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Abstract 

We demonstrate the effective establishment of long-range electrostatic interactions among 

colloidal silica nanospheres through acid treatment, enabling their assembly into colloidal crystals 

at remarkably low concentrations. This novel method overcomes the conventional limitation in 

colloidal silica assembly by removing entrapped NH4
+ ions and enhancing the Electrical Double 

Layer (EDL) thickness, offering a time-efficient alternative to increase electrostatic interactions 

compared to methods like dialysis. The increased EDL thickness facilitates the assembly of SiO2 

nanospheres into a body-centered cubic lattice structure at low particle concentrations, allowing 

for broad spectrum tunability and high tolerance to particle size polydispersity. Further, we 

uncover a disorder-order transition during colloidal crystallization at low particle concentrations, 

with the optimal concentration for crystal formation governed by both thermodynamic and kinetic 

factors. This work not only provides insights into assembly mechanisms but also paves the way 

for the design and functionalization of colloidal silica-based photonic crystals in diverse 

applications. 
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It has been known since the 1970s that highly charged, monodisperse colloidal nanoparticles 

could self-assemble into highly ordered, non-close-packed 3D crystalline superlattices, often 

referred to as colloidal photonic crystals.1-7 Due to their non-close packing structure, the 

interparticle distance can be conveniently tuned by simply adjusting the concentration of the 

colloidal solution. Consequently, the wavelength of the corresponding light diffraction shifts, 

giving rise to varied colors. Such a stimuli-responsive color shift property has been exploited in 

various applications, including metal ion indicators,8-12 glucose detection,13, 14 force sensor,15 

mesopore detection,16 etc. 

Monodispersed nanospheres are considered the best building blocks for fabricating colloidal 

photonic crystals due to their ease of production, uniform size, and high symmetry. Among various 

materials, polystyrene (PS) and SiO2 nanospheres have been most extensively utilized for their 

reliable synthesis methods (i.e., emulsion polymerization17, 18 and sol-gel process (Stöber 

method)19, 20), producing colloidal crystals with excellent photonic properties. Decades of 

investigation have revealed that the ordered self-assembly of these highly charged nanospheres in 

solution is driven by minimizing the free energy arising from electrostatic repulsive interactions.2, 

21 Although there is no clear distinction, the reported systems can be roughly classified by the 

required volume fraction of the colloidal solution. Some systems only show photonic crystals 

assembled at high volume fractions (i.e., > 30 vol.%),12, 15, 16, 22, 23 while others do not require such 

a high concentration (i.e., ~1-15 vol.%).2, 4, 7 As the ordering of nanoparticles results from the 

electrostatic repulsion, the required volume fraction reflects the effective range of this interaction, 

which is determined by the thickness of the electrical double layers (EDL).  

Although the self-assembly of PS nanospheres in low-volume fraction solutions has been 

reported,2-5, 8, 21, 24, 25 assembling SiO2 nanospheres typically requires high-volume fraction 

solutions, indicating the lack of sufficiently long-range electrostatic repulsion.12, 15, 16, 23 This raises 

the question of why colloidal SiO2 nanospheres have difficulty obtaining a thick EDL. In this study, 

by examining the chemical structure of SiO2 nanospheres synthesized by the Stöber method, we 

show that trapped NH4
+ ions in the SiO2 core were the cause of the issue. We further demonstrate 

that ion exchange by simple acid treatment can effectively remove the trapped NH4
+ ions and 

prevent their release to the solution, reducing the ionic strength of the solution and facilitating the 

acquisition of a thick EDL for SiO2 nanospheres. This method allows the successful assembly of 
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SiO2 nanospheres into photonic crystals under low dispersion concentrations in the range of ~1-5 

vol.%, comparable to the lowest value reported for PS.2 This long-range electrostatic repulsion 

enables two significant features: (1) The diffraction peak can be tuned from visible to the near-

infrared regime, displaying a wide tunability of ~250 nm, and (2) colloidal photonic crystals are 

still observable even for a mixture of SiO2 nanospheres with two distinct sizes (87 nm and 120 

nm), making it less stringent on the uniformity of the building blocks for the assembly. In contrast 

to previous studies that primarily focused on the optical and structural properties of colloidal 

crystals, this research delves into the assembly dynamics for the first time, uncovering the 

concentration dependence of crystal formation rate.  

A key finding of our research is that crystallization involves a disorder-order transition without 

any significant change in density, a conclusion that sets it apart from previous studies. Utilizing 

numerical simulation, we further show that the optimal concentration for crystal formation is 

governed by both thermodynamic and kinetic factors: a large interparticle separation at too-low 

concentrations hampers the maintenance of effective crystal lattice, whereas too-high 

concentrations raise the kinetic energy barrier for defect correction. Our findings provide new 

insights into the mechanisms underlying the colloidal self-assembly and have important 

implications for the design and optimization of silica-based photonic crystals. 

 

Results and Discussion 

SiO2 nanospheres with a diameter of ~90 nm were synthesized by the classical Stöber 

method.19 In a typical process, NH4OH is required as a catalyst to promote the hydrolysis of 

tetraethyl orthosilicate (TEOS). In a previous study, Chen et al. observed inhomogeneity in the 

resulting SiO2 nanospheres and attributed it to the precipitation of ion-paired polyelectrolytes.26, 27 

According to this hypothesis, the core of SiO2 consists of long poly(silicic acid) chains with a large 

amount of [-(SiO-)(NH4
+)] ion pairs, while the shell consists of more condensed, short chains. The 

presence of NH4
+ ions in the core was supported by the observation of a high N/Si element ratio 

(2-5 %).27 When these SiO2 nanospheres are redispersed in water, the reaction between the ion pair 

and nearby [-Si-OH] produces NH4OH (Figure 1a), which results in an alkaline solution with a 

high ionic strength. The reaction between the ion pair and [-Si-OH] is slow under room temperature, 
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which explains why the pH and electrical conductivity of the colloidal dispersion of SiO2 remain 

high even after being purified with water three times (Figure 1b and 1c, untreated sample).  

The trapped NH4
+ could be partially replaced by H+ through mass action by stirring the SiO2 

nanospheres in an HCl solution. After purification, when the acid-treated SiO2 nanospheres were 

dispersed in water, the condensation reaction yielded H2O instead of NH4OH (Figure 1b). As a 

result, the conductivity of the colloidal dispersion did not increase significantly, indicating a low 

ionic strength. The reduced ionic strength significantly augmented the EDL thickness and 

sustained the electrostatic repulsion between nanospheres across substantial distances, extending 

beyond three times the nanosphere diameter. 

  

Figure 1. Enhanced electrostatic interparticle repulsion by acid treatment. (a, b) Scheme 

illustrating reduced ionic strength of the SiO2 colloidal dispersion through the acid treatment. (c, 

d) pH (c) and conductivity (d) of the colloidal SiO2 dispersions upon repeated washing, with the 

legend denoting the pH values of the dispersion after adding the acid. 

 

To determine the optimal condition for acid treatment, we added HCl solutions (1 M) of varied 

volumes to the dispersions of freshly made SiO2 nanospheres to reach different pH values. Figures 
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1b and 1c show that the trapped NH4
+ ions could be sufficiently replaced by H+ only when the 

treatment pH was low (i.e., 0.5 and 2.5), as indicated by the low pH values and conductivities after 

washing. In contrast, samples with treatment pH values of 5.0 and 7.0 retained pH values greater 

than 7 even after washing. The low ionic strength resulting from acid treatment promoted the 

electrostatic interaction among the nanospheres over longer distances, facilitating their assembly 

in water at low concentrations and leading to the formation of photonic crystals. Specifically, as 

shown in Figure 2, nanospheres with a treatment pH of 0.5 exhibited assembled photonic crystals 

at concentrations ranging from 7.70 wt.% to 12.95 wt.%, corresponding to the diffraction peaks 

from 440 nm to 525 nm. The sample treated with a pH of 2.5 showed a wider range of 

concentrations for assembly, from 4.46 wt.% to 9.90 wt.%, due to its lower ionic strength than the 

sample treated with more H+. In contrast, no crystalline assemblies could be observed at similar 

particle concentrations for samples with higher treatment pH values.  

In principle, the electrostatic force driving the nanosphere assembly is affected by both surface 

charge and ionic strength. However, the acid treatment did not significantly alter the surface charge 

of the SiO2 nanospheres, as evidenced by the zeta potential measurements (Figure S1). Therefore, 

the concentration range suitable for assembly is believed to directly relate to the ionic strength of 

the colloidal dispersion. The optimal sample (with treatment pH of 2.5), having the lowest ionic 

strength, exhibited a crystalline appearance with a concentration as low as 4.46 wt.%, 

corresponding to an average center-to-center distance of ~280 nm, which is more than two times 

the nanosphere diameter. It should be noted that although the sample with a treatment pH of 5 

exhibited a low conductivity value, its ionic strength remained relatively high. This is due to the 

substantial amount of OH- it contains, which has lower mobility and is nearly twice as slow as H+. 
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Figure 2. Assembly behaviors of aqueous dispersions of SiO2 nanospheres pre-treated at varied 

pH. (a) Reflection spectra of the colloidal dispersions with different concentrations. (b) Digital 

photos of the colloidal dispersions with different concentrations, with dashed boxes highlighting 

the dispersions with apparent crystalline appearances. The cuvette width is 1 cm. 

 

The electrostatic interaction among nanoparticles for driving the assembly of photonic crystals 

is effective even when the separation exceeds 300 nm (resulting in a diffraction wavelength > 700 

nm). Figure 3a shows the appearance of dispersions of SiO2 nanospheres (average diameter: 84 

nm, treatment pH of 2.5) of different concentrations. At concentrations higher than 12 wt.%, the 

samples exhibited only a uniform blue color, and no crystalline domains were observed under a 

dark-field optical microscope (Figure 3d and Figure S2). The reflection spectra of two high-
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concentration samples (12.43% and 16.31%) displayed broad peaks with lower intensities than 

other samples (Figure 4a, top). Despite their lack of iridescent appearance, high-concentration 

samples still exhibited angle-dependent color change (Figure 3e), which is distinct from the 

“photonic glass” known for its short-range order.28-30 As such, we refer to these two samples as 

“defective crystals” because long-range order was still present, but the presence of many defects 

significantly broadened the diffraction peak.  

 

Figure 3. Optical properties of assembled colloidal crystals. (a) Digital photos showing the 

appearances of colloidal dispersions of SiO2 nanospheres (84 nm ± 9 nm) with varied 

concentrations. (b, c) Transmission Electron Microscope (TEM) image and size distribution plot 

of the SiO2 nanospheres. (d) Dark-field optical microscopy images of colloidal assemblies of SiO2 

nanospheres of various concentrations. (e) Angle-dependent color change of the sample in the 

“defective crystal” state (SiO2 diameter: 120 nm, 16.09 wt.%), with the top scheme illustrating the 

arrangement of the incident light and camera. 

 

The crystalline domains could be observed when the nanosphere concentration was between 

10.12 wt.% and 2.91 wt.%. The diffraction wavelength exhibited a continuous red shift as the 

concentration decreased, while two peaks appeared in the reflection spectra, with the secondary 

peak having a lower intensity and shorter wavelength than the primary peak (Figure 4a, bottom). 

When SiO2 nanospheres larger than 100 nm were used as building blocks (Figures S3-S5), the 
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reflection spectra showed a maximum of four diffraction peaks within the spectrometer limit, and 

the wavelengths of these peaks followed the ratio of 
1

𝜆1
:

1

𝜆2
:

1

𝜆3
:

1

𝜆4
≈ 1: √2: √3: 2. Previous studies 

have suggested that the assembled crystals possess either a face-centered-cubic (FCC) or body-

centered-cubic (BCC) structure, depending on the experimental conditions, by analyzing the 

Kossel rings generated by light diffraction.4, 21, 24, 25 By examining the possible diffraction 

wavelengths from different crystal planes of both FCC and BCC structures (Table S1), we 

concluded that our crystals were made of BCC lattices with the four diffraction peaks 

corresponding to (110), (200), (211) and (220) planes (Figure 4c). Our numerical simulation results 

indicated that the BCC lattice is the consequence of the thick EDL of the nanoparticles, as 

explained in more detail later. 

 

Figure 4. Optical and structural analysis of colloidal crystals assembled from 84 nm SiO2 

nanospheres. (a) Reflection spectra of dispersions in Figure 3a. (b) Plot of diffraction wavelength 

vs. concentration. (c) Schematic illustration of 3D BCC lattice and crystal planes. (d) Calculated 
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volume fraction vs. the measured weight percentage. The area in the square represents the range 

within which the dispersions appear crystalline.  

 

The long-range electrostatic interaction between nanospheres offers the opportunity to 

assemble photonic crystals at significantly lower concentrations than previous SiO2 nanosphere-

based systems. The calculated volume fraction of dispersions with assembled crystals ranges from 

~1 vol.% to ~5 vol.%, based on the density of amorphous and crystalline SiO2 (Figure 4d). In 

contrast, the typical lowest concentration required for SiO2 nanosphere assembly is ~30 vol.%.12, 

15, 16, 23 Additionally, it enables the fabrication of photonic crystals with the same color using 

nanospheres of a much smaller size (84 nm vs. 190 nm).  

The assembled structure of the colloidal photonic crystals was further confirmed using 

synchrotron-based small-angle X-ray scattering (SAXS) analysis. The 2D SAXS patterns of two 

samples were obtained (Figure 5a): one with assembled crystals (13.83 wt.%, see Methods section 

for an explanation of crystallization at an increased concentration) and another with only defective 

crystals (21.20 wt.%), both assembled from SiO2 nanospheres with a diameter of 84 nm. In contrast 

to the sample with defective crystals that showed diffraction rings, the sample with photonic 

crystals exhibited distinct diffraction spots. The lattice structure was identified by analyzing the 

peaks in the 1D SAXS data obtained by azimuthal averaging the 2D scattering patterns. As shown 

in Figure 5b, the experimental 1D SAXS data closely matched the simulated SAXS data of a BCC 

lattice with a lattice constant of 224 nm. The simulated structure factor of this BCC lattice revealed 

that the observed peaks in the experimental curve corresponded to the (110), (200), and (211) 

planes. In contrast, the simulated SAXS data of an FCC lattice with the same lattice constant did 

not match the experimental curve (Figure 5c), indicating the absence of an FCC lattice in the 

solution. For the sample with a high concentration of 21.20 wt.%, although the (110) peak was 

discernible, the other two peaks were not fully developed, further confirming that a high particle 

concentration leads to the formation of defective crystals. 

The experimental 1D SAXS data of colloidal dispersions with other concentrations are shown 

in Figure 5e. It is evident that as the particle concentration decreases, the diffraction peaks 

gradually shift towards smaller q values, indicating a larger lattice constant. All the experimental 

data agree with the simulated curves based on a BCC lattice (Figure S6). The average nanoparticle 
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separations, calculated using data from different measurements such as volume fraction, optical 

diffraction, and SAXS, are summarized in Figure 5f (see Methods section and SI). It can be 

observed that the results are similar throughout all concentrations, indicating that the crystalline 

domains possess the same density as the surrounding amorphous region, if present. This finding 

implies that the assembly of photonic crystals only involves a disorder-order transition without 

significant change in particle density, representing a conclusion that is distinct from previous 

studies.4, 15 

 

Figure 5. Structural analysis of the assembled colloidal crystals. (a) 2D SAXS patterns (top: 21.20 

wt.%, bottom: 13.83 wt.%). (b-d) Experimental and simulated 1D SAXS patterns and structural 

factors for the sample with a concentration of 13.83 wt.% (b, c) and 21.20 wt.% (d), with crystal 

lattices in the simulation being BCC (b, d) and FCC (c). (e) Experimental 1D SAXS patterns of 
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samples with different concentrations. (f) Center-to-center distance calculated based on the 

diffraction wavelength at varying weight percent. (the orange and red lines represent the center-

center distance of the two nearest particles calculated using the density of amorphous silica in a 

random dense packing (RDP) and quartz in a crystalline packing, respectively).  

 

The assembled colloidal photonic crystals display sensitivity to motion and can be 

disintegrated by pipetting, but the nanospheres quickly reassemble into their initial states (Figures 

6a, 6b, and Video S1). The assembly rates of samples with different concentrations vary, with the 

assembly process taking ~12 s for the dispersion with a concentration of 6.29 wt.% and ~52 s for 

the dispersion with a concentration of 3.84 wt.%. Here, the assembly time is defined as the time 

taken for the intensity to reach 90% of the maximum, see Figures 6c and 6d. Figures 6e and 6f 

show the time-dependent intensity change for samples with different concentrations and the 

relationship between assembly time and concentrations. The results show a "V" shaped curve, 

indicating an optimum concentration for assembly dynamics. Both higher and lower 

concentrations lead to prolonged assembly times. 

 

Figure 6. Concentration-dependent assembly dynamics of the colloidal crystals. (a, b) Digital 

photos showing two dispersions of SiO2 nanosphere assemblies in response to agitation: 6.29 wt.% 
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(a), 3.84 wt.% (b). (c, d) Time-dependent reflection spectra during the assembly process for 

dispersions with concentrations of 6.29 wt.% (c) and 3.84 wt.% (d). The insets show the 

corresponding plots of intensity change vs. time at their respective diffraction wavelengths. (e, f) 

Plot of intensity change vs. time (e) and the corresponding assembly time (f) for dispersions with 

different concentrations.  

 

To gain a deeper understanding of the assembly behaviors of the colloidal photonic crystals, 

we have calculated the potential energies of nanospheres and analyzed the assembly mechanism 

from an energetic perspective since the disorder-order transition is a potential energy-drive 

assembly process. Three pairwise interactions among nanospheres, namely electrostatic 

interaction, van der Waals interaction, and steric interaction, were considered (see Methods section 

for details) using parameters close to our experimental conditions (𝜓 = -80 mV, 𝑐 = 10-5 M, 𝑟 = 42 

nm). The electrostatic potential dominates when the center-to-center distance between two 

nanospheres is within 100-300 nm (Figure S8), serving as the driving force for the assembly. 

Unlike other forces, the electrostatic forces among nanoparticles in colloidal solution are highly 

sensitive to ionic strength, and the screening effect of the extra ions in the surroundings can 

significantly reduce the effective distance. As shown in Figure 7a, when the ionic concentration is 

increased from 10-5 M to 10-3 M, the total potential between two nanospheres drops more quickly 

as the distance increases, demonstrating that low ionic strength is essential to maintain long-range 

electrostatic interaction. 

A BCC unit cell shown in Figure 7b was further examined. The unit cell consists of eight 

nanospheres at the corners of the unit cell and one at the center. The nanosphere at the center was 

moved manually in the z = 0 plane, and the energy of the centered nanosphere was calculated at 

different locations. Figure 7c compares the energy of the middle nanosphere when it is moved in 

the plane to that of the original BCC unit cell with a volume fraction of ϕ = 3%. The results indicate 

that the middle nanosphere has the lowest energy when it is in the center, and its energy increases 

as it moves away, forming a 2-dimensional potential well. The dashed circle represents the location 

where the energy difference is equal to 𝑘𝐵𝑇, which is roughly the range (defined as the potential 

well width) within which the middle nanosphere can move freely due to thermal agitation after 

being trapped in the potential well. As expected, the potential well width is dependent on the 
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surface potential of the nanospheres and the ionic concentration of the solution, with a larger 

potential well width at higher ionic concentrations in solution or lower surface potentials of the 

nanospheres (Figure 7d, S9 and S10). 

A 1D potential well can be obtained when the middle nanosphere is moved along the y = 0 line 

on the plane depicted in Figure 7c. When considering an isolated unit cell, this 1D potential well 

takes on the shape of an "M" as shown in Figure 7e, and the difference in energy between its 

maximum and minimum represents the energy barrier that a nanosphere must surmount in order 

to enter or exit the unit cell. This energy barrier increases as the concentration of the colloidal 

dispersion increases. As discussed below, defects are generated during assembly, necessitating the 

nanospheres to shift between unit cells to correct these defects. As a result, this energy barrier 

represents the degree of difficulty in correcting defects during assembly, similar to the Ehrlich-

Schwoebel barrier that a surface atom must overcome during the diffusion process.31, 32 

 

 

Figure 7. (a) Overall potential of two nanospheres (𝜓 = -80 mV) as a function of center-to-center 

distance in solutions with different ionic concentrations. (b) Schematic illustration of the 2D 
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potential well in a BCC unit cell. (c) Potential difference mapping of the middle nanosphere in z = 

0 plane and at the origin (𝜓 = -80 mV, 𝑐 = 10-5 M, 𝜙 = 3 vol.%). (d) The relation between reduced 

well width and ionic concentration, surface potential. (e) Potential difference of the middle 

nanosphere in the line (y = 0, z = 0) and at the origin (𝜓 = -80 mV, 𝑐 = 10-5 M for all concentrations).  

 

To comprehend why the disorder-to-order transition is a spontaneous process, we calculated 

the potential energy of a disturbed BCC lattice containing 341 nanospheres. The disturbance was 

introduced by randomly displacing each nanosphere in the original BCC lattice, and the degree of 

disturbance was controlled by a parameter called randomness (see Methods section, Figures 8a 

and S12). Figure 8b shows that the disturbed lattice has a higher potential energy than the original 

BCC lattice for each concentration, and the energy difference increases as the disturbance becomes 

more pronounced. This implies that the disorder-to-order transition occurs spontaneously to 

minimize the potential energy of the system, which is consistent with the conclusion from other 

studies.2, 21 Furthermore, the assembly tendency is represented by the slope of the curve in Figure 

8b, which increases with increasing concentration. Combining the results in Figures 7e and 8b, 

one can see that the optimum concentration for fast assembly results from the balance between 

thermodynamics and kinetics. High-concentration samples have a higher assembly tendency but 

also higher energy barriers during defect correction, while low-concentration samples exhibit the 

opposite behavior. When the concentration is too high, nanospheres are unable to overcome the 

energy barrier, resulting in the formation of defective crystals. 

In this study, we utilized a considerably large system to investigate the differences between 

FCC and BCC lattices for nanospheres with thick and thin EDL. The system comprises 1688 

nanospheres for FCC and 1729 nanospheres for BCC lattices, respectively (Figure S13).  The 

simulation outcomes revealed that at a low ionic concentration (𝑐 = 10-5 M, and corresponding 𝜅−1 

= 96.3 nm), each sphere in the BCC lattice has a lower potential energy than in FCC. However, 

when the ionic concentration is high (𝑐 = 10-3 M, corresponding 𝜅−1 = 9.63 nm), the opposite result 

was obtained (Figure 8c). The potential of each sphere in the lattice is determined by the 

coordination number (CN) and the nearest interparticle separation. Although for the same volume 

fraction, FCC has a larger nearest interparticle separation than BCC (FCC/BCC = 1.0287), BCC 

has a smaller CN than FCC (BCC: 8; FCC: 12). When the ionic concentration is low, the energy 
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difference induced by the interparticle separation is small compared to that induced by the CN 

since the potential energy changes less steeply with distance. Thus, the BCC lattice, having a 

smaller CN, is more stable under thick EDL conditions. Conversely, at high ionic concentrations, 

the energy difference induced by the interparticle separation dominates. Thus, the FCC lattice, 

having a larger interparticle separation, becomes more stable under thin EDL conditions. This 

conclusion is consistent with several theoretical and experimental results, regardless of the 

different methods employed.4, 33-35 

As proof of concept, we utilized a coarse-grained model to study the assembly dynamics (see 

Methods section). The model involved randomly distributed 559 nanospheres within a simulation 

box that was bounded on all sides. Throughout the course of the dynamic simulation, we tracked 

the position of each nanosphere at every moment in time. As time progressed, the energy of the 

system decreased as well as the reduced standard deviation (std/lattice constant) of the positional 

differences (distance between the current position and final equilibrium position), and eventually 

oscillated around its minimum due to the Brownian motion (Figure 8d). The change in slope of 

the time-dependent standard deviation was indicative of a defect correction process, as shown in 

Video S2, and served as a clearer indicator of when the assembly process had been completed. It 

is worth noting that the timescale of the simulation for assembly was 2-3 orders of magnitude 

smaller than that of experimental results. We attribute this discrepancy to the limited size of the 

simulated system: as the number of simulated nanoparticles increases, (1) the chance of formation 

of defects increases (Figure S14), (2) the influence of the additional boundary condition (see 

Methods section) decreases. Despite this timescale disparity, the simulated assembly time versus 

concentration yielded a similar "V"-shaped curve as shown in Figure 8e. 
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Figure 8. (a) Configurations of the BCC lattice with different randomness values. (b) Potential 

difference between distorted lattices with different randomness and original BCC lattice. (c) 

Potential energies of each sphere in BCC and FCC lattices under different ionic concentrations: 𝑐 

= 10-5 M (left) and 10-3 M (right). (d) The change of potential energy and standard deviation of the 

displacements during a dynamic assembly process (𝜓 = -80 mV, 𝑐 = 10-5 M, 𝜙 = 3 vol.%). (e) Plot 

of simulated assembly time vs. concentration of the colloidal dispersion. 

 

The assembly of colloidal photonic crystals resembling those previously observed can be seen 

in SiO2 nanospheres of larger sizes (102 nm, 120 nm, and 140 nm in diameter) treated with a pH 

of 2.5, as shown in Figure 9a and Figures S3-S5. These crystals exhibit similar optimal 

concentration ranges for assembly (~3 to ~10 wt.%), suggesting that the acid treatment is a general 

method for obtaining a thick EDL for SiO2-based particles. The wide tuning range of the primary 

diffraction wavelengths (~250 nm) seen in Figure 9b is attributed to the long-range electrostatic 

repulsion, which gives the nanoparticles enough space to adjust their separation. Additionally, after 

being treated with acid, SiO2 nanospheres with a much larger size (average diameter: ~ 350 nm) 

exhibited assembled crystal structures at concentrations as low as 8.77 wt.% (Figure S16), further 

demonstrating the universality of this method. 
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Figure 9. (a) Fitted probability density function of SiO2 nanospheres with different diameters. (b) 

The relation between primary diffraction wavelengths and concentrations for SiO2 nanospheres 

with different diameters. (c-f) Binary mixture of 87 nm and 112 nm SiO2 nanospheres with 

different mixing ratios: (c) fitted probability density function, (d) digital photos, (e) reflection 

spectra, and (f) the assembly times and calculated variances. 

 

Thick EDL offers an additional advantage of lower uniformity requirements for SiO2 

nanospheres, which is typically necessary to fabricate high-quality colloidal photonic crystals 

using nanospheres with thin EDL. In our case, where the particle separation is much greater than 

the diameter of the nanospheres, non-uniform sizes have a negligible impact on the order of 

assembled crystals. Taking advantage of this benefit, we mixed SiO2 nanospheres with two 

different diameters in different ratios. The number ratio of the binary mixtures can be estimated 
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based on the diameters, concentrations, and volumes (see Methods section), and Figure 9c displays 

the fitted distribution of nanospheres in the mixture of 87 nm (6.03 wt.%) and 112 nm SiO2 (5.29 

wt.%) (see Figure S17 for TEM). All mixtures had the appearance of assembled photonic crystals 

in the dispersion (Figure 9d), and the primary diffraction wavelength had a continuous red shift 

with the addition of more 112 nm SiO2 with 87 nm SiO2 (Figure 9e). A noteworthy observation is 

that the mixed samples had a narrower diffraction peak than the unmixed ones. This phenomenon 

can likely be attributed to the formation of crystal structures beyond the BCC lattice within binary 

mixtures. As demonstrated in previous studies using dynamical diffraction theory, the half-width 

of the diffraction peak is indeed related to the crystal structure.21, 36 Experimental efforts are 

underway to validate and unveil the intricate assembly of structures within these complex 

conditions. 

Regarding the assembly dynamics, samples with higher variances typically require more time 

to complete the assembly process. This phenomenon in Figure 9f is consistently observed in the 

other two sets of mixtures (Figure S18: 87 nm & 102 nm, and Figure S19: 87 nm & 120 nm). The 

positive relation between assembly time and size difference may be attributed to the fact that non-

uniform nanospheres require more time to find their respective equilibrium positions. For example, 

it takes approximately two days for the 87 nm and 120 nm particle mixture to assemble. Despite 

the slower assembly rate, the formation of colloidal photonic crystals is still observed, indicating 

the high tolerance of building blocks with thick EDL to size nonuniformity during self-assembly. 

Conclusion 

We demonstrate that long-range electrostatic interactions of colloidal silica nanospheres could 

be effectively established by acid treatment to enable their assembly into colloidal crystals at very 

low concentrations. Conventionally, the assembly of colloidal SiO2 nanospheres is limited to high 

particle concentrations due to the thin EDL resulting from the slow release of NH4
+ entrapped 

during their original synthesis. This acid-treatment method removes the entrapped NH4
+, providing 

a unique and effective solution for assembling sol-gel-derived SiO2 nanostructures by reducing the 

electric shielding and enhancing the EDL thickness. It makes silica nanospheres a viable 

alternative to more popular PS nanospheres as the building blocks for creating colloidal photonic 

crystals. Compared with other methods employed to increase the EDL thickness for PS 
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nanospheres, such as dialysis,25 the acid-treatment method is time-efficient and does not require 

special instruments (i.e., ion-exchange column or resin bed).  

In contrast to cases where high particle concentrations typically lead to the formation of FCC 

colloidal crystals, the increased EDL thickness allows the assembly of SiO2 nanospheres into a 

BCC lattice at a considerably low particle concentration. This long-range electrostatic repulsion 

also enables a wide wavelength tunability from visible to near-infrared and high tolerance in size 

polydispersity of the building blocks for ordering. Further, we reveal that colloidal crystallization 

at low concentrations involves a disorder-order transition without any significant change in density, 

and the optimal concentration for crystal formation is governed by both thermodynamic and kinetic 

factors. Excessively low concentrations result in a heightened interparticle separation, impeding 

the effective maintenance of the crystal lattice, while excessively high concentrations elevate the 

kinetic energy barrier required for defect correction. The successful establishment of effective 

long-range interactions among colloidal silica nanospheres, coupled with the newfound insights 

into their assembly mechanisms, ushers in a realm of exciting prospects. These advances can 

effectively facilitate the design and functionalization of silicon-based photonic crystals, thereby 

extending their applications into uncharted territories. 

 

Methods 

Materials:  

The materials and reagents were purchased and used without further purification: Tetraethyl 

orthosilicate (TEOS, Aldrich, >99%), Ethanol (Koptec, 200 Proof, anhydrous), Ammonium 

hydroxide (NH4OH, Fisher Chemical, 28 wt.%), HCl (Fisher Chemical, 36.5~38 wt.%). Water 

was purified through a purification cartridge to reach a resistivity of 18.2 MΩ•cm (25 °C). 

Instruments:  

UV-VIS spectroscopy:  Back reflection spectra were measured by the spectrometer FLAME-S-

XR1-ES made by Ocean Optics. The spectra were measured from 365 to 1030 nm with a resolution 

of 0.5 nm. 
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Transmission Electron Microscope (TEM): TEM images of nanoparticles were taken on a Thermo 

Scientific Talos L120C TEM equipped with a Thermo Scientific CETA 16 4Kx4K CMOS camera. 

pH meter: The pH of the solutions was measured using a Fisherbrand accumet AB15 Basic 

benchtop pH meter. 

Conductivity meter: The conductivities of the solutions were measured using the OHAUS Bench 

conductivity meter a-AB23EC.  

Zeta potential: Zeta potential of SiO2 nanospheres was measured using Malvern Nano-ZS90. 

Small-angle X-ray scattering (SAXS): SAXS data were collected at beamline 7.3.3 of the 

Advanced Light Source at Lawrence Berkeley National Laboratory. X-rays of wavelength 1.24 Å 

(10 keV) were used. The sample angle was calibrated with a silver behenate standard. The X-ray 

beam passed through the sample filled in a flat glass tube, and the scattered radiation was detected 

with a CCD area detector 3.5 m away from the sample. 1D SAXS data was obtained via an 

azimuthal average of the 2D scattering patterns. The simulated scattering intensity and structural 

factor were calculated using the algorithm developed by Lee et al., and the detail of the algorithm 

was described in the reference.37 In the calculation, the radius of the nanospheres was set to 42 nm 

with a polydispersity of 10%. A special note about the photonic crystals can be observed in the 

sample with a concentration higher than 10 wt.% in the SAXS test (i.e., 13.83 wt.%) is that the 

SAXS test was carried out over 6 months after the sample was prepared. The increase of ionic 

strength due to the release of residual NH4
+ ions is anticipated during this long period of storage 

time. The suitable concentration of ~3-10 wt.% for fast assembly is valid for fresh samples.  

Synthesis of SiO2 nanospheres: To synthesize SiO2 nanospheres with an average diameter of 84 

nm, 196 mL ethanol, 20 mL Millipore water, and 2.2 mLNH4OH (28 wt.%) were mixed in a 250 

mL flask. After magnetic stirring for 5 min, 10 mL of TEOS was injected. The mixture was 

maintained at room temperature for 15 h with stirring (300 rpm). The nanospheres were separated 

from the reaction mixture by centrifuging at 11000 rpm for 15 min. The product was further 

purified with ethanol twice and water twice to remove any reaction residues. The amount of 

NH4OH added was adjusted to control the size of the obtained nanospheres: ~100 nm, ~110 nm, 

~120 nm, and ~140 nm nanospheres were obtained using 2.4 mL, 2.5 mL, 2.6 mL, and 2.8 mL of 

NH4OH. For 350 nm SiO2 nanospheres, 28 mL EtOH, 15 mL H2O, and 7 mL NH4OH were mixed. 
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After stirring for 5 min, the mixture of 4.5 mL TEOS and 45 mL EtOH was added. The reaction 

was stirred at RT for 15 h (300 rpm). The purification procedures were the same as above except 

for the lower centrifugation speed (7000 rpm for 5 min).  

Fabrication of liquid photonic crystals by acid treatment: SiO2 nanospheres were dispersed in 50 

mL of water, followed by the addition of HCl solution (1 M) to adjust the pH of the dispersion to 

~2.5. The above dispersion was kept under stirring at room temperature for 15 h. Then, the 

nanospheres were separated from the original acid treatment solution by centrifugation and 

redispersed in 60 mL of fresh H2O with the aid of sonication. The dispersion obtained at this stage 

was named the dispersion with a washing cycle 0. The same centrifugation and redispersion using 

H2O was repeated three times. The pH and conductivity were measured when the SiO2 

nanoparticles were fully dispersed in the H2O in each washing cycle. The waiting time for the pH 

and conductivity measurement was ~15 min (10 min of sonication included), and the concentration 

of the samples was ~3 wt.%. More detailed information on the treatment duration and time-

dependent ion release can be found in the SI. Photonic crystals will form in the solution when the 

nanospheres are fully dispersed in 35~40 mL of water.  

Computational model and analysis: 

Interparticle separation: The average interparticle separation (center-to-center) of the whole 

solution based on volume fraction is calculated based on the equation reported in the literature:38 

𝐶𝐶𝐷 = 2𝑟 [(
𝜙𝑚

𝜙
)

1
3

− 1] 

Where 𝑟 is the radius of the nanosphere, 𝜙𝑚 is the maximum packing fraction, and 𝜙 is the volume 

fraction of the colloidal suspension. The maximum packing fraction for crystalline packing (BCC) 

and random dense packing are 0.68 and 0.63. 

The diffraction wavelength due to a specific crystal facet in a crystalline domain is calculated using 

Bragg’s law: 

𝜆 = 2𝑛𝑒𝑓𝑓 ∗ 𝑑ℎ𝑘𝑙 ∗ 𝑠𝑖𝑛 𝜃ℎ𝑘𝑙  

Where 𝑛𝑒𝑓𝑓 is the effective refractive index of the solution, 𝑑ℎ𝑘𝑙 is the interplanar distance, and 

𝑠𝑖𝑛 𝜃ℎ𝑘𝑙  is the incident angle. Since spectra measured the back reflection, 𝑠𝑖𝑛 𝜃ℎ𝑘𝑙  = 1. 
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For cubic lattices, 

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 

Therefore,  

1/𝜆1

1/𝜆2
=

√ℎ1
2 + 𝑘1

2 + 𝑙1
2

√ℎ2
2 + 𝑘2

2 + 𝑙2
2

 

The interparticle separation among nanospheres in the crystalline domain can be calculated based 

on the simple geometry from the calculated interplanar distance. 

Electrostatic interaction: The electrostatic interaction between two charged spherical particles was 

given by the electrical double layer (EDL) potential based on DLVO (DerjaguinLandau-Verwey-

Overbeek) theory. The EDL potential between two identical spheres is calculated using the linear 

superposition approximation (LSA) method:39, 40 

𝑈𝐸𝐷𝐿, 𝐿𝑆𝐴 =
64𝜋𝜀0𝜀𝑟𝑟2𝛾2

𝐻
(

𝑘𝐵𝑇

𝑒
)

2

𝑒𝑥𝑝 (−𝜅(𝐻 − 2𝑟))  

In which 

𝛾 = 𝑡𝑎𝑛ℎ (
𝑒𝜓

4𝑘𝐵𝑇
)  

And for a symmetric monovalent electrolyte:41 

𝜅−1 = √
𝜀0𝜀𝑟𝑅𝑇

2000𝑒2𝑁𝐴
2𝑐

 

Where 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the relative dielectric permittivity of the solvent, 𝑟 is 

the radius of the sphere, 𝐻 is the center-to-center distance between two spheres, 𝑘𝐵 is Boltzmann 

constant, T is absolute temperature, e is the electronic charge, 𝜅 is the inverse Debye screening 

length, 𝜓 is the surface potential of the spheres (which has a higher value than zeta potential), 𝑅 is 

the gas constant, 𝑁𝐴 is the Avogadro constant and 𝑐 is the electrolyte concentration.   

Van Der Waals interaction: The attractive van der Waals interaction between two identical spheres 

was calculated using:40, 42 
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𝑈𝑉𝐷𝑊
𝐻𝑎𝑚𝑎𝑘𝑒𝑟 = −

𝐴𝐻

6
(

2𝑟2

𝐻2 − 4𝑟2
+

2𝑟2

𝐻2
+ 𝑙𝑛 (

𝐻2 − 4𝑟2

𝐻2
) ) 

where 𝐴𝐻 is the Hamaker constant. For SiO2 in water, it has the value of 8.49*1019 J.43 

Steric interaction: A short-range repulsive interaction is considered to resist the attractive van der 

Waals force when two spheres are very close to each other. Here we use the potential due to the 

contact of surface ligands to represent the steric repulsion:44 

𝑈𝑠 = 2𝜋𝑟2𝑁𝑠𝑘𝐵𝑇 [2 −
𝐻 − 2𝑟

𝛿
−

𝐻

𝛿
𝑙𝑛 (

2𝑟 + 2𝛿

𝐻
) ]     𝐻 ≤ 2𝛿 

Where 𝑁𝑠 is the surface density of surfactant molecules and 𝛿 is the thickness of the surfactant 

layer. 

Static simulation: 

Unit cell: the lattice constant of BCC unit cell (a) is calculated by: 

𝑎 =  √
8𝜋

3𝜙

3

∗ 𝑟 

Distorted BCC lattice: the distorted structure is obtained by adding a displacement to each 

nanosphere in the original BCC lattice. For ith nanosphere: 

𝑥𝑖, 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 = 𝑥𝑖,𝑜𝑟𝑖𝑔𝑖𝑜𝑛𝑎𝑙 + 𝛥𝑥𝑖  

The displacements (𝛥𝑥) are generated following the normal distribution with mean of 0 and sigma 

of rdm*a. Rdm (0~1) is the parameter that determines the randomness of the distorted lattice. 

Unless specified explicitly, the word “potential” in this article refers to the total potential of the 

system, namely, the sum of the electrostatic, VDW, and steric potentials of all spheres. 

Dynamic simulation: 

A coarse-grained dynamic simulation model was adopted here to simulate the assembly behavior 

of SiO2 nanospheres.44 The model is based on Langevin dynamics and takes into account the 

electrostatic interaction, van der Waals interaction, steric effect, Brownian diffusion, and 

hydrodynamic force. In this model, the motion of each particle is governed by a stochastic ODE 

of the form: 
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𝑚𝑖

𝑑2𝑥𝑖

𝑑𝑡2
+ 𝐷

𝑑𝑥𝑖

𝑑𝑡
= 𝐹𝐵, 𝑖 + ∑ (𝐹𝐸𝐷𝐿,𝑖𝑗 + 𝐹𝑉𝐷𝑊, 𝑖𝑗 + 𝐹𝑆, 𝑖𝑗) 

𝑁

𝑗=1 𝑗≠𝑖 

 

Where 𝑚𝑖 and 𝑥𝑖 are the mass and position of the ith particle. The second term in the left-hand 

side of eq 1 represents the viscous (Stokes) drag force, with 𝐷 = 6𝜋𝜂𝑅ℎ𝑦𝑑 as the drag coefficient 

(𝜂 is the fluid viscosity and 𝑅ℎ𝑦𝑑 is the hydrodynamic radius of the particle). 𝐹𝐵, 𝑖 is the stochastic 

force to account for Brownian motion, and the summation term accounts for interparticle 

interactions: 𝐹𝐸𝐷𝐿,𝑖𝑗 the electrostatic force due to electric double layers, 𝐹𝑉𝐷𝑊, 𝑖𝑗 the van der Waals 

force, and 𝐹𝑆, 𝑖𝑗 a repulsive force accounting for the steric interaction. These interparticle forces 

give rise to a coupled system of ODEs, one equation for each colloidal particle. The system of 

second-order equations was reduced to a system of two coupled first-order equations for the 

velocity and displacement of the particles. We solve these using a dynamic time-stepping approach 

that greatly accelerates and stabilizes the solution. The discretized coupled equations are as follows: 

𝑣𝑖,𝑓 =
𝐹𝑠𝑢𝑚,𝑖

𝐷
+ (𝑣𝑖,0 −

𝐹𝑠𝑢𝑚,𝑖

𝐷
) 𝑒

−
𝐷

𝑚𝑖
∆𝑡

   

 

∆𝑥𝑖 =
𝐹𝑠𝑢𝑚,𝑖

𝐷
∆𝑡 +

𝑚𝑖

𝐷
(𝑣𝑖,0 −

𝐹𝑠𝑢𝑚,𝑖

𝐷
) (1 − 𝑒

−
𝐷

𝑚𝑖
∆𝑡

)   

∆𝑡 is the integration time step, 𝑣𝑖,0 and 𝑣𝑖,𝑓 are the velocity of the ith particle at the beginning 

and end of the time step, and 

𝐹𝑠𝑢𝑚,𝑖 = 𝐹𝐵, 𝑖 + ∑ (𝐹𝐸𝐷𝐿,𝑖𝑗 + 𝐹𝑉𝐷𝑊, 𝑖𝑗 + 𝐹𝑆, 𝑖𝑗)

𝑁

𝑗=1 𝑗≠𝑖 

  

In our analysis ∆𝑡 was dynamically adjusted based on the displacement to ensure ∆𝑥𝑖 < 5 nm. 

Except for the Brownian force, all other forces are obtained by taking the gradient of the 

corresponding potentials. The analytical forms of those forces are given in the supporting 

information.  

Brownian motion: The Brownian force in one dimension was modeled as: 

𝐹𝐵,𝑖 = √
2𝐷𝑘𝐵𝑇

∆𝑡
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Except for the closed boundary condition, there are two additional layers of BCC lattices outside 

the simulation box to induce the formation of BCC (Figure S20). The code of potential 

calculation and dynamic simulation can be found in Zenodo.45  

Variance of two mixtures: For a colloidal dispersion with a given concentration, the number of 

nanospheres can be calculated as: 

𝑁 =  
𝑤𝑡 % ∗ 𝑉𝑠𝑜𝑙 ∗ 𝜌𝑠𝑜𝑙

𝜌𝑁𝑆 ∗
4
3 𝜋 ∗ 𝑟𝑎𝑣𝑔

3
 

where 𝑤𝑡 %, 𝑉𝑠𝑜𝑙, and 𝜌𝑠𝑜𝑙 are the weight percent, the volume and the density of the colloidal 

dispersion, respectively. 𝜌𝑁𝑆  and 𝑟𝑎𝑣𝑔  are the density and average radius of the nanospheres, 

respectively.  

When two dispersions containing nanospheres of different sizes were mixed, if they have similar 

concentrations, the resulting assumptions are: 𝜌𝑠𝑜𝑙,1 ≈ 𝜌𝑠𝑜𝑙,2, 𝜌𝑁𝑆,1 ≈ 𝜌𝑁𝑆,2, then 𝑁 ∝  
𝑤𝑡 %∗𝑉𝑠𝑜𝑙

𝑟𝑎𝑣𝑔
3 . 

The variance of a mixture of two normal distributions is: 

𝜎1+2 = 𝑛1𝜎1
2 + 𝑛2𝜎2

2 + [𝑛1𝜇1
2 + 𝑛2𝜇2

2 − (𝑛1𝜇1 + 𝑛2𝜇2)2] 

Where 𝑛, 𝜇, and 𝜎 are the weights, mean, and sigma of the two normal distributions. 

Supporting Information 

Zeta potentials, additional optical images, TEM images, UV-vis spectra, SAXS patterns, 

parameters in the dynamic simulation, and structural analysis. 

Video S1: Dynamic assembly of colloidal photonic crystals in dispersion of different 

concentrations. 

Video S2: Simulated disorder-order transition of nanospheres. 
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