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Abstract: CuCrO₂ (mcconnellite) was synthesized using both the solid-state method and microwave 

dielectric firing. It was characterized as a novel black ceramic pigment for use in various industrial 

glazes. For the first time, the application of mcconnellite (CuCrO₂) and its coloured glazes as selective 

solar absorbers (SSA) for integral ceramic solar collectors has been reported. The addition of quartz 

or anatase was investigated as colour modifiers to prevent the bluing of the pigment in Zn-containing 

glazes, a phenomenon associated with the exsolution of copper. Furthermore, doping with 

lanthanide oxides was explored to address two key challenges: controlling the formation of pinhole 

defects in porcelain glazes, which are linked to the destabilization of Cu⁺, and adjusting the IR cut-

off wavelength to improve its performance as SSA. 
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1. Introduction 

Mcconnellite CuCrO2 belongs to the ternary oxides ABO2 (A+ of Cu, Pt, Ag, and B+3 of Fe, Cr, Al, 

Ga) of delafossite class of minerals which show a laminar structure formed by sheets of BO6-9 

octahedrons linked by O-A+-O dumbbells. Two polymorphs of delafossite are described in literature: 

the hexagonal delafossite (S.G. P63/mmc) first reported by Kohler and Jansen in 1983 and the trigonal 

delafossite (S.G. R-3m) described by Pabst in 1939 [1,2]. Cu delafossite families, CuMIIIAO2 (MIIIA=Al, 

Ga, In) and CuMIIIBO2 (MIIIB=Sc, Y, La) stabilize in rhombohedral and hexagonal l structures, 

respectively (2). The prepared mcconnellite has been indexed as hexagonal delafossite CuCrO2 which 

is an oxide p-semiconductor with excellent electrical, magnetic, and optical properties [3,4]. 

The efficient use of thermal energy derived from solar radiation using FPSC (flat-plate solar 

collector) requires efficient and low-cost selective solar absorber (SSA) [5]. Yang et al. [6] reported an 

integral ceramic solar collector made entirely of ceramics based on a low-porosity ceramics body, 

through which the heat transfer liquid circulates, and coated with a with a slurry of a black ceramic 

pigment as selective solar absorber surface; the ceramic assembly was fired at 1210 °C. The selective 

solar absorber is a critical component of solar collector, designed to maximise solar absorbance within 

the solar spectrum range (300–2500 nm) while allowing thermal emission in the infrared range, 

beyond the solar spectrum limit of approximately 2000 nm [7]: an ideal SSA shows a very sharp 

spectral transition between the region of high absorbance and low emittance (cut-off wavelength) to 

the region of low absorbance and high emittance. For energy applications, the cut-off wavelength 

should be around 2000 nm, which is the limit of the solar spectrum [7]. In a previous paper, Monrós 

et al. [8] reported the synthesis and characterization of coloured glazes with tetragonal CuCr2O4 as 

selective solar absorbers for Integral ceramic solar collectors. The prepared tetragonal CuCr2O4 shows 

the presence of Macconellite CuCrO2 as residual phase in all cases showing its high stability [8]. 
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In this communication, mcconnellite CuCrO2 is synthetised using both solid-state method and 

by dielectric calcination using microwaves. It is characterized as a new black ceramic pigment in 

different industrial glazes. The pigment and its coloured glazes are evaluated as selective solar 

absorber SSA. To address specific challenges, the addition of colour modifiers such as quartz or 

anatase is explored to mitigate the bluing effect of the pigment in zinc-containing glazes [9], which is 

associated to copper exsolution. Furthermore, doping with lanthanide oxides is investigated to 

control pinhole defects in porcelain glazes caused by the destabilization of Cu⁺ ions [10,11]. Studies 

also examine the cut-off wavelength to enhance the infrared (IR) emittance of the SSA. To the best of 

our knowledge, the application of mcconnellite (CuCrO₂) as a ceramic pigment and its use in coloured 

glazes for selective solar absorption in integral ceramic solar collectors has not been previously 

documented. 

2. Materials and Methods 

Solid-state or ceramic method of mcconnellite CuCrO2 samples were carried out from tenorite 

CuO and eskolaite Cr2O3 oxides as precursors, with a particle size ranging from 0.3 to 5 µm. Likewise, 

for the mcconellite modified samples, additional precursors were used, including quartz (supplied 

by QUIMIALMEL SA, 99.5 wt.% purity) and Ln2O3 (Ln=La, Ce, Pr, 99.9% purity supplied by 

ALDRCH SA). The precursors were mechanically homogenized in an electric grinder (20,000 rpm) 

for 5 min and then fired at 1000-1100 °C for 3 hours in electric kiln. 

Likewise, the mixture underwent dielectric firing using microwave-assisted heat treatment. 

Microwave-assisted dielectric firing is a considered “fast firing” for the synthesis of solids [12–14]. 

The response of materials to microwaves primarily depends on their complex permittivity ε which 

describes the combined effects of permittivity and conductivity. Conductivity is represented as the 

imaginary component of the permittivity. Therefore, the complex dielectric constant ε has a real 

component (ε’) and an imaginary component (ε’’), also known as the dielectric loss factor (ε= ε’+i ε’’). 

The heat generated in the material-microwaves interaction is directly related to the “loss tangent” 

(tanδ=tan(ε’’/ε’)). 

Transparent or microwaves-inactive materials, such as ceramics, have a low loss tangent 

(tanδ<0.01) and penetration depth of the order of meters). On thew other hand, susceptors, absorbents 

or active materials, such as SiC, graphite or water, exhibit a medium loss tangent (tanδ> 0.1) and 

penetration depth of the order of centimetres. Finally, microwaves-reflective materials, such as metals 

and conductive materials, exhibit high loss tangent (tanδ>100) and penetration depth of the order of 

micrometres. 

However, the dielectric loss of transparent materials increases gradually with temperature in 

some cases such as silica or alumina. In contrast, in others materials like titania or zirconia, the tanδ 

increases significantly at a critical temperature (around 600 °C for titania and 750 for alumina). 

Therefore, a hybrid microwave-assisted heat treatment of the mixture of solid reactants it is possible. 

This can be achieved by pre-heating in an electric kiln (Blossi et al. [13]), adding a susceptor (SiC, C, 

Si3N4) to the mixture to act as an internal auxiliary heater during initial microwave irradiation, or 

using a closed kiln with its inner surface coated with a susceptor that acts as an external heater during 

initial irradiation [14]: the susceptor increases in temperature under microwave irradiation and heats 

the reactant mixture via radiation and/or conduction. Once the mixture reaches the critical 

temperature, it continues to heat autonomously. 

In this study, a hybrid dielectric firing was carried out using microwave-assisted heat treatment 

in a conventional microwave equipment operating at 800 W and 2.45 GHz. The equipment included 

a cylindrical kiln for the pre-heating of the mixture (inner dimensions: high 4.5 cm, diameter 13.5 cm) 

made of aluminosilicate fibreboard (0.3 g/cm3, transparent to microwaves; penetration depth of 0.007 

m at room temperature and 0.0025 m at 1300 °C). The kiln’s interior was coated with SiC as susceptor 

(α-SiC hexagonal, density: 3.2 g/cm3, penetration depth of 12 m at room temperature and 1.2 m at 

1300 °C) (Glass Fusing & Cutting Tools, Tianjin, China, 1282151) (Figure 1). 
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The temperature was estimated using Process Temperature Control Rings (PTCR). Based on 

PTCR shrinkage measurements after firing (ETH type, 850–1100 °C) with a micrometer, the 

temperature reached approximately 850 °C at 20 minutes, 950 °C at 30 minutes, and 1050 °C at 60 

minutes. 

The samples were characterised by the following techniques: 

X-ray Diffraction (XRD) was performed on a Siemens D5000 diffractometer using Cu K 

radiation (10–70°2 range, scan rate 0.03°2, 5 s per step and 40 kV and 20 mA conditions). 

Optical microscopy using an Olympus IXplore IX85 microscope and Scanning electron 

microscopy with energy-dispersive spectroscopy (SEM–EDS) analysis of X-ray studies using a JEOL 

7001 instruments were used to analyse the microstructure of the powders. 

The L*a*b* and C*h* colour parameters of the glazed samples were measured according the CIE-

L*a*b* (Commission Internationale de l’Éclairage) [15], using an X-Rite SP60 spectrometer with 

standard lighting D65 and a 10° observer. In this method L* measures the lightness (100=white, 

0=black) and a* and b* chromatic components (-a*=green, +a*=red, -b*=blue, +b*=yellow). The 

CIEL*C*h colour space is highly correlated with colour perception by the human eye; C* represents 

chroma [12], and h* is the hue angle, which can be estimated from parameters a* and b* using 

Equations 1 and 2, respectively. 

C*=(a2+b2)1/2 (1) 

h* = arctan (b*/a*) (2) 

The tolerance ΔE* (based on the L*a*b* parameters), is evaluated using Equation (3): 

ΔE∗ = √ΔL ∗2+ Δa ∗2+ Δb ∗2 (3) 

UV-Vis-NIR spectra of both the fired powder and glazed samples were collected using a Jasco 

V670 spectrometer with the diffuse reflectance technique, which provides data in absorbance or 

reflectance units (R (%)). The band gaps of the samples were estimated using the Tauc method [16]. 

The total solar reflectance was evaluated from the UV-Vis-NIR spectra using the diffuse reflectance 

technique, while both absorbance and emittance are estimated using Equations (4) and (5): 

   α =
∫ (1−r()i()d
2500
400

∫ i()d
2500
350

   (4)

  

(

4

) 

where r(λ) is the spectral reflectance (Wm−2) measured by UV-Vis-NIR spectroscopy and i(λ) is the 

standard solar irradiation (Wm−2 nm−1) according to the American Society for Testing and Materials 

(ASTM) Standard G173-03.  

   ε =
∫ (1−r()E(,T)d
20000
2500

∫ E(,T)d
20000
2500

  (5) 

(

5

) 

where ε is the emittance that measures the ability to release heat that it has absorbed for a material, 

and therefore, its temperature is moderated [17], r(λ) is the spectral reflectance (Wm−2) measured by 

UV-Vis-NIR spectroscopy and E(λ,T) is the blackbody radiation spectrum at the considered 

temperature (Wm−2 nm−1) [18]. The emittance index of solids is high (e.g., ceramics 0.9, asphalt 0.88) 

except in the case of conductive metals (e.g., Ag 0.02, Al 0.03, Cu 0.04) [8]. 

The pigmenting capacity of the corresponding pigment was studied by glazing the pigment in 

three types of glazes (see composition in Table 1): (a) a double firing frit with maturation point at 

1000 C, (b) a double firing frit at 1050 °C, and (c) a porcelain single firing frit at 1190 °C. The glazed 

samples were prepared using white stoneware tile substrates coated with glaze. The glazed sample 

was prepared by manual mixing of frit, pigment and water in a weight ratio of 97:5:40 in an agate 

mortar, and applying it to a thickness of approximately 1500 μm using the Doctor Blade technique. 

Molten glazes attack pigment particles by dissolving or reacting with them, leading to potential 

degradation or alteration of color. The aggressiveness of the glaze increases with the maturation 

temperature and chemical composition, following the sequence a-c. An efficient ceramic pigment 

should retain its pigmentation capacity even in aggressive glazes. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2025 doi:10.20944/preprints202502.2034.v1

https://doi.org/10.20944/preprints202502.2034.v1


 4 of 22 

 

Table 1. Compositions by EDS estimation of used frits (supplied by Torrecid SA). 

 Double Firing 

1000 °C 

Double Firing 

1050 °C 

Single Firing 

1190 °C 

Oxide    

SiO2 72 59 67 

Na2O 14 4 - 

K2O 1.5 5 3 

CaO 9 15 12.5 

MgO - - 1.5 

ZnO - 9 6 

Al2O3 2.3 8 10 

PbO - - - 

 

Figure 1. Microwaves pre-heating kiln with the coating of the susceptor. 

3. Results and Discussion 

Table 1 shows the estimated compositions by EDS of employed frits above described. All frits 

were milled to a particle size between 1-15 µm. The alumina increases consistently with the 

maturation temperature of the glaze. On the other hand, the glaze at 1000 °C is ZnO free, and the 

porcelain single firing frit (1190 °C) shows a low amount of ZnO (6 wt.%) compared with the double 

firing glaze at 1050 °C (9 wt.%). 

3.1. Characterization of Powders: Effect of Microwaves Firing 

Figure 2 and Table 2 show the characteristics of black powders K (fired with microwaves for 60 

min at 800 W), KM (fired with microwaves followed by firing at 1000 °C for 3 h in an electric kiln) 

and KCE (fired in electric kiln at successively 1000, 1100 and 1200 °C for 3 h). 

The microwaves-assisted sample (K) fired for 60 minutes at 800 W (~1050 °C), the corresponding 

KCE (fired at 1000 °C for 3 hours), and KM powders exhibit an intense black colour. However, both 

KM and K shows a lower deviation ΔE* from carbon black used as reference (ΔE*= 15.7 and 17.0 and 

RVis=9.7% and 9.9 %, respectively), as shown in Table 1 compared to the fired with an electric kiln 

(ΔE*= 23.1 and RVis=13.8%). Additionally, the extra electric firing of the KM sample does not increase 

significatively the black shade of powder (RVis decreases only 0.2%). The band gap of samples 

measured by Tauc procedure (see Figure 3 and Table 2) slightly decreases from K (1.30 eV) to KM 

(1.28) and KCE (1.26 eV), in agreement with the decrease in the black shade (increase in RVis). Figure 

2 shows the XRD diffractograms of the powders: in all samples, mcconnellite CuCrO2 (JCPDS 039-

0247) is the only crystalline phase detected. 

Figure 3a shows the corresponding UV-Vis-NIR reflectance spectra of powders: absorbance 

bands (minima in the figure) at 430, 620, 680, and 1200 nm can be observed associated to Cr3+ (d3) 

absorptions in octahedral environments: (4A2g(4F) → 4T1g(4F)) at 430 nm, 4A2g(4F) → 4T2g(4F)) detected 

at 680 nm, and (4A2g(4F) → 2Eg(2G)) at 1000-1300 nm. The low coordinated Cu+ in the O-Cu+-O 

dumbbells of mcconnellite can produce the absorption at 625 nm [19,20]. However, the intensity of 

these d-d transitions does not explain the anomalously high optical density detected. Therefore, as in 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2025 doi:10.20944/preprints202502.2034.v1

https://doi.org/10.20944/preprints202502.2034.v1


 5 of 22 

 

the case Mn-Melilite and the Egyptian Blue pigments, spin-exchange interactions of Cr3+ with 

adjacent Cu2+ by a Paired spin exchange transition (PET), should be considered [19–21]. 

Figure 4 shows the optical images of these CuCrO2 samples, a low particle size is observed for 

microwave fired powder (sample K). The SEM images (Figure 5) of KCE 1000 °C/3h show platelet-

shaped particles forming aggregates, with intercalation between them in the range of 5-15 µm. The 

microwave-fired sample (K) exhibits similar characteristics but with more rounded and finer 

particles. The small particle size and microstructure of the microwave-fired powder can be associated 

to its highest black intensity of colour (lowest ΔE* and RVis). 

The increase in firing temperature for KCE powder does not significantly affect the black shade: 

although both RVis and chroma C decrease, the lightness (L) of the powders at 1100 and 1200 °C 

remains above 42, and ΔE greater than 22 (Table 2). The UV-Vis-NIR diffuse reflectance spectra of 

KCE at different firing temperatures, along with the corresponding XRD results, are very similar, and 

mcconnellite is the only phase detected (Figure 2 and Figure 3). 

The NIR reflectance is low for all powders: ranging between 8.2 and 14.6 % for KCE fired at 1100 

°C and 1200 °C, respectively. Similarly, the absorbance and emittance of all these samples are high 

(Table 2). The cut-off wavelength between the regions of high absorbance and high reflectance is 

unsharpened, with a soft bandgap ranging from 1.26 eV for KCE fired at 1000 °C and 1.30 eV for 

dielectric-fired K sample, which is a limitation for its application as an SSA. 

K 

CuCrO2 dielectric 

firing 

XRD Solar Reflectance 

Spectra 

Tauc plot 

  

 

 
 

KM 

CuCrO2 dielectric 

firing followed of 

1000 ºC/3h 

   

   
 

KCE 

CuCrO2 1000/3h 

   

  
 

 

 

L*a*b*=42.58/-5.40/0.05 

RVis/RNIR/R=13.8/14.1/13.9 

L*a*b*= 36.50/-4.76/-0.84 

RVis/RNIR/R=9.9/11.2/10.5 

L*a*b*= 35.1/-4.8/0.1 

RVis/RNIR/R=9.7/11.8/10.6 

only CuCrO2 XRD peaks 

only CuCrO2 XRD peaks 

only CuCrO2 XRD peaks 
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KCE 

CuCrO2 1100/3h 

   

   

 

KCE 

CuCrO2 1200/3h 

   

 
  

  

Figure 2. Characteristics of CuCrO2 powders: reference commercial carbon black (L*a*b*=20,2/0,1/0,1, 

RVis/RNIR/R= 3/3/3, C*=0,14, h=45). 

Table 2. Colour and reflectance characteristics of samples (values are displayed with the last safe significant 

digit; e.g., 2.8 is 2.8 ± 0.1 or 99 is 99 ± 1). 

Sample L*a*b* RVis/RNIR/R (%) ΔE* C* h α ε100 Eg(eV) 

Powders         

K 

microwav

es firing 

36.5/-4.8/-0.8 9.9/11.2/10.5 17.0 4.9 189.5 0.90 0.88 1.30 

KM 

microwav

es firing 

plus 1000 

°C/3h 

35.1/-4.8/0.1 9.7/11.8/10.6 15.7 4.8 178.8 0.89 0.87 1.28 

KCE 

electric 

kiln 

T(°C)/3h 

        

1000/3h 42.6/-5.4/0.1 13.8/14.1/13.9 23.1 5.4 178.9 0.86 0.85 1.26 

1100/3h 42.4/-1.1/0.1 8.1/8.2/8.0 22.2 1.1 175.0 0.93 0.91 1.31 

1200/3h 44.5/-1.2/1.7 8.9/14.6/11.7 24.4 2.1 125.2 0.88 0.82 1.30 

Glazed         

K 

glazed 

with 

23.5/-1.6/-0.4 3.9/6.2/4.9 3.7 1.7 166.0 0.95 0.92 0.87 

L*a*b*=42.4/-1.1/0.1 

RVis/RNIR/R= 8.1/8.2/8.0 

 

 

L*a*b*=44.5/-1.2/1.7 

RVis/RNIR/R= 8.9/14.6/11.7 

 

 

only CuCrO2 XRD peaks 

only CuCrO2 XRD peaks 
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microwav

es 

(Glaze 

1000) 

K 

glazed 

with 

electric 

kiln 

(Glaze 

1000) 

11.3/-0.6/-3.0 1.4/1.9/1.6 9.5 3.1 78.7 0.98 0.96 0.93 

KM 

(Glaze 

1000) 

11.8/-0.6/-2.5 1.5/2.2/1.8 8.8 2.6 76.5 0.98 0.96 0.95 

KCE         

Glaze 

1000 

26.9/-0.1/-2.3 5.3/5.0/5.2 7.2 2.3 87.5 0.95 0.94 1.00 

Glaze 

1050 

44.2/-4.8/-8.91 6.3/7.5/6.9 26.0 10.1 118 0.91 0.69 0.59 

Glaze 

1190 

37.6/-2.9/1.5 6.7/15.9/11.2 17.7 3.3 27.4 0.89 0.49 0.63 

CuO 25.8/0.3/-2.4 5.1/21.2/12.2 6.3 2.41 83.1 0.89 0.69 1.40 

Carbon 

Black 

(powder) 

20.2/0.1/0.1 3/3/3  0.14 45 0.99 0.96 1.40 

 

0

5

10

15

20

25

30

300 550 800 1050 1300 1550 1800 2050 2300

R
(%

)

λ(nm)

K

KM

KCE

 430      680                 1200 

       625         

(a) 
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Figure 3. UV-Vis-NIR diffuse reflectance spectra of powders: (a) K, KM and KCE (at 1000 °C/3h), (b) KCE fired 

at indicated temperature. 

 

Figure 4. Optical images of CuCrO2 samples indicating the estimated particle size at a magnification x500. 

  

Figure 5. SEM images of CuCrO2 fired by microwaves (K) and by electric kiln 1000 ºC for 3 h (KCE). 

0

5

10

15

20

25

350 850 1350 1850 2350

R
(%

)

λ(nm)

1100 °C

1200 °C

1000 °C

 430       680                  1200 

      625    

(b) 

K 1 µm KCE 1 

µm 
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3.2. Characterization of Glazed Samples in Double Firing Glaze at 1000 °C: Effect of Microwave Glazing 

Figure 6 and Table 2 show the characteristics of 5wt.% glazed powders of K (microwave firing), 

KM (microwave firing followed by electric firing 1000 °C for 3 h) and KCE (electric firing 1000 °C for 

3 h) in the double firing glaze at 1000 °C. Likewise, K powder was glazed in the same glaze but using 

microwave firing (20 min, 800 W, around 850 °C). Microwave glazing produces a black shade closer 

to carbon black than conventional glazing with electric kiln (ΔE*=3.7 versus 9.5). However, 

conventional glazing with an electric kiln shows both lower lightness than carbon black (L*=11.3 

versus 20.2 for carbon powder) and visible reflectance (RVis=1.4 versus 3.0 for carbon black). 

Therefore, glazing with a conventional electric kiln, the sample calcined with microwaves produces 

better black colour than the observed for the carbon black powder used as reference, absorbing a 

98.6% of visible light. The glazed sample of the KM powder (subjected to 60 min of dielectric firing 

and then fired in the electric kiln) shows a black shade behavior very similar to that of the KCE sample 

(RVis=1.4 and ΔE*=8.8). Therefore, the electric firing following microwave treatment does not 

significantly improve the final result. 

Figure 7 shows the UV-Vis-NIR diffuse reflectance spectra of the glazed samples in double firing 

frit 1000 °C. All samples exhibit similar spectra, with bands located at similar positions as those in 

the powder samples: bands at 450, 720 and 1340 nm are detected, associated with Cr3+ (d3) absorptions 

in octahedral environments as previously described, although they shift to higher wavelength. The 

low-coordinated Cu+ in O-Cu+-O dumbbells of macconellite can produce an absorption at 620 nm 

which overlaps with the bands of Cr3+ (d3) at 450 and 720 nm. Consistent with their similar optical 

spectra, the bandgap measured from the Tauc plots shown in Figure 6 are very similar: 0.92, 0.93, 

0,95, and 1.00 eV for K (microwave firing and glazing), K (microwaves glazed with electric kiln), KM 

and KCE glazed samples, respectively. 

As observed in the powders, the NIR reflectance is low in these glazed samples, with values 

ranging 1.9 to 5.0% for K glazed with electric kiln and KCE fired at 1100 °C, respectively. Likewise, 

their absorbance and emittance are high (Table 2), and the cut-off wavelength is not sharply defined, 

with a soft bandgap between 0.87 eV for K fired only with microwaves and 1.00 eV for KCE fired at 

1000 °C, which represents a deficiency for its application as SSA. 

K 

glazed with 

microwaves 

(double firing 1000 

ºC)   

Solar Reflectance Spectra Tauc plot 

   

K 

glazed with electric 

kiln 

(double firing 1000 

ºC)   

  

L*a*b*=23.5/-1.6/-0.4 

RVis/RNIR/R= 3.9/6.2/4.9 
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KM 

glazed with electric 
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Figure 6. Glazed samples. 

  

Figure 7. UV-Vis-NIR diffuse reflectance spectra of glazed samples in double firing frit 1000 °C. 

3.4. Characterization of Glazed Samples in Double Firing Glaze at 1000 °C: Effect of Microwave Glazing 

Figure 6 and Table 2 show the results obtained for the KCE sample fired in electric kiln at 1000 

°C for 3 hours, with 5 wt.% of the pigment incorporated into the glazes described in section 3.1. As 

previously discussed, glazing the KCE in the double firing frit at 1000 °C results in an intense black 

colour that reflects 98.6% of visible light. However, in the 5wt.% glazed in double firing glaze at 1050 

°C the colour presents a blueish hue (L*a*b*=44.2/-4.8/-8.9), suggesting a partial exsolution of copper 

from the pigment. It is well-established in the literature that Cu2+ solved in glazes can produce either 

a green colour, associated with octahedrally coordinated Cu2+ in the glassy matrix, or a blue colour, 

linked to square planar coordinated Cu2+ ions surrounded by oxygens of the glass [16]. Therefore, in 

this case, the Cu2+ exsolved in the glaze predominantly exhibit square planar coordination. 

This instability of the pigment, which is partially dissolved by the molten glaze, is a phenomenon 

well-documented in the literature [22]. Specifically, the glaze reacts with the CuCrO₂ pigment to form 

highly stable spinels, including zincochromite spinel (ZnCr₂O₄), which crystallizes through a reaction 

between the pigment and Zn²⁺ ions of the glaze: 

Zn2+(glaze) + 2CuCrO2 → ZnCr2O4 + 2Cu2+(glaze, blue/green shade) (6) 

The absence of Al3+ and Zn2+ in the double firing glaze at 1000 °C inhibits the production of 

spinel, ensuring the pigment remains stable in this glaze. Similarly, the low amount of Zn in porcelain 

glaze at 1190 °C prevents the perception of blue, even though the green parameter (b* = -2.5) is 

relatively high. Additionally, some pinhole defects are observed, which are likely associated with the 

partial reduction of exsolved Cu²⁺ to Cu⁺. This reduction releases oxygen, causing the formation of 

the observed pinholes: 

2CuO(glaze/green shade) → Cu2O(glaze, red shade)+ ½ O2 (7) 
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Figure 8 shows the UV-Vis-NIR diffuse reflectance spectra of KCE powder fired at 1100 °C and 

the glazed samples in frits at 1000, 1050 and 1190 °C. A sharp contrast can be observed between (1) 

the powder and the sample glazed with double-fired frit at 1000 °C, which exhibit high absorbance 

across the entire wavelength range, and (2) the samples glazed with frit fired at 1050 °C and porcelain 

frit at 1190 °C, both of which display a sharp reflectance cut-off wavelength. This cut-off wavelength 

has an inflection point at 1725 nm, with a low bandgap of 0.59 and 0.63 eV, respectively, indicating a 

promising and excellent potential for application as SSA [23]. 

To address pigment instability in ZnO-containing glazes, a composite effect based on dry 

powder coating (DPC) was considered. This method uses reflective particles (1–500 µm) as ’hosts’, 

which are mechanically coated with chromophore-bearing particles (0.1–50 µm) as ’guests’ to 

enhance properties such as wettability, solubility, and reactivity of the guest particles [24–26]. 

Figure 9 shows the results of the characterization of the composite of mcconnellite as the pigment 

guest (KCE fired at 1100 °C for 3h) and quartz (Q) or Anatase (Anat) as the hosts supporting particles. 

For this process, 10 g of mcconnellite was mechanically mixed with the corresponding amounts of 

quartz or anatase using an electric grinder at 20,000 rpm for 5 minutes. The resulting mixtures were 

5wt.% glazed in the double firing glaze at 1050 °C. 

Figure 9a shows the UV-Vis-NIR reflectance of quartz and anatase (supplied by QUIMIALMEL 

SL), both exhibiting high reflectance in the Vis and NIR ranges, around 80% in both cases. Figure 9b 

shows the CIEL*a*b* and reflectance values of 5wt.% composites glazed in the double firing glaze at 

1050 °C compared with undoped pigment. Table 3 summarises the colour and reflectance 

characteristics of composites. 

The addition of quartz inhibits the blueish shade of the glaze, resulting in lower L*, lower C and 

lower RVis compared to the unmodified sample (Mcconnellite KCE fired at 1100 °C), thereby 

producing a better black colour. In contrast, the addition of anatase leads to higher lightness (L*) and 

higher RVis. Although C is lower than the unmodified sample, the shade of the glaze remains similar 

to that of the unmodified sample. In effect, the deviation of colour of samples with quartz addition 

from the carbon black powder shade is smaller than of the unmodified sample (ΔE=21.2 and 21.6 for 

5%Q and 10%Q, respectively, compared to 26 for the unmodified sample). Conversely, the colour 

deviation of samples with anatase addition is equal to or greater than that of the unmodified sample 

(ΔE=24.5 and 26.2 for 5%Anat and 10%Anat respectively) (Table 3). 

Figure 9c shows UV-Vis-NIR diffuse reflectance spectra of glazed samples. In accordance with 

colour analysis, all modified samples exhibit lower reflectance in the visible range (indicating better 

black colour) and higher reflectance in the NIR range, as indicated by the RNIR values in Table 3. As 

with the unmodified parent sample, all glazed samples display a sharp cut-off wavelength between 

high absorptance and high reflectance (and relatively low emittance), with inflection point around 

1725 nm. The bandgap for these samples ranges between 0.59 and 0.62 eV (Figure 10), highlighting 

their potential for excellent performance as selective solar absorbers (SSA). 
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Figure 9. Effect of composite of Quartz (Q) and Anatase (Anat) with CuCrO2 1100 °C/3h: (a) UV-Vis-NIR 

reflectance of quartz and anatase employed (supplied by QUIMIALMEL SL), (b) CIEL*a*b* and reflectance 

values of 5wt.% of mixture glazed in the double firing glaze at 1050 °C compared with undoped pigment, (c) 

UV-Vis-NIR diffuse reflectance spectra of glazed samples. 
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Table 3. Colour and reflectance characteristics of composites of KCE 1100 °C for 3 h with quartz (Q) or anatase 

(Anat) glazed in double firing glaze at 1050 °C (values are displayed with the last safe significant digit, for 

example, 2.8 is 2.8 ± 0.1 or 99 is 99 ± 1). 

Sample L*a*b* RVis/RNIR/R (%) ΔE* C* h α ε100 Eg(eV) 

Glazed 1050 44.2/-4.8/-8.91 6.3/7.5/6.9 26.0 10.1 118 0.91 0.69 0.59 

5wt.%Q 40.9/-2.9/-3.1 5.7/9.0/7.3 21.2 4.2 46.0 0.92 0.66 0.59 

10wt.%Q 41.2/-3.1/-3.5 5.6/9.4/7.5 21.6 4.7 48.5 0.92 0.63 0.60 

5wt.%Anat 44.1/-4.0/-4.2 7.1/9.8/8.4 24.5 5.8 46.4 0.92 0.62 0.61 

10wt.%Anat 45.6/-4.7/-4.3 7.6/10.6/9.1 26.2 6.4 42.5 0.91 0.56 0.62 

3.4. Doping Effect with Lanthanide Oxides (CuCr0,9Ln0,1O2, Ln=La, Ce, Pr) 

To address the instability of the pigment associated to a partial reduction of exsolved Cu2+ to 

Cu+, which releases oxygen and results in the formation of pinholes in the porcelain glaze at 1190 °C, 

the doping effect with lanthanide cations substituting chromium in the mcconnellite structure has 

been studied [30–32]. The required amount of each lanthanide oxide was used to prepare 10 g of 

CuCr0,9Ln0,1O2 (Ln = La, Ce, Pr) compositions, using copper oxide, eskolaite, and the corresponding 

lanthanide oxides as described in the experimental section. The precursor mixture was mechanically 

homogenized in an electric grinder at 20,000 rpm for 5 minutes. The resulting mixtures were fired in 

an electric kiln at 1100 °C for 3 hours. The resulting powders were 5wt.% glazed in the porcelain 

single firing glaze at 1190 °C. 

Figure 11a shows the UV-Vis-NIR reflectance of rare earth oxides used (supplied by ALDRICH 

SA). White oxides such as La2O3 and CeO2 exhibit high reflectance across the entire light spectrum, 

with a total reflectance above 70%. In contrast, black Pr6O11 demonstrates low reflectance in the visible 

range (RVis ≈ 5%) and around 30% reflectance in the NIR region (RNIR), highlighting its solar selective 

absorber (SSA) properties. 

Figure 11b and Table 4 present the CIEL*a*b* and reflectance data for CuCr0,9Ln0,1O2 fired 

powders, compared with undoped pigment. The results show that the doped samples exhibit lower 

(C) and reduced visible reflectance (RVis) compared to the unmodified sample (mcconnellite KCE fired 

at 1100 °C). However, the lightness (L*) and the deviation (ΔE) from carbon black values increase, 

indicating that the doped pigments produce a similar (in the case of Ce) or slightly improved black 

coloration (in the case of La and Pr) compared to the undoped black powder (Table 4). In effect, the 

UV-Vis-NIR reflectance spectra of CuCr0,9Ln0,1O2 fired powders (Figure 9c) confirm these findings. 

The Ce-doped sample exhibits a visible reflectance (RVis) similar to the undoped sample (8.0% and 

8.1%, respectively, as shown in Table 4). In contrast, the La- and Pr-doped samples display lower 

visible reflectance values (RVis = 5.6% and 5.2%, respectively, as detailed in Table 4). The band gap of 

the doped samples ranges between 0.95 and 1.0 eV (Figure 12), lower than the corresponding 

undoped samples (e.g., 1.31 eV, KCE sample fired at 1100 °C for 3 hours, Table 2) indicating the effect 

of lanthanide addition. 

Figure 11d shows the XRD diffractograms of doped samples compared to the undoped sample. 

In all cases, diffraction peaks corresponding to non-reacted lanthanide phases can be detected (La2O3 

and CeO2 for La and Ce doped samples and PrCrO3 for the Pr-doped sample). These phases act as 

composite modifiers. 

The synthesized mcconnellite has been indexed as hexagonal delafossite phase. The cell 

parameters and the volume (V) of the hexagonal unit cell were calculated using the 2 positions of 

the diffraction peaks, applying Equations (6) and (7) [34]: 
1

𝑑2
=

4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
 (6) 

V = 𝑎2𝑐 sin 60 (7) 

where d is the interplanar distance of the respective (hkl) lattice plane, obtained from °2 using 

Bragg’s law, and a=b and c represent the hexagonal unit cell edges. The results are summarised in 
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Table 5, showing a slight increase in cell dimensions, likely due to the incorporation as solid solution 

of the lanthanide ions with higher ion size (1.172, 1.150 and 1.130 Å for La3+, Ce3+ and Pr3+ ions, 

respectively, compared to 0.755 Å for Cr3+ in octahedral coordination) [33]. Both the solid solution 

and the composite effect may contribute to the enhanced visible light absorbance observed in the 

lanthanide modified-samples compared to the undoped pigment. 

Figure 11e and Table 4 show the CIEL*a*b* values and reflectance data of 5 wt.% glazed 

CuCr0,9Ln0,1O2 powders in the single firing porcelain glaze at 1190 °C, compared with undoped 

pigment. The results indicate that doped samples exhibit lower lightness (L*), lower chroma (C) and 

reduced visible reflectance (RVis) compared to the unmodified sample (mcconnellite KCE fired at 1100 

°C). Additionally, the deviation from carbon black (ΔE) decreases, resulting in a better black 

coloration than the undoped black powder (Table 4). 

Furthermore, the UV-Vis-NIR reflectance spectra of CuCr0,9Ln0,1O2 fired powders (Figure 11f) 

reveal that the reflectance across the entire light range is lower for the modified samples than for the 

undoped pigment. Specifically, the RVis values are 2.9, 4.9 and 3.3% for La, Ce and Pr doped samples, 

respectively, compared to 6.3% for glazed undoped pigment (Table 4). The band gap of the glazed 

doped samples in the frit of 1190 °C ranges between 0.62 and 0.63 eV (Figure 12), similar than the 

corresponding undoped samples (e.g., 1.63 eV, KCE sample in the frit of 1190 °C, Table 2). 

On the other hand, La and Pr effectively inhibit the pin-hole defects observed in the undoped 

pigment. However, in Ce-modified sample still shows the presence of pinhole defects. Therefore, 

some stabilization of copper can be detected on La and Pr modified samples. This suggests some 

stabilization of copper in the La- and Pr-modified samples. 

Table 4. Colour and reflectance characteristics of composite effect of lanthanide stoichiometric addition 

CuCr0,9Ln0.1O2, 1100 ºC for 3h (values are displayed with the last safe significant digit, for example, 2.8 is 2.8 ± 

0.1 or 99 is 99 ± 1). 

Sample L*a*b* RVis/RNIR/R (%) ΔE* C* h α ε100 Eg(eV) 

Undoped 

powder 

42.4/-1.1/0.1 8.1/8.2/8.0 22.2 1.1 175.0 0.93 0.91 1.31 

La 42.8/-0.2/0.9         5.6/5.5/5.6 22.6 0.9 102.5 0.94 0.95 0.95 

Ce 44.0/-0.4/0.0             8.0/7.0/7.5 23.8 0.4 180.0 0.93 0.95 1.00 

Pr 44.1/-0.2/-0.2   5.2/4.8/5.0 23.9 0.3 135.0 0.95 0.96 0.97 

Glazed 1050 44.2/-4.8/-8.91 6.3/7.5/6.9 26.0 10.1 118.0 0.91 0.69 0.59 

La 36.7/-3.2/1.3          2.9/11.2/7.0 13.9 3.5 158.0 0.93 0.54 0.62 

Ce 36.4/-3.6/1.3            4.9/12.9/8.8 16.7 3.8 160.1 0.91 0.51 0.63 

Pr 36.9/-3.6/1.7 3.3/12.4/7.7 17.2 4.0 154.7 0.92 0.52 0.63 

  

(a) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2025 doi:10.20944/preprints202502.2034.v1

https://doi.org/10.20944/preprints202502.2034.v1


 17 of 22 

 

  

 

 

  

 

 

 KCE1100/3h      BLa       BCe        BPr          

L*a*b*=42.4/-1.1/0.1     42.8/-0.2/0.9       44.0/-0.4/0.0      44.1/-0.2/-0.2   

         La2O3         La2O3                           La2O3            La2O3  

         CeO2  CeO2                  CeO2                 CeO2 

            PrCrO3 

          PrCrO3                            PrCrO3          PrCrO3                 PrCrO3 

(b

) 

(c) 

(d

) BPr 

BCe 

 

BLa 

B 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2025 doi:10.20944/preprints202502.2034.v1

https://doi.org/10.20944/preprints202502.2034.v1


 18 of 22 

 

  

  

Figure 11. Doping effect with lanthanides CuCr0,9Ln0.1O2, 1100 °C for 3h: (a) UV-Vis-NIR reflectance spectra of 

rare earth oxides used (supplied by ALDRICH SA), (b) image and CIEL*a*b* of CuCr0,9Ln0.1O2 fired powders, (c) 

UV-Vis-NIR reflectance spectra of CuCr0,9Ln0.1O2 fired powders, (d) XRD diffractograms of doped samples 

compared with the undoped sample (B) and of CuCr0,9Ln0.1O2 fired powders, € CIEL*a*b* and reflectance values 

of 5wt.% glazed samples in the double firing glaze at 1050 °C, (f) UV-Vis-NIR diffuse reflectance spectra of glazed 

samples. 

Table 5. Cell parameters and the volume V of the hexagonal cell of lanthanide stoichiometric addition 

CuCr0,9Ln0.1O2, 1100 ºC for 3h (values are displayed with the last safe significant digit, for example, 2.8 is 2.8 ± 

0.1 or 99 is 99 ± 1). 

Sample a=b (Å) c (Å) V (Å3) 

Undoped powder 2.8506 24.0122 168.978 

La 2.8486 24.3472 171.102 

Ce 2.8467 24.1231 169.298 

Pr 2.8448 24.0864 168.810 
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Figure 12. Tauc plots for doped lanthanides samples CuCr0,9Ln0,1O2, 1100 ºC for 3h. 

5. Conclusions 

Mcconnellite CuCrO2 was synthetised using both the solid-state and dielectric calcination using 

microwaves and has been characterized as a novel black ceramic pigment in different industrial 

glazes. The pigment prepared with microwave assistance (60 min at 800 W) exhibits a deeper black 

colour compared to the pigment obtained through electric firing at 1000 °C for 3 h. This is 

demonstrated by its lower deviation (ΔE*) from carbon black, which was used as a reference, and its 

lower visible reflectance (RVis: 15.7% and 9.7% versus 23.1% and 13.8%, respectively), correlating with 

its smaller particle size and optimized microstructure. When microwave-assisted pigment is glazed 

in a double firing glaze at 1000 °C using an electric kiln, it produces a black shade closer to carbon 

black (ΔE*=3.7) compared to conventional glazing with an electric kiln (ΔE* = 9.5). This result 

surpasses the performance of the reference carbon black powder, absorbing 98.6% of visible light. 

Both powders and glazed samples in the double firing glaze at 1000 °C show low NIR reflectance 

values ranging from 1.9 (for K glazed with an electric kiln) to 5.0 (for KCE fired with electric kiln at 

1100 °C). Their absorbance and emittance are high, with an unsharpened cut-off wavelength, which 

presents a limitation for their application as solar selective absorbers (SSA). 

Using higher maturation glazes, the newly developed mcconnellite pigments exhibit a bluish 

hue in double firing at 1050 °C, which is associated with the presence of zinc. Furthermore, pinhole 

defects are observed in the porcelain single-firing glaze at 1190 °C, associated with the destabilization 

of copper (I). For glazed samples with a double-firing glaze at 1050 °C and a porcelain glaze at 1190 

°C, a sharp cut-off wavelength is observed between high absorptance and high reflectance, along 

with low emittance. This cut-off, with an inflection point at 1725 nm, highlights their excellent 

potential for application as SSAs. 

Composites of the fired pigment with quartz suppress the blueish shade, producing a better 

black colour when glazed in the double firing glaze at 1050 °C. In contrast, composites with anatase 

exhibit a glazing behaviour similar to the unmodified sample. 

Doped samples with formal stoichiometry CuCr0,9Ln0,1O2 (Ln= La, Ce or Pr) show improved 

black colour compared to the undoped black powder (RVis=2.9, 4.9 and 3.3%, respectively, versus 6.3% 

for unmodified pigment). Furthermore, La and Pr inhibits the pin-hole defects observed in the 

undoped pigment. However, pinhole defects persist in the Ce-modified sample. This suggests that 

La and Pr modifications contribute to the stabilization of copper in the samples. 
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The following abbreviations are used in this manuscript: 

SSA selective solar absorber 

FPSC flat-plate solar collector 

IR infrared 

XRD X-ray Diffraction 

SEM–EDS Scanning electron microscopy with energy-dispersive spectroscopy 

JCPDS Joint Committee on Powder Diffraction Standards 

UV-Vis-NIR Ultraviolet-visible-near infrared 
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