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The synthesis of fractal Ag oxide (Ag20) on the surface of Ag thin film has been achieved at room temperature by
using Synchrotron X-ray irradiation. We have performed an automated quantitative analysis of a batch of 1879
fractal Ag,O patterns in a scanning electron microscopy (SEM) image within a radius of 2000 mm outward from
the center of the X-ray beam. The morphology is similar to that of the diffusion-limited cluster aggregation
(DLCA) model. The fractal dimension (D) of Ag,0 is between 1.7 and 1.5 from the center to the edge. The area

distribution density of fractal Ag>O follows a quadratic function with radius R. It is found that the branches’
number of fractal Ag,0 is a key factor affecting the fractal dimension. The more branches the fractal has, the
greater the D is. This is the first time that Ag fractal has been investigated by combining automated data analysis
methods with batch experimental data. This data-driven approach provides a new research perspective for
rationally regulating materials’ fractal morphology and performance.

1. Introduction

Fractal structures, as a result of the intriguing existence of nature, are
reported by a variety of fields of science with great interest [1-4]. Up to
now, the mechanism of spontaneous formation of fractal structures re-
mains a mystery [5]. Precious metal fractal structures have become a
research topic as they display dramatically different properties from
bulk structures in areas such as optics and catalysis. Among them, the
most famous noble metal cluster, fractal Ag compounds [6], is widely
utilized in electronic printing or packaging applications [7], photo-
catalysis, surface-enhanced Raman scattering (SERS) sensing [8], med-
ical diagnostics [9], conductive ink [10] and transparent polymer
thermistors [11]. The rational manipulation of the process is the key to
success at this size scale and atomic level of assembly due to the
remarkable influence of the synthesis conditions and parameters on the
performance [12,13]. Various approaches have been developed by re-
searchers to realize the optimal performance of fractal metallic [14].

In the last two decades, irradiation, being a novel approach, has been
extensively used to prepare nano-scale fractal clusters and materials
[15-18]. In particular, X-ray irradiation is an effective means of syn-
thesizing gold and silver luminescent fractal clusters [19,20]. Synchro-
tron X-rays, with their higher intensity, energy, and time-resolved
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capabilities compared to traditional X-rays, offer remarkable advantages
for modulating synthesis and in-situ analysis of fractal metallic. How-
ever, the study on the factors affecting the size and shape of the fractal
structure and the growth behavior under synchrotron X-ray irradiation
has not been reported. On the other hand, up to now, research on the
formation of fractal morphology has been limited to time-consuming
and labor-intensive single-point studies. Nowadays, high-throughput
methods offer the opportunity to speed up the development of mate-
rials based on batch experimental data and data mining. The approaches
provide a systematic exploration of multi-parameter coupling relation-
ships of complex systems and in-depth revelation of mechanisms
through the acquisition and analysis of large numbers of experimental
data.

In this work, we report a study on the synchrotron X-ray-induced
synthesis of fractal Ag;0 on the surface of Ag thin film in the atmo-
sphere. A high-throughput-experiment data-driven approach is devel-
oped to systematically estimate the D of AgoO which reflects the effects
of D influencing factors and distribution. In addition, we have excavated
the mechanism to provide a fundamental study for demystifying the
formation of the fractal structure and regulating it in an effective
manner for applications.
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Fig. 1. XRD plots of the products on the surface of Ag thin film under syn-
chrotron X-ray irradiation.
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2. Method

The details of experimental details of this paper can be found in our
previous work [21] and supporting information (Section 1). In this
work, we concentrate on systematically investigating the factors
affecting the formation of X-ray-induced the formation of fractal Ags0O
using a high-throughput experimental data-driven approach.

The fractal dimension (D) is expressed by the measure relation. If the
integral length (M) of a cluster satisfies the relation M(r)«r'D for
different magnification r, then the cluster is called a d-dimension fractal
structure [22]. In this study, a series of scanning electron microscopy
(SEM) micrographs with different magnifications were collected. All
micrographs were digitized using the OpenCV package and each pixel

has a grey scale value between 0 and 255 (as shown in Fig. 2). A

Fig. 2. SEM images of fractal products grown at the surface of Ag thin film after X-ray irradiation. (a)-(d) corresponded to the magnified images of the area of the

areas highlighted in the yellow boxes. EDS mapping distribution of (e) O and (f) Ag.
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Fig. 3. Computer-treated results of SEM image (a) original image, (b) the
histogram of pixel grey value distribution, and (c) the two-value graph of
threshold as 95.

threshold of 95 is selected to separate the feature and the background
according to the distribution of pixel grey value. Subsequently, we
integrate the length (M) of the outer edge of the cluster. The D values
were fitted based on SEM micrographs at equal to or greater than three
different magnifications.
For cluster S, the centroid (xx, y) is calculated with Eq. (1):
S X
X = —_—
—n;
J
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n
_ Yii
Y = ZIT,
J

Where n; is the pixel number of Sk, (xki,yx:) is the position of the
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pixel in Sg.

To analyze the D of large numbers of Ag,O clusters, an in-house
method for the batch analysis of SEM morphology data was developed
based on the OpenCV package with Python language, performing a
workflow including a) Extracting clusters from the SEM micrographs
based on image recognition technology; b) Calculating the centroid (x,
y) of the cluster according to Eq. (1); ¢) Normalizing the centroid co-
ordinates; d) Determine the one-to-one relationship of clusters. The
centroid position of each cluster can be obtained through multiple im-
ages. The discrepancy due to different magnifications was minimized
using the KNN algorithm (set K to 1) [23,24].

3. Results and discussions
3.1. High-throughput experimental characterization

The structural and dimensional variations of the synchrotron X-ray-
induced formation of fractal products are critical for understanding the
growth mechanism of the reaction process. Time-dependent X-ray
diffraction (XRD) patterns of the products grown at the surface of Ag
thin film were recorded consecutively with a time interval of 10 s. As
shown in Fig. 1, at the early stage of X-ray irradiation, Ag;0 [25] formed
at the surface of Ag [26] thin film. In addition, the gradual increase in
Ag-0 is paralleled by a decrease in Ag. As the irradiation time increased,
the new product AgNO, [27] appeared apart from Ag,0, and it is also
notable that the evolution of Ag,O was opposite to that of AgNO,.
Hence, we hypothesize that the procedure is that Ag thin film reacts with
high-energy O atoms in the air to form Ag;0, which then reacts with
high-energy N atoms to form AgNOs.

Fig. 2 presents a series of SEM images of the sample after the X-ray
exposure at room temperature. The low-magnification images (Fig. 2a,
b) clearly show that the illuminated surface area (i.e. the circle in the left
corner of the image) of the Ag thin film through which the X-ray passes
exhibits a contrast against the other areas (as shown in Fig. S2 the Ag
thin film before X-ray irradiation), confirming that the X-ray irradiation
dose affects the growth of the products in the surface of Ag thin film. One
of the most significant features is the large amount of fractal Ag gen-
eration grown in the beam-irradiated and extended regions. The
chemical composition of the product was characterized by performing
energy-dispersive X-ray spectroscopy (EDS) scans. The results indicated
that the chemical elements are Ag and O (as shown in Figs. 2e, f, and S2).
By integrating the structural data of Fig. 1 and the EDS data results, the
fractal species can be identified as Ag»0.

3.2. Data-driven fractal analysis

To systematically explore the growth patterns of fractal Ag,0, we
have utilized automated data analysis methods on 1879 fractal Ag>0O
surrounding the X-ray irradiation region. Fig. 3b is the computer pro-
cessing results of Fig. 3a. It is well known that the proper threshold in the
histogram of the distribution of pixel gray values must be located be-
tween two peaks, which correspond to the feature and the background,
respectively. There is a broad valley between the two peaks, the
threshold selected at different positions must give different results. In
Fig. 3b, 95 are selected as the threshold to process the image, and the
two-value pictures are printed. The resulting two-value graph matches
the original one perfectly, demonstrating that the threshold selection is
highly precise. Fig. S4 shows the dependence of r in the log scale coor-
dination system at the threshold of 95 of Fig. 2d. The data of M(r) vs r
satisfy a power function very well. The linear fitting of the data gives rise
to the dimension 1.76.

The growth mechanism of the fractal structure has been studied
theoretically and experimentally since the 1930s [28]. Several models,
including diffusion-limited aggregation (DLA) [18], edge-diffusion, and
diffusion-limited cluster aggregation (DLCA) [29] have been used to
describe and analyze the formation of fractal structures. The dimension
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Fig. 4. The relationship of D vs Branches numbers (BN) of a) beam center, b) R = 561um, (c) R = 1003um, and (d) R = 1546 um.

of the fractal structure generated using the DLCA model in two di-
mensions is about1.70 4 0.07 [29,30]. The values of D of the clusters in
the irradiation region range from 1.65 to 1.78, which is in remarkable
agreement with the computer simulations. However, the biggest dif-
ference from the computer simulations is that during the growth process
in ours, the clusters are not grown uniformly in all directions because of
the certain preferential orientation of the sputtered polycrystalline Ag
thin film. In the oxidation process, the interfaces among silver grains are
oxidized first.

A systematic analysis of D as a function of the distance of the fractal
Ag-0 thin film is shown in Fig. 2a. First, we set the center of the X-ray
illumination range as the center of the circle. Then four groups of fractal
Ag,0 were randomly selected from the center of the circle to the outer
edge (as shown in Fig. S4). Finally, the relationship between their D and
position was systematically analyzed using the self-developed method. It
is important to note that the selection of the thresholds is what distin-
guishes a high-volume analysis from a single point of analysis. The
threshold value in our systematic analysis is a gradient threshold to
avoid the influence of the unevenness of the sample surface on the
analysis results, i.e., the threshold value is different at different loca-
tions. The results demonstrated that the D value (the detailed results are
shown in Figs. S6-9) was quite close to the mean value of 1.7 in the
irradiated area and near the edge of the irradiation, and the D value was
much smaller than the irradiated area with a mean value of 1.5 in the
area distant from the center.

Based on the previous systematic analysis of the D value distribution
of fractal Ag.0O, we found that the growth of Ag,0 clusters has a pref-
erential growth law. To further explore the branches (preferred orien-
tation as shown in Fig. S10)-dependent on the D value, we systematically
analyzed the relationship between the number of branches and the D
value of the four groups of data, as shown in Fig. 4. The Violin plots [31]
are utilized to display the distribution of the D dataset in each group.
The detailed explanation of Violin plots is illustrated in support

information (as shown in Fig. S11). The distribution of the median D
value in the four data sets shows that as a whole the value of the median
increases as the number of branches increases. The discrepancy shows
up in group 3, which we believe may be the result of error analysis with a
small amount of the data. Notably, the value of D is highly dependent on
the number of branches. Therefore, we hypothesize that the X-ray
irradiation distance and branches are the key factors that affect D of the
fractal Ag,O thin film.

In addition to the D, we have also systematically analyzed the dis-
tribution of the amount of Ag,0 (grayscale) with the distance (R) of the
X-ray irradiation range. The critical step in determining the distribution
of grayscale values is to determine the irradiation center. As irradiation
produces a well-defined circle, we select multiple points on the circle
and use a circle function fit, based on least-squares calculation of pa-
rameters, to obtain the irradiation center coordinates. The threshold
value is then determined based on the statistical distribution of the
grayscale. By setting those above the threshold to 0 (i.e., without Ag>0)
and those below the threshold to 1 (i.e., with Agy0), the image is
downscaled into a matrix containing only 0 and 1. The actual distance of
the pixel from the irradiation center can be obtained by calculating the
distance of individual elements of the matrix from the irradiation center
and converting them with a scale ruler. Finally, the integration is per-
formed to obtain the relationship between the Ag,0 content (ratio of the
fractal surface area to the total sample surface area) and the R from the
irradiation center. In Fig. 5, the Ag,0 distribution in Fig. 2a as a function
of distance (R) at the different magnifications is plotted. The R-depen-
dent distribution (D) can be fitted with (blue curves) as follows:

For Fig. 2a:

D, =3.086 x 1078R*+7.82 x 107°R+0.072 )
For Fig. 2b:
Dy =2.641 x 107°R*4+-9.61 x 10°R +0.033 3)
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Fig. 5. Distribution ratio of Ag fractal along R in (a) Fig. 2a and (b) Fig. 2b.

The corresponding density of pixels increases over R. Meanwhile, the
conclusions and the absolute value of the data performed at two images
are well consistent with each other, which proves the effectiveness of the
data analysis model.

In sum, we speculate that the intermediate product Ag;O with a
fractal morphology was first formed from the reaction of Ag thin film
with ozone under X-ray irradiation. With the increase of X-ray irradia-
tion time, Ag,0 is gradually consumed and converted to AgNO,. The
stronger the flux of X-ray, the higher the fractal degree of fractal Ag>0.
This is mainly because of the X-ray irradiation area has the strongest
energy intensity, the more dramatic the reaction of Ag with oxygen in
the activated state, the more diverse the orientation (that is, the more
branches), and the sparser the distribution. As the distance increases, the
reaction rate decreases, resulting in a decrease in fractal degree and an
increase in distribution density. On the other hand, the stronger the X-
ray beam, the sparser the distribution of Ag>O concentration, mainly
due to the rapid conversion to AgNOs. Therefore, there is great potential
for the synthesis of nanomaterials with 2D or 3D fractal morphology by
manipulating the parameters of X-rays.

4. Conclusion

In this paper, fractal Ag,0 was generated in the air by irradiating Ag
thin films with X-rays for the first time. The relationship between D and
branching, as well as that between the Ag,0 distribution concentration
and the X-ray beam flux, was quickly obtained by parallel analysis of the
batch experimental data. By employing a data-driven approach, rapid
extraction reveals that the higher the number of branches, the higher the
d-value, as well as the stronger the light the higher the d-value, and vice
versa. This study has shown significant potential in the field of the
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generation mechanism of fractal morphology and the environmentally
friendly and efficient generation of 2D or 3D fractal material and also
provides a new perspective for such research.
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