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Abstract: The ability to synthesize nanoparticles of desired shape, 
size and composition relies heavily on our understanding on how to 
finely control various factors influencing the formation, such as the 
kinetics of growth. Fundamental study on the nucleation and growth 
of nanoparticles found itself at the forefront with the application of 
liquid-phase transmission electron microscopy (LTEM) in the 
investigation of dynamic growth and assembly processes. Since early 
study using LTEM to observe and quantify the nucleation and growth 
of single colloidal platinum nanoparticles, several theoretical models 
have been developed. More complex mode of formation was also 
revealed based on a hybrid growth process of gold on platinum 
icosahedral nanoparticles to form core-shell structures. These studies 
have been carried out by focusing on single or a small number of 
nanoparticles. Herewith, we present a study on the establishment of an analytical method to quantify the particle 
formation using in situ LTEM technique. This approach is based on the analysis of median particle size and focused 
on main events accounted for the formation of nanoparticles at a given time. We found that unlike the cases for 
single particle analysis, the observed formation rate could not be explained by any single formation mode, such as 
diffusion- and/or reaction-controlled growth described by the Liftshitz-Slyosov-Wagner theory or formation 
through coalescence as described by the Smoluchowski aggregative kinetics. A global fit was used to describe the 
entire formation of nanoparticles in an ensemble. 
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1. Introduction 

Nanomaterials are important in various fields including catalysis, biomedicine, gas sensing, and magnetic data 
storage, just to name a few, because of their unique properties, which arise from size- and shape-related properties 
[1–8]. It is essential that the formation of well-controlled nanoparticles can be quantitatively understood through the 
analysis of data obtained in reaction media throughout the various stages of formation [9–11]. Transmission electron 
microscopy (TEM) has been the method of choice for studying the kinetics and formation mechanisms of 
nanoparticles, such as growth and dissolution of colloidal nanocrystals. Prior to the invention of liquid-phase TEM 
(LTEM), a commonly used strategy for obtaining information regarding growth is to examine samples taken out from 
solutions at predetermined time points using TEM imaging [12–14]. This method, however, has the intrinsic 
uncertainty on whether ex situ data can offer an accurate picture of the formation in solution. 

In this regard, LTEM is a powerful tool to investigate the formation of nanoparticles through various dynamic 
processes, such as growth and attachment in reaction media [15–24]. Noticeably, LTEM has been used to quantify 
the growth rate of colloidal Pt nanocrystals [25], Pt3Fe nanorods [16], and core-shell nanostructures [26–28]. 
LTEM is also instrumental in revealing details of complex growth processes such as hybrid growth and subsequent 
surface diffusion [28,29], oriented attachment [9,30–33], self-assembly [34,35], and formation of superlattices and 
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supracrystals [36–38]. LTEM studies have not only furthered the development of existing theories, but also 
uncovered new growth processes that do not strictly adhere to those classical models of nucleation and growth 
based largely on precipitation phenomena [39–42]. 

The majority of LTEM studies on the formation of nanoparticles have so far focused on single or few 
nanoparticles without giving the much-needed consideration of the dynamics of nanoparticle formation as an 
ensemble [24,43,44]. While it is extremely useful in understanding the growth [45], the current approach does not 
entirely encompass the formation of nanoparticles in a solution containing a population of polydisperse 
nanoparticles at various growing stages, herein referred to as an ensemble, which is the most common case. For 
an ensemble, coalescence is yet another major factor for the formation of nanoparticles, besides the nucleation and 
growth from monomers [46,47]. Therefore, there is a clear need to develop methods to describe the formation by 
taking into consideration of both individual nanoparticle and ensemble in a solution environment. 

Previously, it was shown by in situ LTEM the rate of formation of hybrid organic-inorganic perovskite 
nanoparticles did not follow either diffusion- or reaction-limited growth model as predicted by the Liftshitz-Slyosov-
Wagner (LSW) theory [44]. Non-classical growth modes involving aggregation and coalescence were reported to be 
responsible for the formation of Au nanoparticles in an ensemble [43]. Quantitative analysis on particle size reveals 
that although the rate of growth follows that explained by the classical LSW theory, particle size distribution follows 
the model described by Smoluchowski aggregative kinetics [43]. In this study, we present a new method to quantify 
the formation of the whole formation of Au nanoparticles, including both the growth and ensemble, through 
mathematical fitting of particle size and size distribution. The data obtained through in situ LTEM are used to analyze 
the possible contributions of major driving forces for the formation of nanoparticles, that is, diffusion, surface reaction, 
and particle coalescence. We show that no single formation factor can be used to fit the entire experimental data 
obtained for an ensemble of Au nanoparticles formed under different conditions in a spatiotemporal analysis. Instead, 
the formation rate can be in both diffusion- and reaction-controlled regime in the early stages, while the coalescence-
controlled regime is too complicated to be interpreted by the classical models. 

2. Experimental Section 

2.1 In Situ Growth of Au Nanoparticles  

The solution mixture for the synthesis was made of 0.1 M tetrachloroauric acid (HAuCl4, Sigma-Alrich (St. 
Louis, MO, USA), 99.995% trace metal basis) prepared by dissolving its hydrated form in deionized water (DI, 
H2O). A droplet of the growth solution was placed in a liquid cell made of two 50 nm thick silicon nitride (SiN) 
windows supported on Si wafers separated by a 250-nm thick spacer (Figure 1). First, the spacer chip was placed 
into its slot in the tip of the LTEM holder (Hummingbird Scientific, Lacey, WA, USA), followed by the placement 
of a 2-µL droplet of 0.1 M HAuCl4. The top chip was then carefully positioned atop the droplet of growth solution. 
A toothpick was used to gently press the top chip down so that the droplet spread out and to align the SiN windows. 
Once the windows were aligned, the cell was closed and tested for vacuum leakage using an external vacuum 
pump. Upon achieving a desirable pressure in the order of 10−6 bar, which is an indication of a well-sealed cell, 
the liquid cell was inserted into a TEM (Hitachi 9500, Hitachi High-Tech., Schaumburg, IL, USA) for study. 

Au nanoparticles formed under the electron beam that was also used for the imaging of the growth process 
inside the liquid cell in TEM. The growth of Au nanoparticles was recorded at a beam current density of 8 × 10−12 

A/cm2 and magnification of ×12,000, corresponding to a constant electron dosage of 0.727 electron per Å2 per 
second (e−/(Å2∙s)). The typical total recording time was 40 min, after which no further changes were observed. 
The electron beam was kept on the imaging area for the entire duration of in-situ study. 

2.2 Image Analysis 

Still frames of 1 min apart each were obtained from the recorded in situ video of LTEM study. ImageJ 
software was used to count and measure the sizes of Au nanoparticles over time. By utilizing the difference in 
contrast between the nanoparticles and the surrounding solution, outlines of the nanoparticles in each frame were 
extracted (Figure 2). ImageJ was then used to measure the projected area of the nanoparticle. To comparing the 
formation rate of these nanoparticles over time with the growth rate predicted by LSW theory, the areas were 
converted to radius according to the equation, 𝐴 ൌ 𝜋𝑟ଶ, where A is the projected area of the particle and r is the 
calculated radius. Particle overlapping can be an issue when the density of particles is high, especially at the later 
stage of particle growth. Thus, we only applied the proposed analysis to frames obtained from the very beginning 
till the time when particle overlapping became significant (i.e., 38 min in this study). Overlapped particles 
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exhibited dark color and were distinguishable from non-overlapping ones in our TEM micrographs, which all had 
relatively clean backgrounds. 

 

Figure 1. Illustration of the liquid cell for TEM used in this study. The scale bars in the micrographs are 200 nm. 

 

Figure 2. Illustration of the analysis of particle number and size from a LTEM micrograph using ImageJ software. 

(a) Still frame extracted from the LTEM video recorded during the growth, (b) processed image based on the 

contrast, and (c) image showing the outlines of the counted nanoparticles. 

3. Results and Discussion 

Figure 3 shows an ensemble of Au nanoparticles formed over a period of 38 min in an aqueous solution inside 
a TEM liquid cell at a dose rate of 0.727 e−/(Å2∙s). This rate of irradiation is significantly lower than the typically 
imaging condition, i.e., 5~50 e−/(Å2∙s) [48–50], thus the dendritic growth of Au particles was efficiently suppressed 
at the onset of the process [28]. Both the number and size of particles grew over time. The nanoparticles forming 
at the initial stages tend to be spherical in shape but became faceted and irregular in shape over the time of the 
recording period [51]. 

In the first 20 min, these nanoparticles grew both by the addition of monomer and later through the 
interactions among neighboring particles (Figure 4). Two types of particle interactions were observed from 8 to 
20 min: the consumption of small particles by large ones (i.e., Ostwald ripening) and the coalescence of 
nanoparticles of similar sizes. Toward the end of recording, dendritic growth, which appeared to be suppressed to 
some extent, could however still be observed even though the dose rate was kept at a low level. It is likely the 
solvated electrons generated by the interaction between the electron beam and the aqueous solution was able to 
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accumulate over time till eventually establishing a steady state, because the experiments were carried out under 
the static environment [52]. In addition, the last two images recorded at 36 and 38 min were noticeably brighter in 
contrast than the others, suggesting a decrease in the thickness of liquid layer (Figure 3). The accumulation of 
solvated electrons and thinning of liquid thickness likely caused the formation of dendrites. 

 

Figure 3. Still images extracted from in situ LTEM video of the formation of an ensemble of Au nanoparticles over 

the given times in minutes (at the top right of each TEM micrograph). The scale bars are 200 nm. 

Figure 5 shows the quantitative analysis of number of nanoparticles formed using ImageJ software. The 
formation could be divided into three stages, as determined by the rate of change in the number of nanoparticles 
(ns) and particle size over time (t), which is the slope of the linear function between ns and t (Figure 5a). In Stage 
I, nanoparticles grew rapidly at a rate of ~59 particles/min, apparently via monomer addition, up to about 6 min. 
During Stage II, the total number of nanoparticles decreased with time at a rate of 23 particles/min. In Stage III, 
the combination of neighboring particles slowed down, as indicated by a decrease in the rate of change of ns over 
t to 6.6 particles/min from 23 particles/min in Stage II. The main mode of formation at this stage was dendritic 
growth from the existing particles with some combination of particles, judging by the TEM images. No major 
changes in ns and particle size were observed after reaction time reached 38 min, as shown in Figure 3. 
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Figure 4. TEM images showing the formation of three Au nanoparticles via monomer addition (circle), coalescence 

(square), and Ostwald ripening (triangle). Same color is used to follow the same particle. The scale bars are 200 nm. 

 

Figure 5. Changes of number and size of particles extracted from in situ LTEM data. (a) Number of particles (ns,) 

as a function of time (t). (b) Particle size (r) over time (t) in the form of a box plot with outliers. The line and blue 

square inside each box represent the median and average particle size at that time, respectively. The top of the box 

represents the upper quartile while the bottom of the box represents the lower quartile. The upper and lower 

whiskers represent particles with sizes that fall outside the middle 50%. (c) Median and average particle size as a 

function of time extracted from (b). 
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One challenge on analyzing ensemble data from the LTEM is the heterogeneity of the nanoparticle formed 
under rather complex reaction conditions due to the electron beam irradiation of static nature of the cell [53]. Thus, 
it was important to perform a statistical analysis to determine the data set to be used prior to the fitting of 
experimental data. Particularly, it is necessary to determine whether to choose the average or median radii for the 
particle size. As shown in Figure 5b, as time increased, the variation in size increased. Furthermore, the average 
radii were deviated greatly from the median at some time points (Figure 5c). Our study indicates based on the 
statistical analysis, median radii could be the representative values to analyze the rate of formation based on 
majority of the particle population in the ensemble and were used for the data analysis. 

Based on the data set obtained through the above statically analysis of median radii, we quantified the 
formation of nanoparticles by considering main controlling factors, including diffusion, reaction, and particle 
coalescence both individually and in a global analysis. For the growth, we turned to the classical LSW theory, 
which considers the nanoparticle growth a solution in two major steps: diffusion of monomers from the bulk 
solution onto the surface of a seed, and reaction of monomers at the surface [54]. Equation (1) gives the general 
expression describing the size evolution of a single nanoparticle (a detailed derivation of Equation (1) based on 
the Fick’s first law is presented in the Supporting Information): 

𝑑𝑟
𝑑𝑡

ൌ
2𝛾𝑉௠ଶ𝐶ஶ

𝑅𝑇ሺ1 𝐷⁄ ൅ 1 𝑘ௗ𝑟⁄ ሻ
1 𝑟௕ െ 1 𝑟⁄⁄

𝑟
 (1)

where r is the radius, 𝑟௕ is the distance from the bulk to the center of the particle, 𝛾 is the interfacial energy, Vm 
is the molar volume, 𝐶ஶ is the concentration of a flat particle, R is the gas constant, T is temperature, D is the 
diffusion coefficient, and 𝑘ௗ is the rate constant. In the case of a diffusion-limited growth that the particle size is 
controlled by the diffusion of the monomers to the surface Equation (1) is reduced to the following form: 

𝑑𝑟
𝑑𝑡

ൌ
2𝛾𝐷𝑉௠ଶ𝐶ஶ

𝑅𝑇
ሺ𝑟 𝑟௕⁄ െ 1ሻ

𝑟ଶ
 (2)

Given that the total mass of the system is conserved, the LSW theory shows that the ratio 𝑟 𝑟௕⁄  is a constant; 
Equation (2) can further be simplified to 

𝑑𝑟
𝑑𝑡

ൌ 𝐾஽
1
𝑟ଶ

 (3)

Equation (3) can be solved to obtain the time-dependent expression for particle size: 

𝑟ଷ െ 𝑟଴
ଷ ൌ 𝐾஽𝑡 (4)

where 𝑟଴ is the median radius of the particle at time 𝑡 ൌ 0, and KD is a coefficient leading t and is given by the 
following expression: 

𝐾஽ ൌ
8𝛾𝐷𝑉௠ଶ𝐶ஶ

9𝑅𝑇
 (5)

For the growth of particle controlled by reactions of monomers at a surface of a particle, Equation (1) is 
reduced to the following form: 

𝑑𝑟
𝑑𝑡

ൌ
2𝛾𝑘ௗ𝑉௠ଶ𝐶ஶ

𝑅𝑇
ሺ𝑟 𝑟௕⁄ െ 1ሻ

𝑟
 (6)

Similar to the diffusion-controlled growth, the ratio 𝑟 𝑟௕⁄  remains constant if the total mass of the system is 
conserved. Integrating Equation (6) yields the relationship between particle size and time for the case of a reaction-
controlled growth: 

𝑟ଶ ൎ 𝐾ோ𝑡 (7)

The obtained radii of the nanoparticles were fit with the above equation (Figure 6). Neither the diffusion- nor 
reaction-controlled case derived from LSW theory could fit the experimental data of the relationship between 
particle size and time over the entire period. For particle formation under this experimental condition, the initial 
formation was indeed influenced mainly by both the diffusion of monomers and surface reaction, as shown by a 
reasonable fit using the LSW theory to the experimental data within the first 6 min or so (Figure 6) [45,55]. 

The deviation from the experimental data based on the LSW theory stems from the formation dominated by 
modes other than growth, that is, particle coalescence in the ensemble. One approach is to include new terms to 
the existing fit to account for the formation through both monomer growth and particle coalescence. In another 
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word, the formation through coalescence can be factored into the fit describing only the growth. We hypothesized 
effect of coagulation should be included to fit the curve of size evolution over time when particle aggregated [56]. 

 

Figure 6. Experimental data and theoretical fits of median particle size as a function of time using expressions 

describing reaction- and diffusion-controlled growth by LSW theory. 

The necessity to incorporate both LSW theory and coagulation kinetics was analyzed based on particle size 
distribution (PSD) of the samples. As shown in Figure S1, PSD is obtained by normalizing the radii of 
nanoparticles in each time frame to the respective mean nanoparticle radius at that time. The normalized radii are 
then normalized to the total integral to gain the frequency. To compare experimental data with existing theories, 
PSD predicted by LSW theory and Smoluchowski aggregation kinetics were included. The expressions and 
derivation for theorical PSD can be found in the SI. As can be seen in Figure S1, the PSD extracted from the 
growth of nanoparticles did not follow those predicted by either LSW or Smoluchowski theories. The experimental 
PSD is observably more symmetric compared to theoretical PSD curves in general. For the first stage of growth 
(stage I), the PSD decreased in magnitude and shifted to the left, as indicated by the red arrow. Based on the PSD 
predicted by the LSW theory and the Smoluchowski coalescence kinetics, the changes in the PSD for the first 6 
min reflected a shift from growth via mixed diffusion- and reaction-limited regime toward growth via coalescence. 
During the second stage of growth (stage II), PSD shifts from right to left with an increase in magnitude, suggesting 
a shift in the mode of formation. In this study nanoparticles could freely move to coalesce to reduce surface energy 
because there was no surfactant used. After the movable nanoparticles exhausted, the ensemble reverted to the 
growing mode via monomer addition. In the last stage of growth (stage III), the PSD determined experimentally 
showed little change in terms of shift in relative size and magnitude in frequency. 

It is worthwhile to note that during the last stage of growth, nanoparticles continued to grow via the formation 
of dendrites. The formation of dendrites is characteristic of a kinetic-controlled process and highly sensitive to the 
monomer supersaturation level in the growth solution. Dendrites tend to form under high supersaturation conditions 
and evaporation time of the aqueous precursor solution. Oversaturation (S) was calculated and plotted against time 
(t) in Figure S2 using experimental growth rate, based on the relationship between critical radius (𝑟௖௥) [45]: 

𝑟௖௥ ൌ
2𝛾𝑉௠
𝑅𝑇 ln 𝑆

 (8)

Figure S2 shows that oversaturation decreased rapidly over time because of monomer consumption during 
the growth process. Other factors may include evaporation or thinning of the liquid layer, as evidenced by the 
change to lighter contrast of the background at the later stages of formation of particles (as shown in the inset of 
Figure S2) or movement of the liquid within the cell, causing oversaturation to be much higher than expected and 
subsequent formation of dendrite. 

Evolution of an ensemble of nanoparticles was previously examined theoretically using Monte Carlo 
simulation [45]. The obtained rate from the simulation was much higher than that predicted by the LSW theory, 
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but similar to the rate obtained experimentally in this study. A solution thus is to include an additional parameter 
to the two-term expansion of the Gibbs-Thompson equation in the followings: 

𝑑𝑟
𝑑𝑡

ൌ
2𝐾ᇱ𝛾𝑉௠ଶ𝐶ஶ

𝑅𝑇𝑟ଶሺ1 𝐷⁄ ൅ 1 𝑘ௗ𝑟⁄ ሻ
 (9)

Equation (9) can be rearranged to 

𝑅𝑇
2𝐷𝐾ᇱ𝛾𝑉௠ଶ𝐶ஶ

𝑟ଶ𝑑𝑟 ൅
𝑅𝑇

2𝑘ௗ𝐾ᇱ𝛾𝑉௠ଶ𝐶ஶ
𝑟𝑑𝑟 ൌ 𝑑𝑡 (10)

which can then be integrated to obtain the following equation for data simulation: 

𝐴𝑟ଷ ൅ 𝐵𝑟ଶ ൅ 𝐶 ൌ 𝑡 (11)

where A is equal to 
ோ்

ଶ஽௄ᇲఊ௏೘
మ ஼ಮ

, B is equal to 
ோ்

ଶ௞೏௄ᇲఊ௏೘
మ ஼ಮ

, and C is a constant. This treatment considers the 

intermediate regime in which both diffusion and surface reaction contribute to the growth process and the ratio 
𝑟 𝑟௕⁄  is assumed to be a constant, 𝐾′. 

Particle growth via coalescence has been analyzed using a power law in the Monte Carlo simulation, 𝑟~𝑡ఉ 
[57], where β is the coalescence exponent and a function of a parameter 𝛼  that describes the nature of the 
movement of nanoparticles. The relationship between β and α is described by the following expression: 

𝛽 ൌ
1

2ሺ𝛼 ൅ 1ሻ
 (12)

Equation (11) offers an approach via which formation of nanoparticles based on coalescence can be 
considered by measuring the coalescence exponent. To evaluate what a likely value β could be, we analyzed the 
changes in size of several individual nanoparticles at the late stages, during which coalescence took place and 
plotted against time (Figure S3). The radii as a function of time of several nanoparticles were fitted using a power 
law, 𝑟~𝑡ఉ, and the results for β are shown in Figure 7. 

 

Figure 7. β value obtained from fitting the growth rate of nanoparticles grown via coalescence. 

Values for 𝛼 were typically in the range of 0 ൏ 𝛼 ൏ 2, corresponding to β values not to exceed 0.5 [56]. In 
this study, all of experimentally determined β values met this upper limit. For the analysis, an average value of 
0.412 was used for β, corresponding to an 𝛼 value of 0.214. Thus, to factor in contribution to the particle formation 
from coalescence, a term corresponding to the particle formation via coalescence in the form of 𝑡~𝑟ଵ/ఉ should 
be added to Equation (10) to obtain a new form describing the formation of particles in an ensemble in solution 
through all the stages: 
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𝑡 ൎ 𝐴𝑟ଷ ൅ 𝐵𝑟ଶ ൅ 𝐶𝑟ଵ/ఉ ൅ 𝐷 (13)

We used this new global analysis equation to fit the experimental data for the formation of Au nanoparticles 
in solution obtained by in situ LTEM (Figure 8). The fitting resulted in the following equation for quantifying the 
change of particle size over time, r(t): 

ሺ8.06 ൈ 10ିଵଽሻ𝑟ଷ ൅ 0.31𝑟ଶ  െ  0.062𝑟ଶ.ସଷ ൅ 1.92 ൌ 𝑡 (14)

where the values of A, B, C and D are 8.06 × 10−19, 0.31, −0.062, and 1.92, respectively; and β is 0.412. One may 
use the obtained coefficients and experientials to further examine the various regimes for the particle formation, 
though the negative value of coefficient C is not understood. For example, in this system the value of A (8.06 × 
10−19) is much smaller than that of B (0.31). This result indicates that under this reaction condition, diffusion is 
more prominent than surface reaction, because coefficient A is inversely related to the diffusion coefficient, while 
coefficient B is inversely related to the surface reaction coefficient (kd). 

 

Figure 8. Time (t) as a function of radius (r) and a fit based on Equation (13) aiming at describing the formation of 

nanoparticles by mixed diffusion- and reaction-controlled growth and particle coalescence (red curve). 

4. Conclusions 

In this study, the formation of Au nanoparticles was quantitatively analyzed using in situ LTEM. The 
simulation of the data for the formation was analyzed by considering both LSW theory for nucleation and growth, 
and coagulation kinetics of an ensemble. No existing treatment could satisfactorily describe the entire formation 
process observed, and a polynomial expression was developed to fit the diffusion- and reaction-controlled growth 
and particle coalescence. This approach allows for a description of the complexity in the particle formation for the 
entire process: the initial monomer addition controlled by both diffusion and surface reaction processes (Stage I); 
the monomer addition and coalescence (Stage II); and the dendritic formation at the end (Stage III). Using 
polynomial expression to fit the data could be applicable for simulation of the formation of nanoparticles that go 
through growth and coagulation in solution, though understanding the insight of the formation is still a challenge. 

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/ 
others/2506181658399634/MI-439-Supplementary-Materials.pdf, Supplementary notes on derivation of LSW theory and PSD; 
Figure S1: Particle size distribution (PSD) of the experimental radii compared to those predicted from the LSW theory;  
Figure S2: Oversaturation (S) as a function of time (t); Figure S3: Analysis of nanoparticles grown via coalescence.  
Reference [58] is cited in the Supplementary Materials. 
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