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Abstract 8 

 9 

Cubic and spherical hematite red cool pigments with different size were synthesized following two 10 

different methods. Cubic and spherical particles with larger sizes were obtained through a gel-sol 11 

method using chloride and nitrilotriacetate as shape controllers, respectively, and changing the 12 

starting temperature to control the final particles size. Spherical particles with smaller sizes were 13 

synthesized in a faster way following a catalytic phase transformation method in which the size 14 

control is obtained by varying the reagent concentration. Cool properties for the obtained particles 15 

were evaluated by calculating the Solar Reflectance for all hematite samples. The cool properties 16 

differ depending on the particle size and shape. By controlling the final size and morphology of 17 

pigment particles it is possible to obtain pigments with the desired cool properties. Pigment color 18 

properties were also evaluated using CIE XYZ and CIE xyY color spaces. 19 

 20 
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1. Introduction 26 

 27 

The removal of natural vegetation and its replacement with buildings and paved surfaces [1] lead to 28 

an increase of temperature in urban city centers that in some cases can be also 10 °C higher than 29 

that of  nearby rural places [2]. This phenomenon, called Urban Heat Island (UHI), has the effect of 30 

increasing the demand of energy (with a subsequent increase of energy supply costs), accelerating 31 

the formation of harmful smog and causing human thermal discomfort and health problems owing 32 

to the intensification of heat waves over cities [3-4]. 33 

Strategies for the mitigation of the UHI effects have been reported by Coutts et al. [5]. The 34 

development of new sustainable cities that use materials with high solar reflectance and thermal 35 

emissivity, the so-called “cool materials” has been proposed. Usually, cool materials are used to 36 

decrease the heat flow entering in a building. Their surface temperature is much lower than those of 37 

typical building materials and, if used on an urban scale, they help to decrease the air temperature of 38 

the urban environment reducing the harmful effects related to the UHI. Considerable interest has 39 

been directed to the roofing materials [6-9]. Among these, white materials are obviously effective. 40 

Coatings with colored conventional pigments tend to absorb solar light (both Vis and NIR radiation, 41 

which conveys more than 50% of the sunlight power) resulting in heat accumulation [10]. The 42 

replacement of these conventional absorbing pigments with “cool pigments”, which absorb less 43 

NIR radiation, makes possible coatings with higher solar reflectance, but similar in color to that of 44 

conventional or old-style roofing materials. Cool colored coatings can then be applied on roofs, 45 

building envelopes and other surfaces of the urban environment, such as exterior finishes and 46 

paints, or they can be used to produce building materials that reflect more sunlight than 47 

conventionally pigmented products. 48 

For this purpose, in recent years pigments of different colors with cool properties have been 49 

commercialized. The color features of pigment materials (one or more) depend on their visible 50 
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absorption, on their size (which varies scattering properties), and on their composition [11]. To tune 51 

the color properties of a material, pigments with different chemical composition are 52 

used.Sometimes, they contains environmental unfriendly metals such V and rare earths [12], or are 53 

toxic, containing Cd or Cr. The main proposed cool pigments contain inorganic complex pigments, 54 

such as chromium green, cobalt blue, cadmium stannate, lead chromate, cadmium yellow and 55 

chromium titanate [10, 13]. Among NIR reflective pigments with promising characteristics there are 56 

rare earth mixed oxides such as MexMnOy (where Me = Y, Ce, Pr, Nd and Sm [12, 14]), or rare 57 

earth metals - molybdenum mixed oxides such as Y6MoO12 [15]. Another approach is the use of 58 

pigments with particles coated with a metallic film [16]. The main drawback of the cool pigments 59 

obtained with both the described approaches is the high costs. 60 

The choice of color depends on tradition and aesthetic needs, e.g. Italian traditional roofs are dark 61 

red, while in Thailand they are green. A database with optical characteristics of a huge number of 62 

pigments [17] is available to assist the optimization of the Solar Reflectance for industries which 63 

operate in the building sector. In the cited database there are four red pigments based on iron 64 

oxides. 65 

In this work, we report the synthesis and investigation of hematite-based cool red pigments. It is 66 

known that for a given material (and for given optical constants) the optical properties depend on 67 

size, morphology and cluster aggregation of particles, so a set of syntheses was performed to obtain 68 

hematite particles with different size and shape. The optical properties of all the synthesized 69 

samples were analyzed with the aim to give insights into the relation between these properties and 70 

the morphological features of the pigment particles. We obtained different kinds of morphology 71 

suitable for cool pigment applications. 72 

 73 

2. Materials and methods 74 

 75 
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2.1 Materials 76 

 77 

The hematite particles were synthetized using (when needed) iron (III) chloride hexahydrate 78 

(Sigma-Aldrich, > 99%), iron (II) chloride tetrahydrate (Fluka, > 99%), sodium hydroxide (Sigma-79 

Aldrich, > 99%), hydrochloric acid (Carlo Erba, 37%), nitrilotriacetic acid trisodium salt (Fluka, > 80 

98%), sodium sulphate (Aldrich, > 99%) and sodium chloride (Carlo Erba, > 99,5%). For sample 81 

washing, 1 M ammonia solution (Fluka, 25%) and 0.5 M sodium nitrate solution (Sigma-Aldrich, > 82 

99%) were utilized. Ultra-pure water produced by a Milli-QTM system (Millipore) was used. 83 

Commercial polyacetovinyl emulsion (Vinavil NPC, Vinavil SPA) was used as dispersing medium 84 

for the preparation of paints. 85 

 86 

2.2 Hematite syntheses 87 

 88 

In literature several synthetic methods to produce hematite particles are reported [18-19 and 89 

references therein]. In this work, monodisperse hematite particles with different size and shape have 90 

been obtained following two different procedures. 91 

The first, proposed by Sugimoto [20], is a gel-sol transformation procedure which produces 92 

hematite particles starting from inexpensive ferric chloride. The process involves a two-step phase 93 

transformation from concentrated Fe(OH)3 gel via β-FeOOH (akaganeite) to α-Fe2O3 [21]. In the 94 

standard procedure 45 mL of 6 M NaOH were slowly added to 50 mL of magnetically stirred 2 M 95 

FeCl3 solution. The slurry was then kept under stirring for additional 10 minutes. The obtained 96 

Fe(OH)3 gel was then transferred into a tightly stoppered bottle and heated at 100°C for at least 3 97 

days until the conversion occurred. 98 

The second synthetic method follows the catalytic phase transformation mechanism proposed by 99 

Liu and co-workers [22], in which lower conversion times are attained by the addition of Fe(II) in 100 
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catalytic amount to the initial Fe(OH)3 gel, lower conversion times are attained. The following 101 

standard experimental procedure was followed: 6M NaOH was slowly added to 50 mL of a 102 

magnetically stirred 2M FeCl3 solution (unless for experiments in which [Fe(III)] was changed) 103 

until pH 7 (typically ca. 49 mL). Then, FeCl2 was added in the ratio [Fe(II)]/[Fe(III)] = 0.02 to the 104 

gel and pH was readjusted to 7 adding dilute NaOH. The slurry was kept under stirring for 105 

additional 10 minutes and then refluxed (for at least 30 minutes) until conversion to hematite 106 

occurred. 107 

The size of final hematite particles was modified by varying different experimental parameters such 108 

as pH, temperature, reagents concentration and FeCl2 amount. 109 

Several anions have been shown to play a decisive role in the anisotropic growth of hematite 110 

particles [23-24]. These shape controllers selectively adsorb on the surface of nuclei regulating the 111 

growth of specific hematite crystal faces determining the final particle morphology. Several 112 

syntheses were performed for both methods adding anions such as chloride, sulphate and 113 

nitrilotriacetate to obtain hematite particles with pseudocubic, ellipsoidal and spherical morphology, 114 

respectively. For this purpose, shape controllers 0,05 M were added to the initial gel of iron 115 

hydroxide before the heat treatment. 116 

After heat treatment, all the as-prepared hematite samples were washed with ultra pure water three 117 

times, once with 1 M NH3 and three times again with ultra pure water. The pigments were separated 118 

from the supernatant with centrifugation at 1370 g. Then each sample was dried at 70°C. 119 

 120 

2.3 Hematite characterization 121 

 122 

The crystalline phase of the samples was identified with X-Ray Diffraction and Raman analyses. X-123 

ray powder diffraction (XRD) patterns have been recorded with a PW3050/60 X'Pert PRO MPD 124 

diffractometer from PANalytical working in Bragg-Brentano configuration. The X-ray source was a 125 
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high power ceramic tube PW3373/10 LFF with a Cu anode and the instrument was equipped with a 126 

Ni filter to attenuate Kb. Diffracted photons were collected with a real time multiple strip 127 

X'celerator detector. Powder samples have been hosted on SiO2 amorphous sample holder. Raman 128 

spectroscopy analyses were performed with a LABRAM HRVIS (Jobin Yvon), fitted with an 129 

Olympus BX41 optical microscope. Raman spectra were excited using the 533 nm line of a Nd 130 

solid state laser. The laser power was 100 mW. Spectra were collected over the range 80–1525 cm–1 131 

at a resolution of approximately 2 cm–1. 132 

Size and shape of synthesized hematite particles were determined through scanning electron 133 

microscopy by a Scanning Electron Microscope Zeiss model EVO-50 XVP operating at 15 kV, 134 

beam current 50.0 μA, probe intensity 50 pA. 135 

 136 

2.4 Optical properties evaluation 137 

 138 

Total reflectance analyses were carried out to determine scattering properties of the samples using a 139 

dual-beam Varian Cary 5000 UV-VIS-NIR Spectrometer with an integrating sphere. The internal 140 

walls of the sphere are coated with Polytetrafluoroethylene (PTFE) and BaSO4 was used as 141 

reference material. Light sources are a deuterium lamp in the 185–350 nm range and a halogen 142 

lamp in the 350-3300 nm range. The detection is performed by means of R928 PMT (185–800 nm) 143 

and Cooled PbS (800–3300 nm) detectors. The analyses were performed over the range 200-2500 144 

nm. To estimate the solar reflectance (SR) of obtained hematite, the total reflectance data were 145 

weighted on solar irradiance data for each sample following the equation: 146 
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in which Psolar(λ) is the AM 1 solar irradiance [25]; R(λ) is the measured total (diffuse and specular) 148 

reflectance for the investigated material. SR varies from 0 to 1, for a total absorptive and total 149 

reflective material, respectively, and represents the capability of reflecting sunlight; the higher it is, 150 

the better will be the cool properties for the investigated material.  151 

 152 

2.5 Color evaluation 153 

 154 

Color measurements were performed using tristimulus analysis and the CIE XYZ 1931and CIE xyY 155 

color spaces. 156 

Analyses were performed recording reflectance spectra and elaborating data by means of Ocean 157 

Optics “SpectraSuite” software. Reflectance analyses were carried out using a Micropack ISP-50-8-158 

R-GT integrating sphere connected to the light source and to the detector with optical fibers. 159 

Irradiation was performed using a Micropack DH-2000 UV-Vis-NIR Lightsource and the detection 160 

by means of an Ocean Optics USB2000 detector. A Micropack BaSO4 standard was used as 161 

reference. Analyses were carried out on paints with a load of ca. 3% in weight of pigments. Paints 162 

were prepared dispersing 0.12 g of pigments in 1 ml of ultra-pure water by sonication for 30 163 

minutes; then 3 g of commercial polyacetovinyl emulsion were added to the system and additional 164 

sonication for 30 minutes was performed. Some drops were then poured on white and black 165 

paperboards and spread using a metallic filmographer, obtaining films of about 250 μm of 166 

thickness. Paints were first dried for 15 minutes in air and then at 75°C for 15 minutes. 167 

 168 

3. Results and discussion 169 

 170 

3.1 Shape and size control 171 

 172 
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Figure 1 and Figure 2 show XRD patterns and Raman spectra for a selection of the pigments 173 

synthesized; similar results were obtained for all the other pigments. Analyses were carried out on 174 

samples obtained following the two synthetic procedures with different morphology and size. In 175 

both XRD and Raman analyses, all signals are relative to α-Fe2O3 phase, indicating that pure 176 

hematite particles were obtained. Both XRD and Raman also indicate that no other crystalline 177 

phases are formed. 178 

Figure 3 and Figure 4 show SEM micrographs for synthesized particles in the presence of shape 179 

controllers. In the case of the catalytic phase transformation procedure, it was not possible to obtain 180 

shape control and all the samples showed a spherical morphology. Instead, different kinds of 181 

particle morphology were obtained in the case of gel-sol method. Accordingly to literature data [23-182 

24], pseudocubic (Figure 4a), ellipsoidal (Figure 4b) and spherical-ovoidal (Figure 4c) particles are 183 

obtained by adding chloride, sulphate and nitrilotriacetate, respectively. 184 

The different ability of these anions as shape controllers as a function of the adopted synthetic 185 

method can be explained considering the different heat treatments and conversion rates in the two 186 

methods. The catalytic phase transformation syntheses show high conversion rates and turbulent 187 

motions are present in the system during the treatment. These two events hinder the attainment of 188 

adsorption equilibrium of shape controllers on the surface compromising the anisotropic growth of 189 

hematite nuclei, and yielding only spherical particles. Instead, in the gel-sol procedure the synthesis 190 

was carried out in quiet and the conversion rate was low: hematite nuclei can grow regularly and the 191 

effect of shape controllers can be maximized. 192 

Results also show that for both synthetic methods, obtained particles show quite uniform size; only 193 

in the case of addition of sulphate in the gel-sol method is size inhomogeneity observed. Using the 194 

reported synthetic methods it was possible to obtain large quantities of hematite particles with 195 

different shapes with uniform size distribution, necessary for the study of the relation between 196 

particle morphology and SR. 197 



9 

 

The particles size control for both gel-sol and catalytic phase transformation method can be 198 

obtained varying the experimental conditions. In the case of gel-sol preparations, an appreciable 199 

variation of the final particles size is obtained varying the temperature of the system in the initial 200 

step of addition of NaOH to FeCl3. Temperature influences the nucleation rate of iron hydroxide; 201 

increasing the temperature, a higher amount of nuclei is formed and subsequently smaller hematite 202 

particles are obtained. 203 

Figure 5 shows the final particle diameter as a function of the synthesis temperature demonstrating 204 

that hematite particles can be synthesized in a wide range of size, from 500 to 1300 nm. Other 205 

syntheses were performed varying other parameters such as pH or the synthesis temperature in the 206 

presence of Fe(II) ions, but no appreciable effect on the final size of the particles was observed 207 

(figures S1, S2 and S3 of the supporting information, hereafter SI). 208 

With the catalytic phase transformation method of synthesis, size control can be obtained tuning the 209 

concentration of FeCl3. Increasing the amount of iron chloride, bigger particles are obtained thanks 210 

to the higher amount of iron suitable for the growth of hematite particles (Figure 6). 211 

The particles are always lower in size (100 - 400 nm) compared to those obtained with the gel-sol 212 

method. This is due to the turbulent motions occurring during the heating step which limit the size 213 

of the final particles. Other parameters, such as Fe(II)/Fe(III) ratio, pH and initial temperature were 214 

investigated, but no appreciable changes in the final size were observed (see figures S4, S5 and S6 215 

of SI). 216 

 217 

3.2 Optical properties evaluation 218 

Figure 7 shows the total reflectance spectrum of a synthesized hematite sample (other samples show 219 

DR spectra with similar features, see figures S7 and S8 of SI). The materials synthesized show 220 

absorption in the Visible part of the spectrum and reflectance > 50% above 1000 nm and >75% 221 
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above 1300 nm, being therefore promising candidates for cool applications, since high NIR 222 

reflectance is coupled to hematite coloristic properties. 223 

Using reflectance data (%R) and eq.(1), SR for hematite samples was calculated. Figure 8 shows SR 224 

as a function of particle shape and size. For particle size lower than 600 nm, cubic morphology 225 

shows the best SR values compared to spherical particles, whereas spherical hematite samples show 226 

best cool properties for particle size larger than 600 nm. SR of cubic particles shows two maxima, 227 

the first is a local maximum at particle size ca. 300 nm and the second at ca. 920 nm after which SR 228 

decreases rapidly. For spherical particles, SR shows a similar trend but with the local maximum at 229 

particle diameter ca. 250 nm and the second at ca. 600 nm. Note that, SR for the commercial cool 230 

red pigment Ferro V-13810 is 0.316, calculated with eq.(1) and the pigment spectrum provided by 231 

the producer [26]. SR values of as-synthesized hematite pigments are very close to that value and in 232 

some cases even larger. 233 

Solar reflectance evaluation was also performed on paints for both white and black paperboards (see 234 

figures S9-S15 of SI for reflectance spectra and SR). Since the paints are not completely opaque in 235 

the NIR, the SR values are higher for paints on white paperboard compared to paints on black 236 

paperboard, with discrepancy up to 50%. Light scattering and absorption by paperboards interfere 237 

on the reflectance leading to unreliable results. With white papers the light is more scattered 238 

yielding to overestimated SRs, while black paperboards lead to undervalued results because of the 239 

absorption of the transmitted light. More studies will be performed to obtain completely opaque 240 

paints in order to evaluate correctly their SRs. 241 

 242 

3.3 Color evaluation 243 

 244 

In the visible range light paints are quite opaque and the results obtained for paints spread on white 245 

paperboards are not significantly different from those of paints on black papers. Table 1 shows the 246 



11 

 

results obtained from the analysis of paints on black paperboards (for white papers see table S1 of 247 

SI), while in Figure 9 the color properties of the samples synthesized are reported in a portion of the 248 

chromaticity diagram. Paints with spherical hematites show a quite constant chromaticity, except 249 

for the sample with the largest particle size that shows lowest values for both x and y. For paints 250 

with cubic particles x decreases increasing the size (from ca. 0.5 to ca. 0.39) while y remains 251 

constant around 0.35. In both cases, a decrease of brightness (Y) increasing the size is observed. A 252 

color variation from light orange-red to dark red-purple occurs increasing the pigment particle size. 253 

 254 

4.Conclusions 255 

 256 

Red cool pigments made of iron oxides can be obtained following two different procedures: i) a gel-257 

sol synthesis and ii) a catalytic phase transformation method which should be preferred in industrial 258 

application because of the reduced time of synthesis. A fine tuning of the pigment particles size and 259 

shape was obtained varying the temperature, the reagent concentration and by adding proper shape 260 

controllers. As the optical properties of a pigment depend not only on the crystalline phase, but also 261 

on the morphology of its particles, by varying size and shape of synthesized hematite we maximized 262 

solar reflectance. The highest SR values were recorded with cubic particles with size 300 and 900 263 

nm or spherical particles with size 250 and 600 nm. Size and shape of pigments also influence their 264 

coloristic features; increasing the size of hematite particles darker color is obtained. 265 

In conclusion, cool red materials for the mitigation of urban heat island can be obtained with 266 

harmless inorganic pigments, synthesized from inexpensive precursors. Four different kinds of 267 

hematite pigments which maximize SR, but with slightly different color properties, were obtained. 268 

 269 
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Higlights 276 

 277 

Development of pigments for the mitigation of Urban Heat Island effects. 278 

We synthesized hematite particles with different size and shape. 279 

We evaluated Solar Reflectance of hematite samples as a function of particle size and shape. 280 

Color of pigments varies as a function of morphology. 281 

 282 

283 
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Tables 284 

Table 1: x, y and Y values for synthesized hematite pigments as functions of particles size 285 

Spherical 
Dimensions (nm) x y Y 

128 0.471 0.354 11.3 
147 0.472 0.348 10.6 
229 0.459 0.341 8.53 
270 0.459 0.341 8.38 
446 0.455 0.344 7.68 
583 0.446 0.340 6.98 
1687 0.390 0.334 5.25 

Cubic 

Dimensions (nm) x y Y 
250 0.492 0.356 8.18 
307 0.492 0.356 8.28 
536 0.438 0.344 5.74 
708 0.425 0.348 5.14 
921 0.447 0.355 5.86 
989 0.424 0.354 4.85 
1277 0.411 0.361 4.59 
1478 0.392 0.358 4.47 

 286 

287 
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Figures 288 

 289 

 290 

Figure 1 291 
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Captions to figures 311 

Fig. 1.. X-Ray Diffraction patterns for four different hematite samples. Samples A and B were obtained 312 

following the gel-sol procedure and show spherical and pseudocubic morphology, respectively, with an average 313 

size of 1000 nm. Samples C and D were obtained via the catalytic phase transformation method; they are both 314 

spherical with an average size of 100 and 300 nm, respectively. 315 

Fig. 2.. Raman spectra of four different synthesized hematites. Samples A-D have the same meaning as in Figure 316 

1. 317 

Fig. 3. Scanning electron micrographs for hematite particles obtained via catalytic phase transformation method 318 

with a) no shape controllers, b) chloride and c) nitrilotriacetate. 319 

Fig. 4.. Scanning electron micrographs for hematite particles obtained via gel-sol method with a) chloride, b) 320 

sulphate and c) nitrilotriacetate. 321 

Fig. 5. Diameter of hematite cubic particles obtained via gel-sol method as a function of the initial temperature. 322 

Chloride were used as shape controller. Other parameters were as indicated in the method reported in paragraph 323 

2.2. 324 

Fig. 6. Diameter of spherical hematite particles obtained via catalytic phase transformation method as a function 325 

of FeCl3 concentration. Other parameters were as indicated in the method reported in paragraph 2.2.. 326 

Fig. 7. Solar irradiance (red) [25] and total reflectance (black) spectra of synthesized cubic hematite particles 327 

(1500 nm size, obtained via gel-sol synthetic method, chloride was used as shape controller, temperature 25°C. 328 

Other parameters were as indicated in the method reported in paragraph 2.2.). 329 

Fig. 8. Solar Reflectance for hematite particles as a function of their size and shape. 330 

Fig. 9. Plots on CIE color space chromaticity diagram of x and y values of prepared hematite paints. S and C 331 

mean spherical or cubic morphology, respectively, while numbers indicate particle dimensions. 332 

333 
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