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ABSTRACT: The pyroantimonate pigments Naples Yellow and lead tin antimonate yellow are recognized as some of the most stable 

synthetic yellow pigments in the history of art. However, this exceptional light-fastness is in contrast with experimental evidence 

suggesting that this class of mixed oxides is of semiconducting nature. In this study the electronic structure and light-induced behavior 

of the lead pyroantimonate pigments were determined by means of a combined multi-faceted analytical and computational approach 

(photo-electrochemical measurements, UV-Vis diffuse reflectance spectroscopy, STEM-EDS, STEM-HAADF and density functional 

theory calculations). The results demonstrate both the semiconducting nature and the lightfastness of these pigments. Poor optical 

absorption and minority carrier mobility are the main properties responsible for the observed stability. In addition, novel fundamental 

insights into the role played by Na atoms in the stabilization of the otherwise intrinsically unstable Pb2Sb2O7 pyrochlore were ob-

tained. 

Introduction 

Lead antimonate yellow (Pb2Sb2O7), commonly referred to as 

Naples Yellow, is one of the synthetic yellow pigments most 

frequently encountered in pre-20th century Western European 

art1–4. The reason behind the appreciation of artists for this pig-

ment lies not only in its intense bright hue and high opacity, but 

also in its reported lightfastness and overall stability2.  

Lead antimonate yellow has been lost and rediscovered sev-

eral times throughout history. After enjoying a great popularity 

in ancient Egyptian, Mesopotamian and Roman cultures2,5,6, 

where it was the main yellow colorant and opacifier used in 

glass and glazes, by the end of the 4th century A.D. the pigment 

fell into disuse throughout Europe. From that moment on, dur-

ing the Middle Ages, the utilization of lead antimonate yellow 

was limited to the Slavonian, Islamic and Byzantine world3,7. 

Only in the 16th century the pigment returned to Western Eu-

rope, reappearing in the Italian art of the beginning of the cen-

tury. The reasons for the resurgence of interest for this pigment 

is still not clear. The most likely hypothesis is that the know-

how on the production of lead antimonate was introduced to the 

Venetian glass workshops by foreign glassworkers, mostly 

Arab, during large waves of immigration from the Eastern Med-

iterranean1,3. Throughout the 16th century, the production of Na-

ples yellow remained intimately related to the glass and ceramic 

industries8. Several recipes from this period of time describe the 

synthesis of yellow pigments to be used as colorants and opac-

ifiers in glass. However, the complex terminology used in the 

sources and the tendency to refer to different pigments with the 

same name of Giallolino created a certain confusion on the topic 

in the past8–10. In 1540, Biringuccio, in his treatise Pirotechnia 

wrote about the use of antimony in making yellow glass enam-

els. Few years later, in the late 1550s, Piccolpasso published a 

treatise on the potter’s craft (Li tre libri dell’arte del vasaio), 

where he reported a series of central Italian recipes for the syn-

thesis of lead antimonate pigments, used to obtain yellow glazes 

on majolica. The largest concentration of manuscripts contain-

ing recipes for the production of this yellow pigment for the 

glass industry, however, may be found in Venice and 

Murano1,11–16, where the glass manufacture was concentrated. A 
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great amount of examples of the use of Naples Yellow in col-

ored glass and pottery glazes exist in literature6,17–23. 

The first reference to Naples yellow as a painting pigment 

dates back to the early 17th century, when Valerio Mariani da 

Pesaro (1568–1625?) in his treatise about miniature painting, 

gives a detailed description of the production of so-called giallo 

de’ vasari (potter’s yellow), corresponding to lead antimonate 

yellow24. Before this time Naples yellow was already but spo-

radically used by some Italian artists like Giovanni Bellini 

(1430-1516), Lorenzo Lotto (1480-1556/7), Raphael (1483-

1520), and Titian (1490-1576)8,25, that however still preferred 

the use of other yellow pigments in most of their paintings. In 

some of these cases of early use of Naples yellow in easel paint-

ings, namely Feast of the Gods by Bellini (1514) and The na-

tivity by Lotto (1523), Berrie25 observed how the lead-antimony 

mixed oxide is found in the form of crystallites suspended in a 

siliceous glass matrix. It is not clear if in this case the pigment 

was produced by grinding of a yellow lead-antimony glass (in 

a similar fashion as with blue smalt) or if a glassy frit was rather 

used, but the presence of silicon confirms the close relationship 

of this pigment with the glass and ceramic industries. The Na-

ples Yellow commonly found in later paintings, however, does 

not contain silicon, indicating a complete transition from the 

glass to the easel painting world. Whether embedded in a glass 

matrix or directly mixed with siccative oil, lead antimonate yel-

low is always regarded as extremely stable and lightfast2. 

In the last decade of the 20th century, a variant of Naples Yel-

low was rediscovered and identified in a series of 17th century 

Italian paintings26 and 18th-19th century Mid-European paint-

ings27. The new form, called lead tin antimonate yellow, con-

tains tin as an additional cation (Pb2SnSbO6.5). The effect of the 

Sn substitution on the overall properties of the material is still 

unclear, mostly due to the recent rediscovery of this pigment2.  

From a structural point of view, lead (tin) antimonate yellows 

belong to the pyrochlore class, a group of cubic compounds de-

scribed by the general formula A2B2X6Y (where A and B are 

metals and X and Y are most of the time oxygen atoms, X=O 

and Y=O’)28,29. The “backbone” of this structure is constituted 

by a network of corner shared octahedra formed by B2X6 units. 

This interpenetrates a second network of A2Y units, where 

every oxygen atom is surrounded by four A atoms in a tetrahe-

dral coordination. In the case of lead antimonate A=Pb2+ and 

B=Sb5+, while in the case of lead tin antimonate half of the B 

sites are occupied by Sb5+ and half by Sn4+.  

The pyrochlore structure tolerates a wide range of substitu-

tions at the A, B and Y sites, as well as vacancies at the A and 

Y sites, which leads to a large diversity of electrical properties 

for the compounds belonging to this class28. When it comes to 

the stability and light-fastness of artistic pigments, these electric 

properties play a major role. A semiconducting behavior, in par-

ticular, is generally associated with a poor stability of the paint 

film30–35. In the specific case of pyroantimonates with A=Pb2+, 

the information in literature is still very limited. Past authors 

have even questioned the very existence of a Pb2Sb2O7 mixed 

oxide in the pyrochlore structure28,36,37, suggesting that the lat-

tice would either present a rhombohedral distortion (if the com-

position is exactly Pb2Sb2O7) or a partial substitution of Sb5+ in 

the octahedral sites (stabilizing the cubic structure). The UV-

Vis reflectance spectra of Naples Yellow reported in litera-

ture2,38 seem to suggest a semiconducting behavior for this pig-

ment. A steep absorption edge between 400 and 500 nm is in 

fact observed, in a similar fashion to other light-sensitive semi-

conducting pigments such as cadmium yellow (CdS) and 

chrome yellow (PbCrO4)
2,31,33. This hypothesis is supported by 

the evidence that other pyroantimonates (e.g. Sn2Sb2O7, 

Cd2Sb2O7, Ag2Sb2O6) show a semiconducting behavior39–42. 

With the replacement of Sb5+ by Sn4+ (in the B sites) causing an 

additional shrinking of the conduction band and an increase in 

the band gap41. However, the extraordinary lightfastness of lead 

(tin) antimonate seems incompatible with the hypothesis of a 

semiconducting nature for this pigment.  

Several research questions remain therefore still open when 

it comes to the stability of this family of pigments. Is pure 

Pb2Sb2O7 actually stable in a pyrochlore structure? What is the 

explanation for the extraordinary stability of Naples Yellow, 

given the probable semiconducting nature of the pigment? What 

is the effect of the Sn4+ substitution on the optoelectronic prop-

erties and on the stability of the material? 

With these fundamental questions in mind, in-house synthe-

sized lead antimonate yellow and lead tin antimonate yellow 

powder samples (further referred to as LAY and LTAY, respec-

tively) were studied by means of a combined multi-faceted an-

alytical and computational approach. The synergic experi-

mental and theoretical strategy allowed to probe the chemical 

composition, crystalline structure, optoelectronic properties and 

photochemical behavior of the pigments, leading to fundamen-

tal insights on the intimate relationship between their composi-

tion and stability. 

 

Experimental section 

Synthesis 

The LAY and LTAY powders considered in this study were 

synthetized in-house in the laboratories of the Department of 

Economics, Engineering, Society and Business Organization of 

Tuscia University (Viterbo, Italy). The choice of the recipes for 

the two compounds was the result of an in-depth historical re-

search and laboratory testing described in detail in the work of 

Agresti4,9,43,44. Agresti et al. considered a wide selection of rec-

ipes for the production of Naples yellow, with a particular focus 

on those by Cipriano Piccolpasso45, by Giambattista Passeri (Is-

toria delle Pitture in Majolica fatte in Pesaro, 175846) and by 

Valerio Mariani da Pesaro1,24. For lead tin antimonate yellow 

the recipes contained in the Danzica Manuscript16 as well as the 

modern recipes described by Cascales et al.47 were tested. 

The LAY sample selected for this study (sample PSAPZ1 in 

the PhD thesis of Agresti43 and sample 21 in Agresti et al.4) was 

prepared according to the recipes by Piccolpasso Zalulino A and 

Castelli A: Sb 1 lb; Pb 1.5 lb; feccia 1 on; salt 1 on. Where 1 lb 

(Roman libra) = 327.168 g , 1 on (Roman oncia) = 27.267 g and 

feccia corresponds to lees. The LTAY sample considered in this 

study (sample APSA1 in the PhD thesis of Agresti43 and APSA 

in Capobianco et al.44) was synthetized following the optimized 

recipe and the recommendations in the work by Cascales et 

al.47: molar proportion Pb:Sn:Sb=2:1:1 in the starting oxides. 

The list of ingredients and the experimental conditions for both 

the pigments are summarized in Table 1. The pure grade chem-

icals employed in the synthesis were supplied by Sigma-Aldrich 

(St. Luis, Missouri), Acros Organics (New York City, New 
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York) and MP Biomedicals (Santa Ana, California). The rea-

gents were mixed in agate mortars and the obtained powders 

were put in a kiln on a terracotta tile for 5 hours at different 

temperatures (Table 1).

Table 1. Reagents and conditions employed in the synthesis of the LAY and LTAY samples. 

 

Chemical and structural characterization 

The samples were examined with a Field Emission Gun-En-

vironmental Scanning Electron Microscope (FEG-ESEM) 

equipped with an Energy Dispersive X-Ray (EDX) detector 

(FEI Quanta 250, USA), using an accelerating voltage of 20kV, 

a take-off angle of 30°, a working distance of 10 mm and a sam-

ple chamber pressure of 10-4 Pa. Imaging was performed based 

upon secondary electrons (SE) and back-scattered electrons 

(BSE). EDX point spectra were acquired using a beam current 

of ~0.3 nA and a dwell time of 30 s per spectrum. The samples 

were previously coated with a thin carbon layer in order to ob-

tain a conductive surface. 

XRPD (X-Ray powder diffraction) measurements were per-

formed using a Cu anode tube as X-ray source, operated at 40 

kV and with 30 mA. The diffracted X-rays were detected by a 

Huber G670 Guinier camera. Of each sample four repetitions 

were recorded with a 15 min measuring time each. The obtained 

diffractograms were summed per sample and  further analysed 

using XRDUA, an in-house software package 48. 

μ-RS (micro Raman spectroscopy) spectra were acquired 

with a Renishaw inVia multiple laser Raman spectrometer with 

a Peltier-cooled (203K), near-infrared enhanced, deep-deple-

tion CCD detector (576x384 pixels) and coupled to a Leica op-

tical microscope. Raman spectra were collected using an air-

cooled argon laser (Stellar-Pro 514/50) operating at 514.5 nm 

wavelength (green) in combination with a 1800 l/mm grating 

with a maximum laser output power of 50mW. The laser was 

focused onto the samples through a 50x objective achieving a 

spatial resolution of a few micrometers. A power density of 1.6 

kW/cm2 and exposure times of 60 seconds were used. Measure-

ments were repeated on different sample grains. Data acquisi-

tion was carried out with Renishaw WiRE 2.0 software. 

STEM-HAADF (Scanning Transmission Electron Micros-

copy with High Angle Annular Dark Field detector) imaging 

and STEM-EDS (STEM with Energy Dispersive X-ray spec-

troscopy) spectrum imaging were performed using an aberra-

tion corrected FEI Titan 60-300 kV transmission electron mi-

croscope operating at an acceleration voltage of 300 kV. An ab-

erration-corrected angstrom-sized probe with an electron probe 

current of 50 pA was used for atomic resolution imaging and 

200 pA was used for EDS maps. For EDS mapping 512 × 512 

maps were acquired with a dwell time of 10 μs. Such spectra 

were acquired cumulatively for 12 minutes. The quantification 

of the EDS spectra was performed using Cliff-Lorimer method. 

Independent component analysis (ICA)49 of the spectrum im-

ages was performed using Hyperspy software. 

 

Optoelectronic properties and photostability 

The reactivity and light-induced behavior of the two pig-

ments were studied by means of diffuse reflectance UV-Vis 

spectroscopy (DR-UV-Vis) and photo-electrochemical meth-

ods. 

DR-UV-Vis measurements were carried out with an Evolu-

tion 500 UV-Vis double-beam spectrophotometer with RSA-

UC-40 DR-UV integrated sphere (Thermo Electron Corpora-

tion, USA). The pigment powders were mixed with KBr dried 

at 200°C (0.02 g of pigment powders in 0.98 g KBr) and ho-

mogenized in a mortar. The mixtures were then positioned in 

the DR-UV-Vis cell and measured in the 300 to 800 nm range. 

The Kubelka-Munk function F(R) was then calculated from the 

diffuse reflectance results50 and used as an approximation of the 

absorption coefficient α for the pigments considered. An esti-

mation of the band gap energy from the experimental data was 

performed based on the Tauc relation51: 

(𝛼ℎ𝜈)
1
𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔) 

 
where α is the absorption coefficient of the material in m-1, 

which for small homogenous particles is assumed proportional 

to F(R) and independent on incident wavelength λ, hν is the en-

ergy of the incident photon in eV, n is a constant dependent on 

the nature of the band gap (n=1/2 for direct allowed transitions, 

n=3/2 for direct forbidden transitions, n=2 for indirect allowed 

transitions, n=3 for indirect forbidden transitions), A is a con-

stant and Eg is the size of the optical band gap in eV. On the 

basis of the computational results, the optical band gap for LAY 

and LTAY was treated as indirect (i.e. n=2 in the Tauc relation 

used to calculate the experimental band gap). 

The electrochemical experiments were performed with an 

Autolab PGSTAT101 potentiostat (Metrohm, Switzerland) and 

the software NOVA 2.1. Graphite working electrodes (Ø = 3 

mm) were pretreated by mechanical polishing with a P600 SiC-

paper to obtain a rough surface. To remove any adherent SiC-

particles, the electrodes were rinsed with deionized water in an 

ultrasonic bath for 20 s. The working electrode (WE) was mod-

ified by drop-casting a 1.50 μL droplet of ethanol-pigment sus-

pension (50 mg/mL). After the evaporation of the solvent, a thin 

layer of the chosen pigment was left at the electrode surface. A 

saturated calomel electrode (SCE) and a glassy carbon electrode 

were used as the reference (RE) and counter electrode (CE), re-

spectively. WE, with the pigment side oriented upward, CE and 

RE were positioned in an open container. The latter was filled 

 Source Pb Sb Sn Flux 1 Flux 2 Conditions 

LAY Piccolpasso45 
Pb3O4 

4.91 g 

Sb2O3 

3.27 g 
- 

C4H4K2O6 

2.76 g 

NaCl 

2.76 g 
800 ˚C x 5 h 

LTAY 
Cascales et 

al.47 

PbO 

8.90 g 

Sb2O3 

2.90 g 

SnO2 

3.00 g 
- - 925 ˚C x 5 h 
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with a 4 mL solution of electrolyte (1 mM NaCl solution or the 

nonaqueous ionic liquid 1-butyl-3-methylimidazolium tetra-

fluoroborate ([BMIM][BF4]). The effect of light on the electro-

chemical response of the different pigments was tested by ex-

posing the WE to alternating cycles of darkness (∼20 s) and 

illumination (∼20 s) using different 30 mW laser sources (blue, 

405 nm; green, 532 nm; red, 655 nm). Both chronoamperomet-

ric measurements (CA, changes of current VS time upon illu-

mination at a constant potential) and linear sweep voltammetry 

(LSV, current VS potential when the latter is slowly but con-

stantly increased over time) were performed. The light-chopped 

illumination conditions allowed for a fast and simple correction 

of the signal for background currents. The recorded photocur-

rent is a direct indicator of the photoactivity of the pigment con-

sidered, allowing for a relative comparison between different 

species. 

 

Computational section 

The density functional theory (DFT) calculations in this work 

were performed with the VASP code52,using the projector aug-

mented wave (PAW) method to describe electron-ion interac-

tions53. The Cd 4d5s, Na 3s, O 2s2p, Pb 5d6s6p, S 3s3p, and Sb 

4d5s5p electrons were treated as valence. The compounds stud-

ied using DFT methods are introduced as needed in the Results 

section. The total energy calculations and geometry optimiza-

tions were done using the Perdew-Burke-Ernzerhof (PBE)54 ex-

change-correlation functional in the case of metals, and the 

Heyd-Scuseria-Ernzerhof (HSE06)55 hybrid-functional in the 

case of semiconductors. The plane wave basis set energy cutoff 

(optimized) was set to 450 eV, and total energies were con-

verged to within 10-4 eV. Geometry optimizations were done 

using the conjugate gradient algorithm implemented in the 

VASP code, and forces were converged to within 0.05 eV Å-1. 

The formation energies of the compounds with Pb partially 

substituted with Na and/or with O vacancies (in neutral charge 

state) were calculated via56: 

𝐸𝑓[𝐷] = 𝐸𝑇[𝐷] − 𝐸𝑇[𝑃] +∑ 𝑛𝑖𝜇𝑖
𝑖

 

where ET[D] (ET[P]) is the total energy of the defect (pristine) 

cell, and ni is the number of atoms of type i introduced (ni > 0) 

or removed (ni < 0) from the cell, with µi the corresponding 

chemical potential. 

 

Results and discussion 

Chemical and structural characterization 

The SEM/EDX analysis showed that the LTAY sample con-

sists of a finely distributed powder (Figure S1 a), relatively ho-

mogenous in terms of both particle size (Φ≈0.1-2.0 µm) and 

chemical composition (Table S1). Furthermore, XRPD spec-

troscopy confirmed the presence of one single cubic pyrochlore 

phase with a lattice parameter a=10.56 Å (Figure 1 a).  This 

crystalline structure, together with the average chemical com-

position corresponding to the formula Pb2SnSbO6.5 (Table S1), 

matches the information available in literature on this pig-

ment27,57. 

LAY, on the contrary, showed a more irregular size distribu-

tion (Φ≈0.1-20.0 µm, Figure S1 b) and a deviation from the 

ideal composition (Table S1). Two different pyrochlore phases 

with slightly different lattice parameters were in fact observed 

via X-Ray powder diffraction (Figure 1 b). A similar behavior 

is observed by Dik et al.1 in in-house synthesized Naples Yel-

low samples calcinated at low temperatures (650˚C), and it is 

linked to changes in the Pb/Sb molar ratio. In the study by Dik, 

no metallic element other than Pb and Sb is present in the sam-

ple. In a different fashion, the change in the Pb/Sb ratio ob-

served in the LAY pigment considered in this study is related to 

the substitution of Pb2+ by Na+ (originated from the NaCl used 

as a flux agent in the historical recipe followed for the synthe-

sis). A significant and variable amount of Na is in fact observed 

in all the pigment grains analyzed with SEM-EDX (Table S1) 

and while the molar ratio Pb/Sb is systematically lower than 1 

(0.69±0.08), the ratio (Na+Pb)/Sb is much closer to 1 

(1.06±0.15). The high tolerance to substitution in the pyro-

chlore structure and the similarity in the ionic radii of Na+ and 

Pb2+ 58, support the conclusion that the widespread presence of 

Na in the sample is caused by a partial substitution of Pb in the 

A sites of the lattice. The tendency of Na+ to substitute Pb2+ in 

the A sites is observed also in the naturally occurring mineral 

oxyplumboroméite (also known as bindheimite59), often re-

ferred to as the isostructural hydrated analogue of Pb2Sb2O7 
29,46,57,60. On the basis of these results, the average stoichiometry 

of the LAY powder was calculated following the general rec-

ommendations by Atencio et al.29. The resulting average for-

mula is Na0.74Pb1.38Sb2O6.75. 

Of the two phases experimentally observed in the LAY sam-

ple, the most abundant phase (≈55±10%) showed a good match 

with the diffraction pattern of bindheimite (PDF 42-1355, 

a=10.40 Å), normally used as an XRD reference for Naples Yel-

low. The second phase (≈45±10%, cubic pyrochlore with lattice 

parameter a=10.505 Å), on the contrary, showed no perfect 

match with any reference compound. The presence of dishomo-

geneities in the composition of LAY was confirmed also by μ-

Raman spectroscopy. The presence of two pyrochlore phases 

intimately mixed in the sample, in fact, leads to variations in the 

Raman spectra recorded on different LAY grains (Figure 2). In 

particular, the ratio between the intensities of the peak at 198 

cm-1 and the one at 228 cm-1 changes. These two bands have not 

been univocally identified but, as reported by Rosi et al. 57, ad-

ditional bands in the Raman spectrum of lead pyroantimonates 

can be linked to the distortion of the SbO6 octahedra (very sen-

sitive due to the rigidity of the Sb-O bond). In addition, different 

spectra show a shift of the most intense scattering peak at about 

510 cm-1 towards lower values (≈500 cm-1), accompanied by a 

decrease in intensity and a broadening, with a shoulder appear-

ing at around 455 cm-1. This peak can be ascribed to the totally 

symmetric elongation of the SbO6 octahedra (A1g mode). This 

confirms the relationship between the changes in the Raman 

spectra and the symmetry of the octahedral sites, suggesting a 

different degree of distortion of the crystalline lattice for the two 

phases. An increase in the lattice dimension and distortion of 

the octahedral sites in Pb pyroantimonates was observed in two 

cases before: when a different cation such as Sn4+, Zn2+, Fe3+ or 

Pb4+ partially substitutes Sb5+ in the B sites 57,60, or when high 

amounts of K2CO3 are used in the synthesis, causing K+ to enter 

the lattice 46. In our study, however, Na+ is the only additional 

cation present in detectable amounts. The effect of the Na+/Pb2+ 

substitution on the lattice structure has not been described in 

literature before, but it is likely to be responsible for the struc-

tural changes observed. Given the strong relationship observed 
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between the symmetry of the octahedral sites in Sb pyrochlores 

and their electronic structure40,41, these changes will affect the 

overall properties of the pigment. 

  

Figure 1. X-Ray diffractograms for the a) LTAY and b) LAY 

samples. (*) Pb2SnSbO6.5 (PDF 39-928, a=10.56 Å). (•) Bindhei-

mite (PDF 42-1355, a=10.40 Å), (x) unidentified pyrochlore 

phase (a=10.505 Å). 

  

Figure 2. Micro-Raman spectra from different grains of LAY. 

Insets: enlarged view of the main band at around 510 cm-1 (up-

per panel) and of the two peaks at 198 and 228 cm-1 (lower pa-

nel) of spectra (a) and (g). 

 

Different binary combinations of compounds with a general 

formula NaxPb2-xSb2O7-x/2 could translate into the experimental 

results obtained for LAY. According to the results of the DFT 

calculations (Figure S2), Na0.5Pb1.5Sb2O6.75 (LAY1) and NaP-

bSb2O6.5 (LAY2) are the two compounds that show the best 

combination between low formation energies and good corre-

spondence with the experimental lattice parameters. The coex-

istence of these two Na-substituted lead pyroantimonate phases 

in the LAY sample was experimentally confirmed by means of 

high-resolution STEM-HAADF imaging and STEM-EDS anal-

ysis (Figure 3 and Figure S3). The experimental EDS results 

show a good agreement with the stoichiometry of the two com-

puted phases. Furthermore, the distribution of Na-rich and Pb-

rich areas in the STEM-HAADF images, identified by means of 

independent component analysis (ICA), confirms how inti-

mately mixed the two phases are in the pigment powder. 

  

Figure 3. a) STEM-HAADF image (at a magnification of 115 

kX). The quantification of EDS spectra from the area within 

the green and red rectangles are respectively given in the table. 

b) EDS map from the same region in (a)  showing a Pb-rich and 

a Na-rich phase identified by independent component analysis 

(ICA). 

 

It is extremely interesting to notice how the theoretical 

Pb2Sb2O7 pyrochlore phase is not present in the sample. This 

information is in contradiction with the literature about Naples 

yellow as an artists‘ pigment (Pb2Sb2O7 with a≈10.4 Å), but is 

in agreement with the computed information on this compound. 

The pure lead antimony mixed oxide, in fact, appears to be in-

trinsically unstable in the cubic pyrochlore structure (instability 

arising from a sharply peaked density of states at the Fermi 

level, Figure 4 and Figure S4), as previously suggested by other 

authors outside the field of conservation science28,36,37.  
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Figure 4. Computed density of states (a) and crystalline struc-

ture (b) for the Pb2Sb2O7 pyrochlore. The spheres represent 

single atoms in the structure: grey = Pb, brown = Sb and red = 

O. In evidence in green the charge density isosurfaces of the 

highly localized states at the Fermi level arising from the O’ 

atom at the center of the Pb4O’ tetrahedra. 

 

In addition, this phase shows a computed lattice parameter 

much larger than the literature value for this pigment (a=10.87 

Å). These results therefore suggest that Pb2Sb2O7 is not the cor-

rect formula to describe the pyrochlore pigment commonly re-

ferred to as Naples yellow. Our computational and experimental 

approach demonstrates for the first time an alternative pathway 

for the stabilization of lead antimonate in a pyrochlore structure, 

with Na+ partially substituting Pb2+ in the A sites. 

 

Optoelectronic properties and photostability 

Once completed the chemical and structural characterization 

of the pigment powders, the study of their optoelectronic prop-

erties was performed. 

As a starting point, it is particularly interesting to notice how 

the partial substitution of both Pb2+ with Na+ in LAY1 and 

LAY2 and Sb5+ with Sn4+ in LTAY have a similar effect on the 

overall stoichiometry and band structure for the pigments. First 

of all, we found that the sharp peak in the density of states at the 

Fermi energy in LAY (in the pyrochlore structure this com-

pound would be metallic) arises essentially from highly local-

ized O' p-states (O' is the O atom at the center of Pb tetrahedra) 

(Figure 4). Thus, compositional changes that allow to eliminate 

these states can lower the energy of the system and result in a 

stable compound. Because of their lower valency, the partial 

substitution of Sb5+ with Sn4+ in LTAY and of Pb2+ with Na+ in 

both LAY phases allows for the formation of O vacancies and, 

as expected, these occur preferentially at the O' sites for all the 

structures (Figure S5). As the states at the Fermi level are elim-

inated, these substitutions cause the resulting compounds to be 

semiconductors. 

In order to better understand the photostability of these sem-

iconductors, their optical properties were studied both experi-

mentally (DR-UV-Vis spectroscopy) and computationally us-

ing CdS as a reference yellow semiconducting compound. Both 

approaches showed a significantly lower absorption coefficient 

for the pyroantimonate pigments in analysis than for the refer-

ence semiconductor, with a less steep absorption edge in the 

visible region of the spectrum (Figure 5). 

 

Figure 5. a) Experimental Kubelka-Munk function (proportio-

nal to the absorption coefficient) for LAY, LTAY and CdS and 

b) computed absorption coefficient for LAY 1 (= 

Na0.5Pb1.5Sb2O6.75), LAY 2 (= NaPbSb2O6.5), LTAY and CdS as 

a function of the energy of the incident light. 

 

This behavior is explained by the indirect nature of the com-

puted band gap for all the pyrochlore phases (lower probability 
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for the optical transition). Note that phonon-assisted transitions 

are typically not included in first-principles computational 

codes. Even though this type of optical transitions in indirect 

gap semiconductors are of second order, their effect is not neg-

ligible and contributes to the difference between the experi-

mental and theoretical spectra. Further differences may arise 

from the non-perfectly homogenous and relatively large size of 

the particles (Φparticle>λ on average), which could increase the 

unwanted specular reflection contribution in the spectrum.  

In general, the size of the computed band gaps is consistent 

with the results of the optical measurements (Table 2 and Figure 

S6). Only in the specific case of Na0.5Pb1.5Sb2O6.75, a significant 

difference in size between the computed and experimental band 

gaps is observed. However, as shown in Figure 5 b, the com-

puted absorption at the threshold is extremely weak, and only 

becomes significant above ~2eV. This behavior is justified by 

the character of the bands in the vicinity of the valence band 

maximum and conduction band minimum for this phase (Figure 

S7). The upper lying valence bands are of p character, while the 

lower lying conduction bands are of dominant s character. Thus, 

in principle optical transitions can take place. However, the for-

mer arise mainly from the 2p states of the O‘ atoms at the center 

of the Pb-Na tetrahedra, while the latter arise mainly from Sb 

5s states. These atoms are only third neighbors in the 

Na0.5Pb1.5Sb2O6.75 structure (Figure S5 c). Thus, the correspond-

ing optical transition matrix elements are small, and the absorp-

tion is weak. Most likely too weak to be macroscopically ob-

served and experimentally detected. 

 

Table 2. Nature and size of the experimental (Eg exp) and 

computed (Eg comp) band gaps for the pigments considered. 

[a] Experimental value for the mixture of two phases. 

The chrono-amperometric measurements under chopped illu-

mination conditions (at the open circuit potential, OCP) showed 

a positive photocurrent (Iph) when the pigment-modified work-

ing electrodes (WE) are exposed to light with hν > Eg (Table 3). 

This is a typical behavior for n-type semiconductors, due to mi-

nority carrier (h+) mediated oxidation processes taking place at 

the pigment surface (Figure 6)31,61,62. The absorption of a supra-

bandgap photon causes in fact the excitation of one electron (e-

) from the valence band (VB) to the conduction band (CB) of 

the semiconductor. This process leaves behind a positively 

charged hole (h+) in the VB, resulting in a displacement from 

equilibrium of the concentration of each charge carrier (e- and 

h+). In an n-type semiconductor, the amount of photo-generated 

e- does not alter significantly the total concentration of majority 

carriers in the CB, while the amount of photo-generated h+ 

strongly increases the total concentration of minority carriers in 

the VB. For this reason, the quasi-fermi level defined for e- in 

this non-equilibrium condition (nEF
*) remains approximately 

the same as the general EF observed for the semiconductor in 

the dark. On the contrary, pEF
*(quasi-fermi level for h+ upon 

light exposure) drastically increases in energy compared to pre-

illumination EF. This translates into a higher minority carrier-

related reactivity of the pigments upon light exposure. The pres-

ence of band bending at the pigment/electrolyte interface pro-

motes the charge separation upon illumination, preventing the 

recombination of electron-hole pairs due to the existing electric 

field at the surface. N-type semiconductors most of the time 

present an upward band bending due to the accumulation of 

positive charges at the interface (mostly due to the transfer of e- 

to the solution during the equilibration of the respective Fermi 

levels in the dark)31. In this case, the electric field at the surface 

forces the free holes formed upon illumination towards the ex-

ternal solution, while the photo-generated electrons are pushed 

away from the surface. This leads to minority carrier (h+) medi-

ated oxidation processes taking place at the pigment surface 

upon illumination (Figure 6)31,61,62, translating into an overall 

positive current in the cell. 

 Composition Band Gap 
Eg exp  

(eV) 

Eg comp 

(eV) 

LTAY Pb2SnSbO6.5 indirect 
2.22 

[indirect] 

2.36 

[indirect] 

2.91 

[direct] 

LAY 

Na0.5Pb1.5Sb2O

6.75 
indirect 

2.31[a] 

[indirect] 

0.42 

[indirect] 

0.56 

[direct] 

NaPbSb2O6.5 indirect 
2.31[a] 

[indirect] 

1.96 

[indirect] 

2.28 

[direct] 

CdS CdS direct 
2.40 

[direct] 

2.10 

[direct] 
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Figure 6. Mechanism responsible for the anodic photocurrent observed on LAY, LTAY and CdS-modified WE upon illumination 

with Vis light. a) Energy levels alignment before illumination in an aqueous solution; b) effect of the absorption of light with different 

wavelengths. 

 

Table 3. Iph values measured for LAY, LTAY and CdS-modified electrodes in different light conditions and electrolytes at the 

OCP. 

[a] LOD=3*σblank, where LOD=limit of detection and  σblank=standard deviation of the blank.

Comparable results are obtained in an aqueous electrolyte 

(1mM NaCl) and in an ionic liquid with a large potential stabil-

ity window ([BMIM][BF4]). This confirms that the anodic pho-

tocurrent observed is the result of the h+-mediated self-oxida-

tion of the pigment grains, and not of water oxidation. The sig-

nificantly lower Iph observed for LAY ad LTAY in both media, 

however, confirms the extreme stability of these pigments com-

pared to CdS. A small photocurrent, in fact, is the direct result 

of a much lower tendency of the pigments to be oxidized when 

exposed to light with hν ≥ Eg
31. The dependency of the Iph mag-

nitude on the energy of the incident light is in agreement with 

the experimental size of the band gap and the absorption prop-

erties for all the pigments (Figure 5 and Table 2). In fact, the 

anodic Iph was higher in all samples when illuminated with a 

blue laser (3.06 eV), and progressively lower with a green (2.33 

eV) and a red (1.89 eV) laser (Table 3).  

When an increasing positive over-potential (compared to the 

OCP) is applied to the WE, a clear increase in the relative an-

odic Iph is observed for both pyroantimonate pigments (Figure 

7, Figure S8).  

 NaCl 1 mM Ionic Liquid 

 LOD[a] LAY LTAY CdS LOD[a] LAY LTAY CdS 

Iph (nA) 

RED Laser 
0.2 <LOD <LOD 4±3 3.8 <LOD <LOD <LOD 

Iph (nA) 

GREEN Laser 
0.2 1.6±0.3 3.6±0.5 34±8 5.1 <LOD <LOD 28±9 

Iph (nA) 

BLUE Laser 
0.8 6.6±0.8 19±5 233±41 3.0 5.5±1.4 18±3 203±68 
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Figure 7. Iph (Blue and Green laser) dependency on the poten-

tial applied at the WE. Scan rate = 0.5 mV/s in 1 mM NaCl. 

 

A poor p-type conductivity in the pyrochlore phases is most 

likely responsible for the experimental results obtained. As ob-

served in the computed band structures (Figure 8), in fact, a 

clear difference in the degree of dispersion of the upper lying 

valence bands exists between these phases and CdS. In the py-

rochlore pigments, these energy levels originate essentially 

from the same states, i.e. the p-states from the octahedral O at-

oms surrounding the Sb atoms. The very flat nature of these 

bands, as often observed for metal oxides presenting corner-

sharing octahedral structures63, translates into high h+ effective 

masses. An accurate calculation of these effective masses re-

quires taking into account various factors, such as the multiplic-

ity of concerned extrema in the Brillouin zone and possible tem-

perature effects64. In the present case, however, the band struc-

tures are relatively simple, with a single band at the valence 

band maximum (VBM) for all the phases except CdS, where 

degenerate bands are present. It is thus possible to have a good 

idea of the differences in effective mass among the compounds 

we study by considering the effective mass corresponding to the 

VBM along a high symmetry line. In the case of CdS, there are 

two effective masses because of the degeneracy at the CBM, 

resulting in what are dubbed as light and heavy holes. Mobility 

in that case will obey to the average of these effective masses. 

The results are presented in Table 4. Since the carrier mobility 

depends directly on the inverse of the carrier effective mass, this 

material property results into a low minority carrier mobility for 

all the pyrochlore phases. Mobility which is likely to be further 

hindered by the presence of grain boundaries in the pigment 

powders65,66. Since conductivity depends both on mobility and 

charge carrier concentration, the combination between low h+ 

mobility and low optical absorption coefficients explains the 

extreme stability of LAY and LTAY pigments. In fact, this 

means not only that less e-/h+ pairs are formed upon light expo-

sure in LAY and LTAY compared to CdS, but also that the 

photo-generated holes struggle to reach the surface and react 

before a recombination takes place. For this reason, when an 

external potential is applied driving the positive charges to-

wards the surface of the pigment grains31, a significant increase 

in Iph is observed. The similar lightfastness observed for LAY 

and LTAY can therefore be ascribed to the analogous effect of 

Sn and Na substitutions on the band structure of the pigments. 

These substitutions, in fact, affect mainly the position of the up-

per valence band energy levels, but only weakly their nature and 

dispersion. This translates into h+ mobilities which remain low 

and are not significantly affected by the nature of the substituent 

cation. The only difference observed in the valence band struc-

tures of Na- and Sn-substituted phases is the larger density of 

states near the valence band maximum for the latter (Figure 8 

and Figure S9). This means that more electrons are potentially 

available for excitation near the band maximum, which explains 

the small experimental differences previously encountered: 

namely the slightly higher near-edge optical absorption (Figure 

5), the slightly larger photocurrent at the OCP (Table 3) and the 

consequently smaller relative Iph increase with the applied po-

tential for LTAY (Figure 7).  

For CdS, on the contrary, all the lighter photo-generated h+ 

are most likely capable of reaching the surface of the grains 

without the need for an external electric field. Hence the high 

Iph at the OCP, in agreement with the documented instability for 

this pigment in paintings31,34, and the lack of a significant de-

pendency on the potential applied at the WE. The slightly higher 

increase in Iph observed under green laser illumination com-

pared to blue laser illumination for CdS is related to the fact that 

green light is absorbed less efficiently by the semiconductor. 

The e-/h+ pairs are therefore formed deeper in the semiconduc-

tor. Here the separation of the photo-generated free charges is 

less efficient, due to the lower influence of the electric field pre-

sent only in the superficial space-charge layer, and therefore the 

recombination is more probable (Figure 6 b)67. When a positive 

over-potential is applied at the WE, however, the thickness of 

the space-charge layer is increased68. This makes the separation 

of the e-/h+ pairs generated by the absorption of green light more 

efficient, leading to the relative Iph increase observed experi-

mentally. 
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Figure 8. Band character with respect to the atomic species 

present in the compounds considered. a) Na0.5Pb1.5Sb2O6.75 and 

b) NaPbSb2O6.5 (Blue=Sb, Green=Pb, Red=O; Na relative con-

tribution is negligible). c) Pb2SnSbO6.5 (Blue=Sb, Green=Pb, 

Red=O; Sn contribution does not differ significantly from Sb). 

d) CdS (Green=S, Red=Cd). 

 

Table 4. Hole effective masses (in units of me) for all the 

phases considered. 

[a]harmonic average of 0.40 (light hole) and 1.63 (heavy hole) 

 

Conclusion 

The multi-faceted analytical and computational approach em-

ployed in this study allowed to unravel the material properties 

behind the stability of lead pyroantimonate yellow pigments. 

First, meaningful insights were obtained on the intrinsic in-

stability of stoichiometric Pb2Sb2O7 in the cubic pyrochlore 

structure. This confirms that the latter formula, extensively em-

ployed to describe the pyrochlore pigment commonly known as 

Naples Yellow, is not correct. Since accurately understanding 

the material composition is the first fundamental step for con-

servation, this information is crucial. 

The presence of a diverse range of substitutions in the lattice 

of both natural and synthetic lead pyroantimonates supports our 

findings. As shown in the present work, in fact, substitutions 

taking place both at the A and B sites of this pyrochlore lead to 

similar changes in its stoichiometry and electronic properties, 

ultimately stabilizing the pigment in a cubic structure. While 

substitutions at the octahedral sites are well documented, how-

ever, the effects of A-site substitutions are not yet studied in the 

literature. For the first time, our study demonstrates that the par-

tial substitution of Pb2+ by Na+ in the A sites of the pyrochlore 

allows to stabilize the cubic lead antimonate mixed oxide. No 

evidence of the presence of Na in paintings and historical sam-

ples of Naples yellow is reported in literature, however this el-

ement is too light to be detected with the non-invasive p-XRF 

instruments often used to perform the analysis. As a next step, 

the laboratory analysis of paint microsamples is being planned 

in order to prove the presence of Na in historical Naples Yellow 

samples. Being able to confirm the link between the historical 

synthesis processes and the presence of different substituents in 

the pigment structure could represent an extremely useful tool 

for the attribution and authentication of historical paintings. 

Furthermore, this study unraveled fundamental information 

on the optoelectronic properties of lead pyroantimonates. The 

experimental and computational results, in fact, confirmed the 

hypothesis of a semiconducting nature for this class of pig-

ments. However, the absorption of visible light by these semi-

conductors does not trigger self-corrosion mechanisms or cata-

lytic degradation of the organic binding medium in contact with 

them. This behavior is the result of a combination of poor light 

absorption properties and low minority carrier (h+) mobility, 

preventing potential h+-mediated (self-)oxidation reactions 

from taking place at the surface of the pigment grains. This con-

firms that the extreme stability of this family of yellow pig-

ments is the result of intrinsic material properties, hence not de-

pending on the medium in which the pigment is embedded (e.g. 

insulating glassy matrix in glass objects rather than siccative oil 

in easel paintings). This is in agreement with the information 

available in literature about the extreme stability of this family 

of pigments in different media. 

The results of this work represent a fundamental step towards 

a better understanding of the complex material properties and 

photochemistry of artists‘ pigments and of pyrochlore mixed 

oxides in general. Given the extraordinarily wide range of fields 

in which these mixed oxides find application, a better under-

standing of the effect of lattice substitutions on their optoelec-

tronic properties is of capital importance.  

In addition, the methodology described in this study can po-

tentially be used to probe the material properties of any semi-

conducting pigment in powder form, with applications also be-

yond the field of conservation science and cultural heritage. 

Supporting Information.  

PDF file containing the following supplementary Figures and Tab-

les: 

Fig. S1. SEM imaging of LAY and LTAY. 

Table S1. SEM-EDX elemental characterization of LAY and 

LTAY. 

Fig. S2. Stability triangle and formation energies as a function of 

Pb, Sb and O chemical potentials for different LAY phases. 

Fig. S3. High resolution STEM-HAADF Z-contrast image of the 

two pyrochlore phases in the LAY sample. 

Fig. S4. Computed band structure for Pb2Sb2O7 in a pyrochlore 

structure. 

Phase VBM Effective mh 

Pb2SnSbO6.5 along the K- line 1.89 

Na0.5Pb1.5Sb2O6.75 at L 2.68 

NaPbSb2O6.5 at L 1.32 

CdS at  0.64[a] 
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Fig. S5. Computed crystalline structures for all the pyrochlore pha-

ses considered. 

Fig. S6. Tauc plots with calculated band gap sizes for LAY, LTAY 

and CdS. 

Fig. S7. Computed band character for Na0.5Pb1.5Sb2O6.75. 

Fig. S8. Linear sweep voltammetry under light chopped illumina-

tion conditions for LAY, LTAY and CdS. 

Fig. S9. Computed total density of states near the valence band ma-

ximum for the pyrochlore phases considered. 
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Figure S1. SEM backscattered electron image (BEI) of the powder samples: a) LTAY, 104x; b) LAY, 104x. 

 

 

Table S1. SEM-EDX results for the LAY and LTAY sample. 

 

 

 

 

 

 

 

 

 

 

 

 

a) b)a) b)

LAY Na Pb  Sb Na + Pb 

Average (wt%) 3.0±1.6 49.9±4.9 42.8±4.7 45.8±5.6 

Average (mol) 0.13±0.07 0.24±0.02 0.35±0.04 0.37±0.07 

mol/molSb 0.37±0.18 0.69±0.08 - 1.06±0.15 

     

LTAY Pb Sn Sb Sn + Sb 

Average (wt%) 61.3±1.4 17.8±2.3 20.6±1.2 38.4±1.4 

 Average (mol) 0.30±0.01 0.15±0.02 0.17±0.01 0.32±0.01 

mol/molPb - 0.51±0.09 0.57±0.03 1.08±0.07 
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Figure S2. a) Stability triangle for the phases involved in this study. The light blue-gray area indicates the chemical 

potential ranges for which Pb2Sb2O7 is thermodynamically stable against precipitation of the competing oxides in the 

triangle. In these areas Na0.5Pb1.5Sb2O6.5 and NaPbSb2O6.5 will have a lower formation energy than Pb2Sb2O7 in 

sufficiently Na-poor conditions that nor Na2O or NaCl precipitate. The interval of Na chemical potentials for which 

this occurs at the vertices of the blue-gray area are indicated in the figure (all energies in eV). b) Experimental 

enthalpies of formation used in the calculations. c) Calculated formation energies, lattice parameters and band gaps 

for chemical potentials corresponding to point “A” in figure (A), as an example. 
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Figure S3. High resolution STEM-HAADF Z-contrast image of the two pyrochlore phases in the LAY sample: a) 

Na0.5Pb1.5Sb2O6.5 along [141] zone axis and b) NaPbSb2O6.5 along [011] zone axis. The atomic columns showing darker 

contrast are assigned to be Na rich (Pb deficient). As expected, the density of these darker columns is higher in 

NaPbSb2O6.5. 

 

 

 

Figure S4. Computed band structure for Pb2Sb2O7 in a pyrochlore structure. The presence of highly localized states at 

the Fermi level suggests an intrinsic structural instability for this compound. 
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Figure S5. Computed crystalline structure for a) Pb2Sb2O7, b) Pb2SbSnO6.5, c) Na0.5Pb1.5Sb2O6.75. , d) NaPbSb2O6.5. The 

spheres represent single atoms in the structure: grey = Pb, brown = Sb, purple = Sn, yellow = Na and red = O. 

 

Figure S6. Tauc plots with calculated band gap sizes for the indirect semiconductors LAY and LTAY (a) and for the 

direct semiconductor CdS (b). Green = LTAY, Black = LAY, Red = CdS. 
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Figure S7. Computed band character for Na0.5Pb1.5Sb2O6.75 with respect to a) angular momentum and b) atomic 

species. Na relative contribution to the band character is negligible and therefore it is not shown in (b). 

 

 

 

Figure S8. Linear sweep voltammetry under light chopped illumination conditions. Scan rate = 0.5 mV/s; electrolyte 

= 1mM NaCl. Results with blue and green laser for the pigments in analysis. 
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Figure S9. Computed total density of states near the valence band maximum for the pyrochlore phases considered. 


