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1. INTRODUCTION

Metallic nanoparticles support localized surface-plasmon re-
sonance (LSPR).1 LSPR is used in various applications, such as
biosensing,2,3 enhancement of Raman scattering, optical data
storage, or nonlinear optics.4,5Mesostructured inorganic materi-
als such as mesoporous silica films, formed through surfactant
self-assembly, can be involved in a templating metallic nanopar-
ticle array.6�12 Sodium borohydride is often used to synthesize
silver nanoparticles in solution13�16 or to get silver nanoparticle
dispersion inside mesoporous materials.17,18 We have previously
used it to elaborate silver nanoparticle assemblies inside hybrid
block copolymer oxide films19�22 prepared by an evaporation-
induced self-assembly process (EISA).23�25 The silver precursor
is introduced either directly during synthesis of hybrid block
copolymer silica film or after block copolymer elimination
using film impregnation in a silver salt solution. Sodium
borohydride action on this mesostructured layer with block
copolymer F127, (PEO)106(PPO)70(PEO)106, is characterized
by the formation of metallic nanoparticles concentrated on the
top layer along a 10 nm thickness. This metallic repartition
has been evidenced by TEM and RBS experiments,21,22 and
films have also been characterized by their surface plasmon
resonance (SPR).

Silver nitrate reduction kinetics by NaBH4 in water has
been investigated corresponding to a rapid reaction at room
temperature.26,27 Yet, several steps of metallic nanoparticle
formation or growth remainmisunderstood, influenced in a com-
plex way by ionic strength, capping agent, or surfactant.27�31

This is naturally true when silver salt reduction occurs inside a
thin mesostructured oxide layer.

By using block copolymer F127, a body-centered cubic type
arrangement of spherical micelles is usually obtained.32�34 Such
an arrangement is preserved inside a mesoporous layer result-
ing from block copolymer elimination and has been largely
studied.32�35

This work explores X-ray diffraction, TEM, and GISAXS
(grazing incident small-angle X-ray scattering) data. In this
study, we focus our attention on the textural evolution
occurring in these hybrid silica-block copolymer layers, first
by introducing silver salt during layer synthesis and then by
treating the layer either by thermal treatment or in NaBH4

solution.22

2. EXPERIMENTAL SECTION

2.1. Synthesis. Simple F127-silica films (F0) synthesis, with-
out silver salt, was described in refs 19 and 35. Silver salt
containing films were obtained by modification of F0 film
synthesis by inserting silver salt (10% silver to silicon content)
during the sol synthesis.22 Both films were thermally treated at
200 �C (5 �C/min, for 2 h), inducing silver salt reduction in the
case of F1, and noted FxT. Otherwise, films were immersed in a
sodium borohydride solution (0.05 M) during 30 s and noted

Block copolymer self-assembly can be used to get a noble metallic nanoparticle array. The silver nanoparticle array formation inside a 
mesostructured silica film with the triblock copolymer (PEO)106(PPO)70(PEO)106 (F127) has been stu-died using Grazing Incidence 
Small-Angle X-ray Scattering (GISAXS), TEM, and X-ray diffraction analyses. Mesostructure organization essentially occurs during the 
sodium borohydride reduction process used to form silver nanoparticles. The well-known orthorhombic order, Fmmm space group, 
appears with (020)orthorhombic plan parallel to the substrate. Such reorganization is explained by the silver ion diffusion occurring 
along preferential directions toward the film surface. These metallic nanostructures could be potentially used in surface-enhanced 
Raman scattering, catalysis, or optical devices.
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FxN. Silver salt contained in the F1 sample is then strongly
reduced with sodium borohydride. The sample description is
reported in Table 1 .
2.2. Characterization. The TEM images were taken with a

TOPCONEM002B transmission electronmicroscope operating
at 200 keV. Samples for the transmission electron micro-
scopy (TEM) characterization were prepared by scrapping the
film. The fragments were then deposed directly on a copper
grid coated with holey carbon film. GISAXS experiments
were performed at the d2am beamline (11.85 keV) at ESRF
(Grenoble). The detector was located at 1092 mm behind the
sample, and the exposure time was 10 s. Small-angle X-ray
diffraction (XRD) patterns were recorded on a Philips Xpert
Pro diffractometer equipped with a monochromator, using Cu
Kα radiation.

3. RESULTS AND DISCUSSION

3. 1. Effect of the Presence of Silver Salt on the Textural
Properties of Hybrid Block Copolymer Silica Films. 3.1.a.
Hybrid Block Copolymer Silica Films. Hybrid block copolymer�
silica films F0 and F1 small-angle XRD patterns are shown in
Figure 1a. A shoulder before 2θ = 1� is observed in F0 pattern,
while a well-defined peak is noted in F1 pattern. This peak has
been generally attributed to {011} reflection of Im-3m structure.
More rigorously, it has been indexed as (020) reflection of an
orthorhombic Fmmm structure, resulting from more or less
pronounced layer contraction in the direction perpendicular to
the substrate.36 Interreticular distance d(011)cubic in the case of
F0 is calculated at 9.3 nm. This value is to compare with GiSAXS
results in Figure 1b. Indeed, from the most intensive ring, the
value at 9.6 nm can be measured at qy = 0 in the GISAXS pattern.
The ring is due to diffraction of {011}cubic plans which are in zone
with different crystallographic directions and particularly with
the cube edge Æ100æ lying on the film surface.
XRD and GISAXS patterns of silver containing film, F1

sample, in Figures 1a and 1c are qualitatively comparable to
patterns previously shown (Figures 1a and 1b). Silver content
corresponds to the atomic ratio of silver/silicon of 0.1.
The interreticular distance of 9.2 nm is calculated from the peak

(2θ = 0.93�) due to {011} reflection in Im-3m structure (Figure 1a).

Table 1. Sample Descriptions

silver content 0% 10%

preparation method
F127-silica F0 F1

“ ” after NaBH4 reduction F0N F1N

“ ” after thermal treatment F0T F1T

Figure 1. (a) Small-angleXRDpatterns of F0 andF1 samples. (b) GISAXSpattern of the F0 sample. (c) GISAXSpattern of the F1 sample (cubic indexation).
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Silver salt addition does not modify the pattern aspect of the
GISAXS pattern (Figure 1c), but increasing contrast reveals a
slight tendency to layer preferential orientation parallel to the
(011) plan in Im-3m structure. d(011)cubic is measured at 9.2 nm.
GISAXS spots are indexed in cubic Im-3m structure.
For a higher silver ratio (Ag/Si > 20%), layers are no more

organized (no diffraction peak). This can be explained by silver
salt selective accumulation into hydrophilic and external micelle
parts, totally modifying electrostatic interactions.
3.1.b. Hybrid Block Copolymer Silica Films after Thermal

Treatment. The F0T small angle XRD pattern is shown in
Figure 2a. This sample is obtained after a thermal treatment at
200 �C inducing block copolymer elimination. A well-defined
peak is noted at 2θ = 0.93� in F0T, attributed to the {011}
reflection of Im-3m. A few intensive peaks noted at 2θ = 1.9� are
due to (022)cubic. Interreticular distance d(011)cubic is calculated
at 9.3 nm. This value is to compare with GiSAXS results in
Figure 2b. Indeed, from the most intensive ring, the value at
9.2 nm can be measured at qy = 0 in the GISAXS pattern. Once
more, the ring is due to diffraction of {011}cubic plans. Further-
more, a second ring is noted in Figure 2b, due to a higher contrast
after block copolymer elimination.37 There is no layer prefer-
ential orientation from pattern 2b, but ring elliptic deformation is
noted resulting from layer contraction perpendicular to the
substrate. Preferential orientation absence is also observed
from the top view TEM showing a vermicular mesostructure
(Figure 2c).
After thermal treatment at 200 �C of a silver-containing film,

XRD and GISAXS patterns of the F1T sample, in Figures 2a and
2d, are qualitatively comparable to patterns previously shown.
Interreticular distance of 7.0 nm (2θ = 1.25�) is calculated from
the peak due to {011}cubic (Figure 2a). This diffraction peak is
related to much shorter distance compared to the F1 sample
before thermal treatment.

The ring noted in Figure 2d (sample F1T) is thinner than the
ring observed in F0T; it is also due to a shorter interreticular
distance along qz. The same remark can be done concerning
XRD and GISAXS patterns of samples F1T and F1. Indeed,
d(011)cubic in F1T is measured at 7.6 nm. Such a difference is due
to the higher layer contraction perpendicular to the substrate
than previously noted. On the contrary, d(101)cubic is almost
unchanged as there is no contraction in substrate plan. GISAXS
interreticular distances measured in qz are in agreement with
XRD calculated distances.
The hybrid layer, even though charged with silver salt, does

not show a well-ordered mesostructure. A single XRD peak and
broad GISAXS ring are obtained. XRD peak broadening and ring
thickness correspond to diffraction domain coherence of about
100 nm. Layer thermal treatment leads to film contraction
perpendicular to the substrate, as shown in GISAXS patterns,
especially in the presence of silver salt. The observed contraction
is higher in the case of F1T compared to F0T. In the first case,
silver nanoparticles are formed in places initially occupied by
block copolymer micelles.22 The shrinkage is higher in F1T than
in F0T. In the first case, silver nanoparticles have been formed in
locations which were occupied by block copolymer micelles,22

while empty pores are present in F0T. The silver nanoparticle
formation mechanism during thermal treatment involves silver
atom coalescence coming from the Ag+ reduction present inside
the silica walls.22 This phenomenon involves the silica walls
contraction around silver nanoparticles. In the other case (F0T),
pore creation involves only the block copolymer elimination with
gaseous species departure. In this case, silica walls do not contract
themselves. Rings become more intensive after thermal treat-
ment as block copolymer has been eliminated.
Study of GISAXS Patterns Slices in the F1T Sample. Using

IGOR software,38 a one-dimensional cross-sectional scan along
the qy direction at qz = 1.2 nm�1 has been plotted. Analysis of

Figure 2. (a) Small-angle XRD patterns of F0T and F1T samples. (b) GISAXS pattern of the F0T sample. (c) TEM top view of the F0T sample.
(d) GISAXS pattern of the F1T sample (diffraction spots indexed in Im-3m).
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horizontal slices, for low q values (for q� Rg < 1), according to the
Guinier law,39�42 allows us to calculate a gyration radius Rg of
diffusing objects, when there is no spatial correlation between these
objects. Guinier’s law application conditions are met in the case of
the F1T sample (Figure 3a). From the slope of the line (log I =
f(q2)) (Figure 3b), the silver nanoparticle gyration radius is equal to
5.3 ( 0.5 nm, using the formula Rg = (�3 � slope/ln e)1/2.
3.2. Effect of NaBH4 Reduction on the Textural Properties

of Hybrid Block Copolymer Silica Film. XRD patterns of the
F0N sample (Figure 4a) look like the F0 pattern. It shows that
the sodium borohydride treatment does not modify the layer.
On the other hand, XRD patterns of the F1N sample are strongly
modified since four broad peaks are observed. The two first peaks
are much more intensive.
Peaks at 8.7 nm (2θ = 1.00�), 5.0 nm (2θ = 1.58�), and

4.2�4.0 nm (2θ = 2.13�) are, respectively, due to {110}, {211},

and {220}�{310} plans in Im-3m structure. It seems “a priori”
quite difficult to interpret the peak at 7.8 nm (1.13�). The high
intensity of the first peak leads us to conclude that the layer is
predominantly orientated perpendicularly to the Æ011æcubic
direction.
The top-view TEM image of sample F1N, in Figure 4b, allows

observation of lines spaced from 12 nm. Lines are parallel inside
zones of a few hundreds of nanometers long. This view is
coherent with layer reticular plans stacking perpendicularly
to one direction, Æ011æcubic. Lines mark {0�11} trace plans.
Thereby, the layer keeps the same orientation along parallel
directions to substrate in different zones overlapping according
to allowed twins in Im-3m structure.
The substrate perpendicular section in Figure 4c completes

data in Figure 4a and 4b confirming precedent interpretations.
Thereby, in this pattern, parallel layers to the substrate, micelles
containing, are spaced from 9.0 nm according to interreticular
distance measured with the first XRD peak in Figure 4a. The
Im-3m deriving structure is occurring, orientated in such a way
that the Æ011æcubic direction is perpendicular to the substrate. Yet,
this structure observed along [11�1] azimuth in Figure 4c is
contracted along Æ011æcubic and becomes Fmmm. This picture
reveals silver nanoparticle repartition inside superficial layers ac-
cording to previous studies, using RBS.22 It appears that distances
between the first layers are only 8.1 nm. It allows us to explain the
existence of the broad diffraction peak in Figure 4a, corresponding
to a 7.8 nm distance, which has not been yet attributed.
The GISAXS pattern of the F1N sample in Figure 5a is much

different from previous patterns. It is constituted with spots more
or less elongated along qz. GISAXS simulations obtained for the
Im-3m structure with different orientations [011], [111] from
refs 43�45 and also with [211] orientation perpendicular to the

Figure 3. (a) Horizontal slice at qz = 1.2 nm�1 of the F1T GISAXS
pattern (Figure 2d). (b) Guinier’s straight line.

Figure 4. (a) Small-angle XRD pattern of the F1N sample; * probably corresponding to the superficial layers. (b) TEM top view of the F1N sample.
(c) TEM cross-section of the F1N sample. Zone axis [11�1].
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substrate are shown in Figures 5b, 5c, and 5d. Comparison with
experimental data allows us to consider the preferential orientation
along [011]. Yet, layer contraction, perpendicularly to the
substrate, in the [011] direction changes spot position. Inter-
reticular distances and ϕ angles calculated and measured values
are compared in Table 2. The angle ϕ designs an angle between
the segment formed with a given spot and origin and vertical
direction ((011) spot direction). Calculated values have been
obtained using the following parameters in the orthorhombic
unit cell: a = 16.4 nm, b = 17.3 nm, and c = 23.1 nm. These
parameter values are deduced from XRD patterns and TEM
observations. Diffraction spots of Figure 5a are indexed accord-
ing to Im-3m structure (and according to Fmmm structure in
Supporting Information). The corresponding indexation in the
Fmmm space group is reported in the Table 2. Circles correspond
to direct beam spots, and squares correspond to reflected beam.
After NaBH4 treatment and silver nanoparticle formation, the

mesostructure is better organized, as shown in the appearance of
multiple diffraction peaks in the XRD pattern and spots in the
GISAXS one. Spots are explained with orthorhombic unit cell
existence. Furthermore, the preferential orientation layer is
noted, with the (020)orthorhombic plan parallel to the substrate.
The elliptic form spot, with high axis parallel to qz, is three times
higher than the small axis. The monocrystalline area expands in
depth of layer on 150 nm and in parallel to layer directions on

400�500 nm. This structure and this orientation are fully in
agreement with TEM observations performed on thin sections
taken off parallel to the direction perpendicular to the layer
(Figure 4). Furthermore, they allow us to explain the appearance
of the top-view layer TEM image (Figure 6a). In this case, silver
nanoparticles are most often organized along “hexagons” which
should not be confused with regular hexagons resulting from a
cubic mesostructure with layer orientated parallel to the (111) plan.
Thereby, we should attribute these geometrical figures forma-
tions to silver nanoparticles growing inside micelle positions
showing on the surface (Figure 6b and 6c), with [011] orientated
perpendicularly to the substrate. These nanoparticles are orga-
nized orderly according to the cmm space group. The parameters
c/a ratio for the cmm unit cell deriving from nondeformed Im-3m
structure is calculated as

√

2 (Figures 6b and 6c), as this ratio is
√

3 for a perfect hexagonal lattice described with a base-centered
orthorhombic unit cell. Experimentally, we measure with image
and FFT in Figure 6a a value equal to 1.4. From Figure 6d, this
ratio is found slightly higher than 1.4; it is determined between
particles localized in the same plan, as shown from neatness of
the high-magnification TEM image (Figure 6d). A value of 1.41 is
calculated with orthorhombic unit cell parameters deduced from
XRD and TEM and according to GISAXS.
GISAXS experiments allow us to confirm that TEM observa-

tions correspond to structuration and orientation involving all

Figure 5. (a) GISAXS pattern of the F1N sample (cubic indexation). (b�d)GISAXS pattern schemes for the Im-3m structure according to orientations
with different directions perpendicular to the substrate: (b) [011] direction;43 (c) [111] direction;43 (d) [211] direction. Patterns have been simulated
with a cubic unit cell at 16 nm.
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the layers after formation of silver nanoparticles. This orientation
results from diffusion according to preferential ways34 in a draft
of Fmmm structure preexisting in the nonreduced layer. Oriented
diffusion of Ag+ ions occurs along directions Æ111æ since ellip-
soids of copolymer stretched along this direction, linking F127

micelles.34,46Ensuing this diffusionmovement, the initially tenuous
orientation with the direction [011] perpendicular to the sub-
strate, becomes dominant inside all the layer thickness. In this
orientation, there are eight possible diffusion ways for the unit
cell to split in two sets; the first set corresponds to the four

Table 2. Interreticular Distances and O Angles: Calculated and Measured Values in Figure 5

(hkl)orthorhombic (hkl)cubic dmeasured (nm) dcalculated (nm) jmeasured (�) jcalculated (�)

131 112 5.2 5.30 23 23.3

222 202 5.2 5.29 51 52.3

024 0�13 4.7 4.80 55 56.3

133 103 4.4 4.44 39 39.6

04�2 031 4.0 4.05 21 20.5

Figure 6. (a) TEM top view of the F1N sample. (b) Scheme of the top view before reduction; the layer is orientated with (011) parallel to the substrate.
Empty circles figure micelle position which are not all in the sheet plan. (c) Scheme of the TEM view of the layer with (011) plans parallel to substrate,
after reduction. Full circles are silver nanoparticle positions which are all in the sheet plan. Empty circles are micelle positions which are all in the same
underlying plan. Ag+ ions, coming from the depth, have all passed through these last positions. (d) Higher-magnification TEM view.
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shorter ways, in a plan perpendicular to the substrate; the other
set consists in the four other longer ways, in a plan parallel to the
substrate. Naturally, Ag+ ions attracted by chemical reaction
follow ways leading more rapidly to the layer surface. Then, the
last nanoparticle monolayer looks like the top-view that is shown
in Figure 6a, silver ions choosing the shorter diffusion way. This
description of layer reorganization occurring during reduction
involves a crystalline structure reconstruction mechanism. This is
possible since the layer may not be very rigid, andmost of the film
is initially orientated near Æ011æ. Thereby, for instance, 30�
oscillation around the Æ100æ edge on which the unit cell lies is
enough to obtain the ring pattern in Figure 1. In the Im-3m
structure, plans (with high density) {100}, {111}, and {110} have
micelle densities, respectively, in the ratio 1, 1/

√

3,
√

2. The
highest density of {110} plans explains layer preferential orienta-
tion along these plans parallel to the substrate.
The existence of two interreticular distances for parallel plans

to the substrate is experimentally evidenced by two peaks “011”
in the XRD pattern, by the apparition of stretched spots along qz
in the GISAXS pattern, and by TEM observations. It proves that
silver diffusion occurs under the ionic form (Ag+) from deep
layers, leading to d(011) around 9 nm for these layers. It also
proves that the chemical reaction, Ag+ reduction with NaBH4,
only concerns the superficial layers. Shrinkage along the perpen-
dicular direction to the substrate, as in the case of F1T, is higher,
and d(011) becomes lower than 8 nm.

4. CONCLUSION

Results have demonstrated the important and very specific
influence of NaBH4 reduction in these silver salt charged films.
Physico-chemical phenomena localized and directed, induced by
this reduction, lead to an improvement of mesostructure and to
preferential orientation well characterized by GISAXS patterns.
Films after reduction have the contracted Im-3m mesostruc-
ture and are oriented with the [011] direction perpendicular
to the substrate.

As thermal treatments induce nondirected phenomena and do
not have such influence on film texture, they induce the film
contraction, but the mesostructure remains similar to the initial
one, without preferential orientation. The film contraction is
much more strong when silver salt is present. We note good
agreement between data from GISAXS patterns and data from
XRD and TEM analyses. Slices analysis of some of the GISAXS
patterns allow us to specify the diffusing objects size.
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Figure 1.SI a: GISAXS pattern of F1 sample. b: GISAXS pattern of F1T sample. (diffraction 

spots indexed in Fmmm). d020 is equal to 9.2 nm for F1 and 7.6 nm for F1T. c: GISAXS 

pattern of F1N sample (diffraction spots indexed in Fmmm). 
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