energy were, 
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respectively, ~100 kW and 1 mJ. The laser beam was focused 
on the metal target surface by an achromatic objective with 
a focal length f = 190 mm, which provided an irradiation 
spot ~40 mm in size. A target ~5 mm thick was placed on 
the bottom of a cell filled with distilled water or an AgNO3 
aqueous solution (filling volume of 4  mL). The cell was 
rotated with a speed of ~2 rpm, so that the irradiation spot 
moved over the target surface. The nanomaterial samples 
designed for analysis were prepared from a colloid by the 
spin coating technique and subsequent precipitate drying on 
glass or copper substrates.

The microstructure and elemental composition of prep-
arations were studied with a scanning electron microscope 
(SEM) Nova NanoSem 650, equipped with EDS-analysis 
system EDAX to record and process characteristic X-ray 
radiation (CXR) spectra. In addition, an annular backscat-
ter electron detector was used, which provides contrast (in 
average atomic numbers) images of microstructure ele-
ments on relief surfaces. No conducting coating was depos-
ited on preparations before the analysis. Note that the 
diameter of CXR generation region was ~1.5  mm in this 
case; therefore, the EDS data gave an estimate of elemental 
content averaged over the volume of CXR generation 
region in a preparation. The phase compositions of prepa-
rations were studied by X-ray diffraction (XRD) analysis 
on a SmartLab (Rigaku) system according to the standard 
technique. 

3. Study of the Zr and Mo ablation 
and discussion of results 

Ablation of zirconium and molybdenum was performed in 
AgNO3 + H2O solutions with silver nitrate molar concen-
trations Сm = 6 ́  10–3, 6 ́  10–4, and 6 ́  10–5  mol  L–1. 
Distilled water was used. The target irradiation time tem was 
varied from 20 min to 3 h. The solution with a concentration 
Сm = 6 ́  10–5 turned out to be too weak, and silver was 
barely observed in ablation preparations. When using the 
solution with Сm = 6 ́  10–3, the amount of released silver 
was too much, especially at large (2 – 3 h) tem values. We 
present below the results of the experiments performed 
under more optimal conditions: at a solution concentration 
Сm = 6 ́  10–4 and irradiation time tem » 30 – 50 min. Note 
that the metal targets were additionally weighed before and 
after ablation in some experiments. For example, at tem = 
2  h, the decrease in the masses of Zr and Mo targets was 
about 1 and 2 mg, respectively, while at tem » 30 min the 
corresponding decrease in mass was approximately twice as 
low. Thus, the weight content of the ablation products enter-
ing the working volume of the cell filled with 4 mL initial 
solution was estimated.

SEM images (Fig. 1) exhibit the morphology of the struc-
tures of the colloid precipitate formed as a result of zirconium 
ablation. It can be seen that the main components of the prep-
aration are as follows:
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Figure 1.   (a) Microstructures of characteristic portions of the ablation product for the Zr + AgNO3 + H2O mixture (backscattered-electron image) 
and (b, c) fragments of this image at higher magnifications; tem » 30 min. The red solid lines outline the first and second regions of EDS analysis.
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(i) grey (basically hollow) microspheres with different sur-
face defects (~100 – 1000 nm in diameter) and their fragments 
(‘shells’) (Fig. 1a); 

(ii) bright and light-coloured polyhedral particles of sub-
micron sizes, nonuniformly distributed in a preparation 
(Fig.  1b); and

(iii) nanoparticles with linear sizes of ~10 – 30 nm, cover-
ing separate microspheres with a thin layer (Fig. 1c). 

An analysis of the EDS data on the elemental composi-
tion indicates that the main elements in ‘bright and light-
coloured’ particles in some CXR generation regions (~1.5  mm 
in diameter) is Ag, whereas the main elements in ‘grey’ parti-
cles are Zr and O. For example, in bright region 1 with an 
area of ~1 mm2, an estimation of averaged Ag weight con-
tent yields ~90 % (Fig. 2a). Averaging over a larger area 
(~100  mm2) in region 2 yields a much lower Ag content: 
~17 % (Fig. 2b). 

With a further increase in averaging area (approximately 
to 600 mm2), the Ag weight content decreases and ranges from 
8 % to 12 %. 

An XRD analysis of the preparation (Fig. 3a) showed the 
presence of crystalline zirconia ZrO2, metallic silver Ag, and 

silver oxide Ag2O. Zirconia is represented by two modifica-
tions: monoclinic and tetragonal. Tetragonal ZrO2 has the 
following lattice parameters: a = 0.5085 ± 0.0001 nm and c = 
0.5159 ± 0.0001 nm. The average size of coherent-scattering 
regions (CSRs) in all recorded phases is no less than 100 nm. 
The volume contents of monoclinic ZrO2 and tetragonal ZrO2 
in the crystalline part of precipitate are 41 % and 51 %, respec-
tively; the contents of metallic silver and oxide Ag2O are 5 % 
and 3 %, respectively. 

Comparing the EDS and XRD data, we can conclude that 
the dominant (~90 vol %) compounds in this preparation are 
monoclinic and tetragonal ZrO2, which are concentrated to a 
great extent in microspheres. The tetragonal structure of zir-
conia is likely stabilised by silver oxide Ag2O. Since the elec-
tron-probe charging of microstructure elements was insignifi-
cant, one can suggest that microspheres, nanoparticles, and 
their conglomerates are coated by a thin layer of conducting 
material, presumably Ag. 

The morphology of the microstructures of molybde-
num ablation products in an aqueous solution of silver 
nitrate is presented in Fig. 4. A preparation was deposited 
on a copper substrate. SEM images were recorded in both 
secondary- and backscattered-electron regimes. The images 
show that the main components of the preparation are as 
follows:

(i) Microspheres, mainly 500 – 3000 nm in diameter, with 
pronounced segregations on their surfaces (Figs. 4a, 4c). 
These segregations are especially clear and pronounced in the 
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Figure 2.  EDS spectra and elemental composition of the ablation 
products for the Zr + AgNO3 +H2O mixture in regions (a) 1 and (b) 2, 
shown in Fig. 1a. The weight contents of elements are indicated in the 
insets.
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Figure 3.  XRD patterns of ablation products: (a) zirconium and (b) 
molybdenum in an aqueous solution of silver nitrate.
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SEM images recorded using an annular backscatter electron 
detector (Figs 4b, 4d).

(ii) Agglomerates of particles with a transverse size of 
~30 – 50 nm, covering a copper substrate and saturated with 
discrete nanoscale bright segregations (Fig. 4b). 

The results of the EDS analysis of the elemental composi-
tion of molybdenum ablation products are shown in Fig. 5. It 
can be seen that the regions on microsphere surfaces with 
bright segregations contain Ag- and Mo-based phases. In 
region 1 (Fig. 4c) an immobile electron beam was positioned 
on an individual bright selection located on a microsphere. In 
this case, the EDS analysis showed maximum values of Ag 
weight content, which reached ~66 % at a Mo content of 
~19% (Fig. 5a). In region 2 with a scan area of ~8 mm2, the 
averaged values of Ag and Mo weight contents on the micro-
sphere surface were, respectively, 26 % and 62 % (Fig.  5b). 
The Ag content, averaged over the large preparation area 
(~700 mm2), was estimated to be ~24 wt %. 

It follows from Figs 4b and 4d that the coating of micro-
structures with a silver-based material is mainly of island 
type. This partial coating is similar to the decoration of 
nanoparticles with gold [8]. Note that the obtained data on 
the ablation with molybdenum differ significantly from the 
corresponding data on zirconium: in the latter case, along 
with intermittent coating of surfaces of some zirconia micro-
spheres with particles of Ag-based phases, there is apparently 
a continuous coating of microparticles with aggregates of sil-
ver nanolayers. 

The conclusions based on the EDS analysis are con-
firmed by the XRD data (Fig. 3b), which demonstrated the 
presence of three crystalline phases: two metals (Mo and 
Ag) and molybdenum oxide MoO2. The volume contents of 
molybdenum, silver, and MoO2 in the crystallised part of 
precipitate are, respectively, 84 %, 10 %, and 6 %. Thus, 
more than 90  vol  % of the crystallised part of dried pre-
cipitate is a conducting material: metallic phases of molyb-
denum and silver. This ratio of the metal and oxide compo-
nents differs from the corresponding ratio for zirconium 
ablation, which was given above. The average CSR size is no 
less than 100 nm for molybdenum and 40 ± 2 nm for other 
phases.

Note that the XRD analysis in the experiments performed 
with both molybdenum and zirconium did not reveal the 
presence of crystallised hydroxide phases of target materials. 
However, it is not excluded that samples contain a small 
amount of some hydroxides in the amorphous state, which 
cannot be detected by the XRD method. 

The XRD data indicate a very high degree of crystalli-
sation of materials throughout the entire area of prepara-
tion in comparison with that obtained previously for their 
ablation in pure water [18, 19]. However, the crystallised 
parts of precipitates, both Mo- and Zr-based, obtained 
both in pure water and in an aqueous solution of silver 
nitrate, turned out to have similar morphologies: they were 
conglomerates of nanoparticles with a highly developed 
surface. 
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Figure 4.  Images of the microstructure of characteristic regions of the laser ablation product for the Mo + AgNO3 + H2O mixture, recorded in the 
(a, c) secondary-electron and (b, d) backscattered-electron regimes; tem » 50 min. The red solid lines outline the EDS-analysis regions on the surface 
of a large microsphere.
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4. Conclusions

The experimental results on laser ablation of Zr and Mo in an 
aqueous solution of silver nitrate showed a possibility of syn-
thesising diverse conglomerates of nano- and microparticles, 
consisting of oxides of aforementioned metals, as well as pure 
metals. Under these conditions, the oxides can simultane-
ously be coated (decorated) with silver. These materials are of 
great practical interest, because the porous, highly developed 
surface of the nanostructures studied, coated by a conducting 
metal (Ag), indicates a possibility of achieving a high Raman 
enhancement coefficient with these materials used as sub-
strates.
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Figure 5.  EDS spectra and elemental composition of the ablation prod-
ucts for the Mo + AgNO3 + H2O mixture in regions (a) 1 and (b) 2, 
presented in Fig. 4c.


