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Abstract: In this study, the production of particulate films of iodine (V) oxides is 

investigated. The influence that sonication and solvation of suspended particles in various 

alcohol/ketone/ester solvents have on the physical structure of spin or drop cast films is 

examined in detail with electron microscopy, powder x-ray diffraction, and UV-visible 

absorption spectroscopy. Results indicate that sonicating iodine oxides in alcohol mixtures 

containing trace amounts of water decreases deposited particle sizes and produces a more 

uniform film morphology. UV-visible spectra of the pre-cast suspensions reveal that for 

some solvents, the iodine oxide oxidizes the solvent, producing I2 and lowering the pH of 

the suspension. Characterizing the crystals within the cast films reveal their composition to 

be primarily HI3O8, their orientations to exhibit a preferential orientation, and their growth 

to be primarily along the ac-plane of the crystal, enhanced at higher spin rates. Spin-coating 

at lower spin rates produces laminate-like particulate films versus higher density, one-piece 

films of stacked particles produced by drop casting. The particle morphology in these films 

consists of a combination of rods, plates, cubes, and rhombohedra structure. 

Keywords: iodine (V) oxide; iodine pentoxide; I2O5; hydrogen iodate; triperiodic acid; 

HI3O8; HIO3-I2O5; iodic acid; HIO3; spin coating; drop casting; film 
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1. Introduction 

Iodine (V) oxides (I2O5, HI3O8, and HIO3) promise to be effective oxidizers in energetic materials for 

various applications [1–3]. This potential is largely due to their ability to increase the energy density and 

pressure impulse in multi-component energetic composites, as well as their ability to produce gaseous 

iodine (I2) and corrosive hydrogen iodide (HI) during decomposition, which exhibit biocidal behavior 

towards biological agents such as anthrax [4–7]. Their use is complicated by the facts that the amount 

of gas generated, the amount of energy released, and ratio of I2 to HI generated are strongly affected by 

the degree of hydration of the iodine oxide. The anhydrous form, I2O5, is very hygroscopic, and thus 

readily forms HI3O8 in low humidity environments. The hydration rate for this process strongly depends 

on the available surface area of the particles (i.e., the particle size) as well as the relative humidity [8]. 

HI3O8 can further hydrate to HIO3 at a relative humidity > ~60%, but proceeds more slowly via a different 

mechanism than hydration of I2O5. Commonly HIO3 is also prepared by solvating I2O5 or HI3O8 in water 

followed by evaporation leaving behind crystalline HIO3 [9]. 

While this simple picture adequately describes bulk hydration, the processes are more complex for 

smaller size particles, particularly for cases where the particles have high-aspect ratios. For instance, 

deliquescence—the process of dissolving a solid compound by absorbing moisture from the air—plays 

an important role under these conditions and can drive the instability in the composition of  

iodine (V) oxides as well as in the morphology of resulting crystals [9]. Kumar et al. reported that the 

relative humidity threshold for deliquescence to occur in I2O5 and HIO3 is different in each compound 

and is strongly dependent on particle size as well [10]. Our group has also observed that the suspension and 

subsequent deposition of iodine (V) oxide-solvent mixtures exhibits a change from a precipitation-based 

process to a deliquescence-based process depending on the relative humidity [11]. The results of each 

of these studies collectively emphasize that the fabrication of fine particulate iodine oxide containing 

materials is an inherently complex process that depends on the balance of the competing and coupled 

processes of evaporation, deliquescence, precipitation, and crystal growth. Given the interest in 

producing fast reacting fuel-oxidizer composites for energetic material applications, which require the 

processing of small particles, there is a clear need to understand this competition better.  

In this study, we examine the composition, morphology, particle size, and crystal structure of  

iodine (V) oxide processed into films, and report on processing and deposition parameters that influence 

the physical and chemical makeup of the resulting material. Specifically, we examine the chemical 

interactions of various solvents used to make iodine oxides suspensions, the change in particles upon 

sonication, and how these affect the particle size distribution and crystal orientation when spin or drop 

casted into a film. In addition, structural properties such as particle size, % theoretical maximum density 

(TMD), and thickness (all of which have been shown to influence the reactivity of energetic materials) 

were evaluated for the oxidizer particles assembled in the form of a film. 

2. Background 

Energetic films composed of multi-component fuel-oxidizer mixtures can be produced in a variety of 

ways, including a wide range of liquid and vapor based methods [12]. Aside from multi-layer physical 

or chemical vapor deposition [13–17], these methods generally involve some sort of a carrier fluid to 
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combine, intermix, and transport the reagent materials to the deposition substrate. Wide ranging methods 

are available to control the morphology and fuel-oxidizer intimacy of the particles in the films such as 

self-assembly [18], aerogel, sol-gel based, or aerosol spray pyrolysis [19,20], and core-shell 

encapsulation [21,22]. Etching can be used to prepare nanostructured substrates (fuel) into which an 

oxidizer can be deposited [23]. Suspension of particulates coupled with ink-jet writing has also been 

used to fabricate energetic films [24–26]. In general, these and other sophisticated methods produce an 

intermixed material with a range of domain sizes and morphology, each coming with a range of 

advantageous and detrimental properties for a given application. 

While perhaps not as sophisticated as those other methods, the direct deposition of intermixed 

suspensions [27,28] is one of the most common and well-established methods for generating particulate 

films. In such techniques, a substrate is coated with a layer of liquid containing suspended or solvated 

particles, and the carrier fluid is evaporated leaving behind a solid residue. Both dip and spin coating are 

well-established industrial techniques for doing this, generating uniform films with thicknesses varying 

from nanometers to microns [29]. The difference between these two processes is that in spin coating the 

substrate is rotated quickly as the liquid with suspended/solvated particles is placed onto the substrate. 

This rotation induces centrifugal forces onto the deposited fluid that results in the radial spreading of the 

fluid mixture across the substrate and strongly affects the drying rate. 

In contrast to the one-step drop casting process, spin casting exhibits two stages that govern the final 

film thickness and particle arrangement of the film [30]. In the initial “fluid dynamic” stage, particle 

placement is influenced by multi-phase flow within the fluid bed being directed radially across the 

substrate. In the second, “drying” stage, particle placement and growth is governed by the evaporation 

of the fluid from the particle bed, the rate of which influences the final morphology and geometry of the 

particles. The switchover between the two stages depends on a balance of the viscous flow rate and the 

evaporation rate of the liquid media, and the equilibrium between the two and the suspended particle 

size distribution determines the final thickness of the film. Typically, volatile liquids such as ethanol, 

methanol, and acetone are utilized as they allow for a rapid “freezing” of the particle arrangement 

following the dynamic flow stage. However, more viscous, less volatile liquids like glycerol, 

octanedithiol, and dichlorobenzene can instead be used to minimize rapid evaporation and enhance the 

dynamic stage of the spin coat process. This control results in an inexpensive, fast, and reliable 

methodology, applied at the industrial level for film fabrication of dielectric, optical and microelectronic 

materials [28]. Remarkably, however, only a limited number of articles have been published that utilize 

spin coating to produce binary energetic material films [31–33]. While our interest is to produce and 

investigate such binary fuel-oxidizer energetic materials, this particular paper focuses solely on the 

effects of drop and spin casting of the oxidizer, given that the oxidizer seems to be most sensitively 

affected by the conditions of the casting process. 

Critical to the ultimate reactivity of the energetic films is the resulting size [34] and morphology [35–37] 

of the constituents that make up the film, often which are significantly affected by the intermixing and 

deposition processes. Such environments vary broadly as well, ranging from a gentle mixing, stirring, or 

coalescence processes [38], to more intense milling [39], swaging, [40] or sonication processes [12,41]. 

Of all of these, sonication is one of the most commonly used, versatile, and significant in that it 

physically pulverizes solid constituents, typically in a liquid–solid slurry, into smaller fragments of a 

more uniform size and simultaneously increases the degree of intermixing when multiple components 
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are present. Under some conditions ultrasound can also induce chemical change in a system and more 

importantly to this work, enhance crystallization in [42,43]. Under such conditions acoustic waves drive 

bubble formation, growth, and collapse through cavitation, which creates localized temperatures as high 

as 5000 °C and pressures as high as 500 atmospheres that in turn can induce chemistry [44]. Nucleation has 

been shown to be enhanced under such conditions that can facilitate crystallization [43]; thus, sonication 

can be a powerful tool to induce crystallization in liquid–solid slurries with precipitates possessing a 

narrow particle size distribution under the right conditions. 

3. Results and Discussion 

3.1. Suspensions of Iodine Oxides in Alcohols 

To examine the interaction between the solvent and solute, suspensions of iodine (V) oxide were 

prepared by sonicating oxidizer particles in various ethanol-solvent containing mixtures under constant 

stirring while immersed in a temperature bath at 30 °C for a period of several weeks. The different 

suspensions included ethanol (200 proof), denatured ethanol, or 1:1 mixtures of one of pure ethanol 

liquids with methanol, 2-propanol, acetone, 2-butanone, or ethyl acetate (methanol, 2-propanol, acetone, 

2-butanone, and ethyl acetate were chosen as they are the main impurities in denatured alcohol).  

Ethanol-based suspensions were chosen in this study given their common use to disperse aluminum and 

oxidizer particles for energetic mixtures along with the fact that HIO3 and I2O5 are insoluble in ethanol [45]. 

All samples initially consisted of a clear liquid with white precipitate, but within 24 h the liquid phase 

turned to yellow and then dark brown in color (see supplementary Figure S1) with additional sonication. 

The UV-visible spectra of the resulting liquids were very complex, indicating a variety of products of 

the apparent oxidation of the solvent. Figure 1 shows the UV-visible absorption spectra of approximately 

one drop of the liquid phase, diluted and dispersed in hexane. Most of the samples exhibit a strong 

absorption band at λmax = 520 nm, a well-known feature of I2 dissolved in nonpolar solvents such as 

hexane, n-heptane, etc. [46]. This observation is a clear indicator of the oxidation of the alcohol by the 

iodine oxide via reaction Scheme 1: 

I2O5 + 10 ROH → I2 + 10 RO + 5 H2O 

Scheme 1. Oxidation of Alcohol. 

In contrast, the ethanol:2-butanone solution (and confirmed with ethanol:acetone, not shown) exhibit 

two, weaker absorptions at λmax = 360 nm and 440 nm and the lack of the 520 nm feature. These 

observations strongly suggests the iodation of the ketone after oxidation of the ethanol, thereby forming 

the iodoketone and aqueous iodide, according to reaction Scheme 2 [47,48]: 

R2CHCOR’ + I2 + H2O → R2CICOR’ + I− + H3O+ 

Scheme 2. Iodination of Ketone. 
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Figure 1. UV-visible absorption spectra of sonicated suspensions of HI3O8 powder in 

various solvents: (a) ethanol; (b) ethanol:2-butanone; (c) ethanol:ethyl acetate; and  

(d) denatured ethanol. All aliquots were diluted with hexane. 

It is important to note that in these experiments we chose a sample of “I2O5” from a particular lot of 

material supplied by Acrōs Organics. Reported elsewhere [8], we characterized the material as having 

few impurities, but note that it is completely in the first hydration state, HI3O8, and not the anhydrous 

form as advertised. This powder does show a slight pink tint on the outer surface when exposed to air, 

although the particle core remains white. This change in color has been observed before as  

an impurity, attributed to the processing method [45,49,50]. The surface discoloration is likely due to 

residual I2 impurity as solutions with hexane show evidence of slight purple color upon heating. 

“I2O5” powder obtained from other vendors ranged in color from white to pink to yellow. Somewhat 

perplexing is the fact that some lots of material were only partially soluble in water, whereas others were 

fully soluble. Powder X-ray diffraction showed that the materials ranged in the degree of hydration, a 

property not correlated with the color. This is further evidence that users of iodine (V) oxides should be 

careful to fully characterize their material prior to use as there appears to be a wide variability of material 

coming from suppliers. 

Another interesting observation of the post-sonicated suspensions was a lowering of the pH values. 

Pre-sonicated solutions reflected near neutral pH (7.0–7.4) values prior to inclusion of iodine oxide 

particles. High acidity concentrations could be attributed to various mechanisms such as solvation of 

impurities I2, oxidation of ethanol by HI3O8, and/or dissociation of HI3O8/HIO3 (pKa(HIO3) = 0.8) to name 

a few. Nonetheless, the presence of iodine and possibly hydrogen iodide could be significant for 

processing purposes with a metallized fuel particle. Iodine and more notably HI can interact with 

metallized particles unwantedly which could change properties of the mixture such as ignition by impact, 

friction and electrostatic discharge; in addition, decomposition of the oxidizer during mixing will affect 

the final stoichiometry of the reclaimed product powder or film. 

Expectedly, the oxidization rate of the ethanol solvents by the iodine oxide increased at higher suspension 

temperatures, and given the heat evolved during sonication, breakdown of the solvent can occur quickly. 

Conversely, sinking the heat generated by the sonication by placing the suspension vessel into a cold bath 

significantly reduces the rate of oxidation to the point where material can be processed without noticeable 

discoloration of the liquid over a 12 h period. The degree of solvent oxidation when cooled below 30 °C for 
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a period of hours was found to be sufficiently small to be suitable for processing the iodine oxide materials, 

and thus, was adopted for the remainder of the work presented in this manuscript. 

3.2. Effect of Sonication on Particle Morphology 

The effect that sonication has on the morphology and composition of the iodine oxide particles was 

examined by comparing as-received material to material suspended in denatured ethanol, sonicated, 

drop-cast onto a substrate, and allowed to evaporate under dry nitrogen (~2% relative humidity). Figure 2 

shows the resulting X-ray diffractograms of the two materials and the inset shows their change in 

morphology as observed in a scanning electron microscope (SEM). The resulting diffraction patterns are 

nearly identical to one another and agree with known pattern for HI3O8 (PDF # 04-011-9546) [51]. Neither 

iodic acid, HIO3, nor iodine pentaoxide, I2O5, were observed under these conditions, the former being 

somewhat surprising given that the trace amounts of water present might be expected to hydrate some 

of the HI3O8 into HIO3 [8]. 

 

Figure 2. Powder X-ray diffractograms of (a) as-received powder pulverized with a mortar 

and pestle and (b) drop cast film from a sonicated suspension of HI3O8 in denatured ethanol, 

deposited at ~2% relative humidity. Inset: Electron microscope images of (a) and (b). 

In contrast to the nearly identical diffraction patterns, the SEM images show a significant change in 

the size and the morphology of the particles upon processing the material. The as-received material 

exhibits a broad distribution of particle sizes and morphologies, as well as an abundance of rods with an 

aspect ratio of ~20:1. The sonicated and cast particles are more uniform in size and more spherical with 

an average diameter ~0.5 μm. It is also important to note that unlike the as-received material, which 

takes on a pinkish coating when exposed to air, the processed and drop-cast material exhibits no change 

in color when allowed to sit in the open for days, suggesting that the sonication process has washed away 

much of the impurity I2 from the particles that had led to the discoloration. 

3.3. Effect of Humidity of Crystal Growth 

To examine the role that humidity plays in the deposition and crystal growth process, small quantities 

of HI3O8 were deposited onto a borosilicate glass substrates (both drop cast or spin coat) after being 
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sonicated in ethanol/iodine oxide suspension. In general, particles deposited at a relative humidity above 

>60% showed signs of deliquescence (particles submerged into liquid droplets within minutes) during 

the deposition process from their alcohol based suspensions, whereas films deposited at low relative 

humidity values (~2%) produced the highest density of particles without any visual signs of 

deliquescence and reflected a more uniform particle shape and size distribution (see Figure S3). 

Additionally, particles deposited and stored for periods of a few weeks at a relative humidity ~40% 

exhibited clear signs of crystal growth, producing rod, rhombohedral, plate, and needle-like structures. 

Figure 3 shows the X-ray diffractograms and optical images of two examples of such grown structures 

(b and c) compared to the as-received material (a). Additional images of other structures are shown in 

supplementary Figure S2. Remarkably, the X-ray diffractograms show that the structures are composed 

exclusively of HI3O8 with no evidence of hydration into HIO3 in spite of the influence of humidity. This is 

not inconsistent with previous observations that relative humilities >65% are required to hydrate HI3O8 [8], 

though it is surprising the water can effect recrystallization without hydrating the material. While the 2θ 

diffraction angles are the same in each sample, the relative intensities of the various features in the 

diffractogram are very different, indicating a strong alignment in the crystal axis along which the 

particles grow with respect to the surface plane. Both the needle-like and the rod-like structures shown 

in Figure 3b,c, respectively, show strong enhancement of the diffractions corresponding to Miller indices 

<101>, <202> and <303>, an indication of growth along ac-crystal plane. 

 

Figure 3. Powder X-ray diffractograms of thin-layered films cast from ethanol-based 

suspensions of HI3O8: (a) as-received; (b) needle-like; and (c) rod-like shaped crystals. Films 

(b) and (c) were produced by storing deposited films at ~40% relative humidity for a few 

weeks. Inset: Optical microscopy images of (a), (b), and (c). 

3.4. Crystallinity, Morphology and Structure of Spin-Cast Films 

The dependence of the crystallinity, morphology, and structure of the particle films on spin cast 

samples was examined for suspensions of HI3O8 particles in denatured ethanol, and deposited at ~2% 

relative humidity. Sample films were produced at different spin rates—0 rpm (drop cast), 500 rpm, 1500 
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rpm, and 2500 rpm—and were examined by powder X-ray diffraction and scanning electron microscopy. 

Substrates were cleaned with methanol applied to a Kim wipe prior to deposition. 

Figure 4 shows the X-ray diffractograms of the four films, all remaining in the HI3O8 hydration state 

with no evidence of HIO3 or I2O5 being present. As previously discussed, the drop-cast films 

demonstrated no significant change in the diffraction pattern from the as-received material, however, the 

films deposited by spin-coating exhibit an increasing preference of some diffraction peaks over others 

with increasing spin rate. As was seen in the high-humidity samples above, increases in intensity are 

observed from diffractions with Miller indices of <101>, <202> and <303>, indicating a preferential 

laying-down or growth of particles along their ac plane. Diffractions with indices of <111>, <020>, 

<121> were also enhanced with spin rate, though we note that a spin rate dependence in their intensities 

was not consistently observed between sample sets. 

 

Figure 4. Powder X-ray diffractograms of HI3O8 in various forms normalized by total area: 

(a) HI3O8, as received material; (b) drop casted film; and (c–e) spin coated films at 500 rpm, 

1500 rpm, and 2500 rpm. Films were deposited at ~2% relative humidity from a sonicated 

suspension of the as received material in denatured ethanol. 

To examine this effect more closely, scanning electron microscopy images were recorded of each of 

the four films, the results shown in Figure 5. Each sample set contained 500 to 1000 particles. These 

images show that both the particle sizes increase significantly with spin rate and that the particle shapes 

become less spherical, possibly slightly more elongated. The observed particle size distributions 

(normalized) from these images are depicted in Figure 6, clearly showing the increase in size of the 

particles with spin rate. The drop cast film contains an average particle size of ~0.4 μm, whereas the 

highest spin rates produced material with an average particle size of ~0.9 μm. It is important to note that 

this change not only appears to increase the fraction of particles in the tail of the initial distribution, but 

also appears to reduce the amount of fine particles as the spin rate increases. This is likely due to the 

finer particles being washed away in carrier fluid during the spinning process. 
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Figure 5. Scanning electron microscopy images of deposited HI3O8 films: (b) drop casted; 

(c–e) spin coated at 500 rpm, 1500 rpm, and 2500 rpm. Films were deposited at ~2% relative 

humidity from a sonicated suspension of the as-received material in denatured ethanol. Note 

that figure labels used here correspond to the same samples and labels shown in Figure 4. 

We attempted to quantify the degree of preferential orientation towards the ac plane of the HI3O8 

particles in the films by first normalizing the integrated intensities of each diffractogram and then 

comparing the intensity of the <101> peak to those of the needle-like two-dimensional surface nucleated 

crystals (Figure 3b, assumed to be 100% oriented) and the drop cast (Figure 2b, assumed to be 0% 

oriented) films. The resulting calculations gave a degree of orientation 0%, 7%, 20%, and 27% for the 0, 

500 rpm, 1500 rpm, and 2500 rpm spin rates, respectively. Additional films were produced with 200-proof 

ethanol, exhibiting nearly the same quantitative trend with spin rate. The maximum degree of preferential 

orientation observed in the spin cast films was 31%. It is important to emphasize, however, that the 

microscopy images show no evidence of two-dimensional surface nucleated induced growth, as was 

observed in the higher humidity samples indicating that this preferred orientation effect is most likely 

associated with particle movement and settling in the spin-cast process and not recrystallization/growth 

of the particles at the surface. This interpretation is also consistent with the images that show the particles 

become more elongated, a morphology that would tend to promote certain arrangements in the viscous 

flow during spinning. The ethanol, used here, is not very viscous and one would expect that such a 

working fluid would only enhance this particle size separation effect. Indeed, preferential orientations 

of suspended particles have been observed elsewhere for the deposition of colloids into a film by spin 

casting [30,52,53]. 
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Figure 6. Apparent particle size distributions of the spin-cast films depicted in Figure 5, as 

obtained from electron microscope images. These HI3O8 particulate films were deposited at 

~2% relative humidity from a sonicated suspension of the as received material in denatured 

ethanol at spin coat rates of 0 rpm (drop-cast), 500 rpm, 1500 rpm, and 2500 rpm. 

Another difference between the drop and spin-cast films appears to be that spin-casting produces  

a more porous film, whereas drop casting produces films of a greater density. To measure this 

quantitatively, each film was scratched down to the substrate and its topography measured with  

an optical profiler. Such measurements give a precise measure of the film thickness, which in 

combination with the film mass and deposits area of coverage, enable the bulk density to be estimated. 

The thicknesses of the various films shown in Figure 5 varied from 1.5 μm to 4 μm, but were fairly 

uniform across each film. This plus the mass and film size corresponds to % theoretical maximum 

density (%TMD) of 88%, 43%, 21%, and 40% for films cast at 0, 500, 1500, and 2500 rpm, respectively. 

The variability in density is quite high for the high spin rate films, but nevertheless, they exhibit 

approximately twice the porosity of the drop cast. This difference will likely be sensitive to the 

suspension particle size distributions as well as the viscosity of the solvent. Future work will examine if 

increasing the viscosity of the liquid media will eliminate such effects. Table 1 summarizes all of the 

physical properties of the films including the uncertainties of each of the measurements. It is important 

to note that even though five coatings were also applied to the spin cast samples at 1500 and 2500 rpm, 

only one layer was visible in SEM images for those films (not shown). This suggests that samples 

produced at higher spin rates must have exceeded an equilibrium point by which the dispersed 

suspension was significantly removed versus retained during spinning. Another explanation is the 

possibility that subsequent coatings could partially wash away or re-dissolute the underlying coating 

during deposition. The later effect would most likely be enhanced at higher spin rates and minimized at 

lower spin rates where the solvent evaporation rate is more significant. In addition, the surfaces of the 

films were very rough due to the increase in population of larger particles compared to samples spun at 

lower speed and the drop cast film. This coarseness may also explain the large variability in film 

thickness and %TMD across those samples. Another concern observed in samples d and e is the increase 

in irregularly shaped particles, and that such particles will inhibit the construction of a more closely 

packed structure as observed in samples b and c. This could imply limitations with the maximum spin 
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coating thickness and 3D quality of the film to particle sizes in the submicron range although larger particle 

sizes have reportedly been spin coated with increased order [53]. Films spin coated at 500 rpm show signs 

(shown in the Supplementary Figure S4) of edge effects in the corner of the film signifying inadequate 

centrifugal force to spread the fluid uniformly across the substrate as compared to films coated at 1500 

rpms and 2500 rpms. 

Table 1. Summary of the properties of drop and spin cast films of HI3O8 particles.  

% Orientation is the fraction of the crystals that have their ac crystal plane oriented parallel 

to the surface (denatured ethanol/ethanol films). 

Spin Cast Rate Film Mass Film Thickness Avg. Particle Diameter %TMD % Orientation 

(b) 0 rpm * 9.9 ± 0.1 mg 3.4 ± 0.4 μm (1 layer) 0.41 ± 0.12 μm 88 ± 4.4% 0/NA 

(c) 500 rpm 5.8 ± 0.1 mg 4.1 ± 0.7 μm ( 5 layers) 0.61 ± 0.19 μm 43 ± 6.6% 7/15 

(d) 1500 rpm 2.8 ± 0.1 mg 4.1 ± 0.7 μm (~1 layer) 0.90 ± 0.33 μm 21 ± 7.5% 20/25 

(e) 2500 rpm 2.0 ± 0.1 mg 1.5 ± 0.4 μm (~1 layer) 0.86 ± 0.28 μm 40 ± 11.4% 26/31 

* drop casted; NA = not available. 

Figure 7 shows SEM images of cross-sections of two of the particulate films (b and c from Figure 5); 

sample b is lifted off of the substrate. The latter was produced in five layers, though the total thickness 

of each film was similar. The particle sizes, porosity, and packing appear to be uniform throughout the 

thickness of both films, though there does appear to be striations visible for each layer in the spin cast 

film. In agreement with the % TMD, the drop casted film features a tighter packing of particles as 

compared to spin cast films. 

 

Figure 7. (Top, left) SEM image of a fragment from a drop-casted film. (bottom, right) spin 

coated film deposited at a rate of 500 rpm with five coatings. Films were casted from a HI3O8 

suspension sonicated in denatured ethanol and deposited at ~2% relative humidity. 

Structural properties such as particle size, % TMD and thickness are known to influence the overall 

reactivity of an energetic film. For example, particle size distributions will affect the 3D stacking of the 

film as well as the porosity of the film, which is revealed in the % TMD value. Energetic films with low 
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% TMD values would be expected to reach their maximum propagation velocity if there combustion 

mechanism were predominately convection driven. However, if the combustion mechanism were 

conduction driven, then lower % TMD films would perform poorly as compared to higher %TMD films 

of the same composition. Furthermore, film thickness is expected to influence the propagation behavior 

in the energetic material during combustion similar to the effect observed for the critical diameter of a 

high explosive. Therefore the “critical thickness” of an energetic film would dictate the threshold 

thickness for which steady state propagation is maximized and sustained for that energetic composition. 

Film properties in Table 1 reflect variations in film thickness and % TMD given the deposition method 

and presumably the average particle size. Particle orientation and the presence or absence of material 

layers may also reasonably affect reactivity as the thermal and gas transport properties will be different. 

By understanding and controlling the casting process one may explore or tune the underlying combustion 

mechanisms governing the reactivity of fuel and oxidizer composite films. 

4. Experimental Section 

4.1. Materials 

I2O5 (98%) and absolute ethanol (99.5%) were purchased from Acrōs Organics (AO). “I2O5” was 

determined to be (>99%) HI3O8 by powder X-ray diffraction. Denatured ethanol, 2-propanol (99.5%), 

methanol (99.9%), acetone (99.9%), 2-butanone (99.7%), ethyl acetate (99.9%), hexane (95%), and 

acetonitrile (99.9%) were purchased from Sigma-Aldrich and used as-received with no effort to further 

purify or dry the solvents. The deionized water used had a purity of 18 MΩ. 

4.2. Characterization 

Scanning Electron Microscopy (SEM): images were acquired using a JEOL JSM-5900LV 

microscope. Samples were prepared by adhering the film to carbon tape attached to an aluminum stub. 

To minimize the effects of charging all samples were sputter covered with a Au/Pd (5–10 nm thick). 

Zeta-20 3D Optical Profiler: film thickness was determined by acquiring 7–10 scans on each sample at 

the film edge moving inwards, as well as across a scratch made in the middle of the films.  

Particle analysis: Particles in electron microscopy images were identified manually with a software 

macro developed in Igor Pro 6.34A which collects size, shapes and statics on the traced particles.  

UV-Visible spectroscopy: aliquots of samples sonicated in various alcohol/ketone/acetate mixtures were 

diluted with hexane and their optical spectra measured within a quartz cuvette (10 mm).  

Set-up consisted of a tungsten light source, two reflecting mirrors, cuvette holder (CVH100), optical 

fiber, and a Thorslab SP1-USB UV/visible spectrometer (400–800 nm) with a single beam collection. 

Spectra data presented were treated by removing the absorption intensity of the liquid medium 

(background) from the solution. In some cases, aliquots were centrifuged to assist in the removal of 

suspended crystals that could interfere with the incident beam via scattering. Powder X-ray diffraction: 

X-ray diffractograms were recorded with a Philips X’Pert Pro MPD spectrometer between the scan range 

of 2θ = 8 and 80 degrees using a Cu radiation source (Cu-Kα, λ = 1.54178 Å). Samples were rotated on 

a stage during the analysis and prepared by centering the powder or film on a zero background holder. 
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5. Conclusions 

In this manuscript, we have investigated the effects of processing iodine (V) oxides particles in 

sonicated, ethanol-based suspensions into particulate films. Sonicating HI3O8 particles in alcohol 

suspensions was shown to reduce the mean size of the particles as well as increase their morphological 

uniformity. However, care must be taken when utilizing alcohols for processing iodine oxides as they 

can oxidize the solvent after long periods of time. Particles deposited at a low relative humidity were of 

the highest density, particle uniformity and stability. Non-uniformities amongst particle shapes were 

observed at higher relative humidity conditions during deposition, which is attributed to dissolution that 

occurs during deliquescence followed by crystal growth. Recrystallization of the solute from alcohol 

suspensions at relative humidity values of 40% or greater demonstrated preferred growth along the  

ac-plane of the crystal. Spin-coated films also reflect increased preferential growth/stacking along the 

ac-plane of the crystal as a function of spin rate. Drop cast films reflect no orientation effects like those 

seen in the spin-coated films. Surprisingly, spin-coated films above a low spin rate threshold possess 

only a monolayer of tightly packed particles despite multiple coatings applied during deposition, whereas 

spin-coated films at low spin rates feature multiple layers corresponding to the number of coatings 

applied. The particle size distribution are observed to shift towards larger sizes as the spin rate increases 

as well as does the propensity to deposit irregularly shaped particles. Drawbacks to these two deposition 

methods, based on these initial studies, were the instability of the drop cast film to remain anchored to 

the substrate during drying and that higher spin-coated films do not appear able to stack into robust 3D 

layered structures. 

Future work will explore in greater detail the origins of single layers at high spin rates versus multiple 

layers at low spin rates. In addition, suspension fluids that are more resistant to oxidation by the oxidizer 

particle will be pursued to improve the shelf life of this process. Formulations will be optimized to 

improve dispersion, fluid flow and particle retention during the spin coating process in order to provide 

a more uniform deposited structure. Particle size effects will be investigated to determine their influence 

on the final deposited structure such as thickness, % TMD, layering and particle orientation given the 

deposition method. Finally, oxidizer based films will be doped with fuels or deposited as fuel-oxidizer 

films and tested for their reactivity. 
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