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ABSTRACT: Chrome yellow refers to a group of synthetic inorganic pigments that became popular as an artist’s material 
from the second quarter of the 19th century. The color of the pigment, in which the chromate ion acts as a chromophore, is 
related to its chemical composition (PbCr1-xSxO4, with 0≤x≤0.8) and crystalline structure (monoclinic/orthorhombic). Their 
shades range from the yellow-orange to the paler yellow tones with increasing sulfate amount. These pigments show re-
markable signs of degradation after limited time periods. Pure PbCrO4 (crocoite in its natural form) has a deep yellow color 
and is relatively stable, while the co-precipitate with lead sulfate (PbCr1-xSxO4) has a paler shade and seems to degrade faster. 
This degradation is assumed to be related to the reduction of Cr(VI) to Cr(III). We show that on increasing the sulfur(S)-
content in chrome yellow, the band gap increases. Typically, when increasing the band gap, one might assume that a de-
crease in photo activity is the result. However, the photo activity relative to the Cr content, and thus Cr reduction, of sulfur-
rich PbCr1-xSxO4 is found to be much higher compared to the sulfur-poor or non-doped lead chromates. This discrepancy can 
be explained by the evolution of the crystal and electronic structure as function of the sulfur content: first-principles density 
functional theory calculations show that both the absorption coefficient and reflection coefficients of the lead chromates 
change as a result of the sulfate doping in such a way that the generation of electron-hole pairs under illumination relative to 
the total Cr content increases. These changes in the material properties explain why paler shade yellow colors of this pig-
ment are more prone to discoloration. The electronic structure calculations also demonstrate that lead chromate and its co-
precipitates are p-type semiconductors, which explains the observed reduction reaction.  As understanding this phenomenon 
is valuable in the field of cultural heritage, this study is the first joint action of photo-electrochemical measurements and 
first-principles calculations to approve the higher tendency of sulfur-rich lead chromates to darken.  

Chrome yellows belong to a class of synthetic inorganic 
yellow-orange pigments that became popular as artists’ ma-
terials from the second quarter of the 19th century; they are 
often encountered in masterpieces by famous painters, such 
as Paul Cezanne (1839-1906)

1
, Vincent van Gogh (1853-1890)

2
 

and James Ensor (1860-1949)
3
. This pigment is also employed 

for industrial purposes such as painting of vehicles, airplanes, 
in printing inks and for colouring rubber and paper. So, it 
can be released into the environment through degradation 
and corrosion as a result of industrial use and service life of 
coloured products.  

The chemical composition of these pigments is based on 
lead chromate (PbCrO4) or co-precipitates of lead chromate 
and lead sulfate (PbCr1-xSxO4). With increasing sulfate 
amount, their colour varies from yellow-orange to pale-
yellow.

4,5
 From a crystallographic point of view, at room 

temperature, pure PbCrO4 has a monoclinic structure,
6,7

 
whereas in the PbCr1-xSxO4 co-precipitates a change from 
monoclinic to an orthorhombic structure is observed when x 
exceeds 0.4.

8-10
 Because of their limited chemical stability, 

this pigment has been extensively studied by different meth-

ods such as vibrational spectroscopic and X-ray microprobe 
techniques.

11,12  

In the last few years, it has been demonstrated that the 
darkening of chrome yellow in paintings by Vincent van 
Gogh is associated with the photo reduction of the lead 
chromate-based pigments, mainly involving the formation of 
Cr(III)-compounds.

13,14
 It is observed that S-rich PbCr1-xSxO4 

solid solutions (x>0.4, with orthorhombic structure) are 
more prone towards photo reduction than the S-poor ones 
(0≤x<0.4, with monoclinic structure). However, these obser-
vations are in contradiction with the increase in band gap 
(and thus expected decrease in photo activity) based on 
pigment colour. Some hypotheses were formulated in an 
attempt to explain this discrepancy. First, the greater solubil-
ity of the orthorhombic pigments has been used to explain 
its greater tendency for degradation, next to the type of crys-
tal structure and the chemical composition.

12
 Secondly, 

Munoz-Garcia et al
15

 recently stated that a local segregation 
of lead sulfate explains the degradation of the pigment. This 
hypothesis is based on first-principles calculations, however, 
it is not clear how this phenomenon of segregation might 
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induce the reduction or degradation of the pigment. Even 
more, they state that the formation of nanocomposites ex-
plains the paler hues and further ignore the S-driven band 
gap change which they observe. Amat et al

16
 performed simi-

lar calculations, however they did not observe any peculiar 
electronic features between monoclinic and orthorhombic 
series which could explain the difference in degradation 
behaviour. 

In our work we investigate the reduction of Cr by photo-
electrochemistry and show how this reduction depends on 
the S content. The insights gained via electrochemistry are 
supported by electronic structure calculations that allow us 
to pinpoint the relation between the reduction of Cr under 
illumination, the chemical instability as a function of the 
composition and the opto-electronic properties of the lead 
chromates. The suggested generic approach can be used to 
study semiconductor materials such as TiO2, SnO2 and ZnO2 

applied in e.g. solar cells.
17,18  

 Experimentally, different forms of chrome yellow were ex-
posed to green and blue laser light (wavelengths 532 and 406 
nm) while the resulting photo current was monitored. We 
combine photo-electrochemistry, linear sweep voltammetry, 
UV-vis diffuse reflectance spectroscopy and density func-
tional theory (DFT) calculations (1) to demonstrate the for-
mation of Cr(III) under illumination, (2) to show that the 
relative amount of reduced Cr (with respect to the total Cr 
concentration) increases with S concentration, and (3) that 
this can be understood from the p-like position of the band 
edges of the semiconductor PbCr1-xSxO4, the exact value of 
the band gap, and the optical absorption spectrum, all as 
function of the S concentration.  

Finally, the photo reduction under illumination of the full 
solar spectrum is considered based on DFT calculations, 
which supports our main conclusion that the dominating 
fact that S-rich PbCr1-xSxO4 compounds are more prone to 
darkening is their relative increase of the reduced Cr atoms 
with increasing S concentration. The important role of the 
switch of PbCr1-xSxO4 from the monoclinic to the orthorhom-
bic structure in this result is stressed. The comparison be-
tween experiments and calculations in combination with 
other analytical techniques, spectroscopic and chromato-
graphic analysis, opens up new perspectives in the field of 
pigment degradation studies through a better understanding 
of the alteration mechanisms taking place. 

Experimental 

Graphite working electrodes (Ø = 3 mm) were pretreated 
by mechanical polishing with a P400 SiC-paper in order to 
obtain a rough surface. To remove any adherent SiC-
particles, the electrodes were rinsed with deionized water in 
an ultrasonic bath for 20 seconds. For the electrochemical 
setup exploring the semiconductor properties,

19,20
 powders of 

monoclinic PbCrO4 (Sigma-Aldrich) and in-house synthe-
sized PbCr1-xSxO4 containing a variable sulfate content 
(0.1≤×≤0.8) were used for the graphite|pigment working 
electrode preparation. The procedure of synthesis of the 
PbCr1-xSxO4 pigments is reported elsewhere.

12
 An amount of 

1.50 µL of either ethanol–PbCrO4 or ethanol–PbCr1-xSxO4 
suspension was dripped onto the electrode. After solvent 
evaporation, a thin layer of the respective pigment is left at 

the electrode surface. The modified electrodes are denoted as 
C|PbCrO4 and C|PbCr1-xSxO4. A saturated calomel electrode 
(SCE) and a platinum (Pt) electrode were used as the refer-
ence (RE) and counter electrode (CE), respectively. The 
working electrode (WE) with the pigment side oriented 
upward was positioned in an open container. The latter was 
filled with 4 mL solution of electrolyte (1 mM NaCl solution 
or the non-aqueous ionic liquid (IL) 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4])) involv-
ing alternating cycles of darkness (~ 10 s) and illumination (~ 
10 s) using a 406 nm blue laser at 30 mW power or a 532 nm 
green laser at 30 mW power. Solutions were purged by pure 
nitrogen prior to the experiment and maintained under 
nitrogen atmosphere during measurements. Electrochemical 
measurements were performed by an Autolab PGSTAT101 
potentiostat (Metrohm, the Netherlands) with NOVA 1.10 
software. The photo currents that spontaneously starts run-
ning between the working electrode and the counter elec-
trode upon laser irradiation of the pigment is measured. This 
current is considered to be a measure for the photo activity 
of the pigments and allows to experimentally compare the 
photo activity between different lead chromates in a fast and 
efficient manner. 

Diffuse reflectance UV-vis spectroscopic (DR-UV-vis) 
measurements of lead chromate were obtained by means of 
an Evolution 500 UV-vis double beam spectrophotometer 
equipped with a DR-UV integrated sphere, Thermo Electron 
Corporation, Waltham, Massachusetts. The pigment powders 
were mixed and crushed with KBr dried at 200°C (0.02 g of 
PbCrO4 in 0.98 g of KBr). The mixtures were homogeneous 
and positioned in the DR-UV-vis cell for measuring in the 
250-800 nm range. 

Computational 

Density functional theory (DFT)
21,22

 calculations were per-
formed using the plane-wave basis set and the projector 
augmented-wave method,

23
 as implemented in the Vienna 

Ab-initio Simulation Package (VASP).
24-27

 We used 
DFT+U

28,29
 and the Perdew-Burke-Ernzerhof (PBE) exchange 

and correlation functional
30,31 

to calculate the lattice parame-
ters of various lead chromate materials and relax the atomic 
positions, as well as to determine their electronic structure 
and optical properties. A Hubbard U parameter of 3.7 eV was 
used for the Cr atoms.

32
 We used an energy cutoff of 400 eV 

for the plane-wave basis set. To sample the Brillouin zone, 
we used a 6×4×4 Monkhorst-Pack (MP) grid

33
 making sure 

that the Γ point was included in the mesh. Note that atomic 
relaxations were made until residual forces on the atoms are 
less than 0.01 eV/Å and total energies converged to within 1 
meV. 

The effects of S-doping on the opto-electronic properties 
of PbCrO4 (PbCr1-xSxO4 with x= 0, 0.1, 0.25, 0.5, 0.75, 0.8 and 
1) were studied by using a 96-atom supercell, consisting of 
3×1×1 conventional cells. For each S-concentration, two struc-
tures (monoclinic and orthorhombic) were considered. Our 
calculations showed that for a S-concentration below 50%, 
the monoclinic structure is the ground state. Starting from 
50%, the orthorhombic structure becomes the most stable 
structure. The calculated results are consistent with the 
experimental ones that indicate the monoclinic (orthorhom-
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bic) structure to be the ground state of PbCr1-xSxO4 for an S-
content below (above) 40%.

6-10
 In what follows, we always 

present the results of the most stable structure of the studied 
compounds. 

In order to study the changes in the energy positions of the 
valence and conduction band due to the S-doping, the 
branch point energy (BPE) was calculated as a weighted 
average of the midgap energies over the Brillouin zone,

34
 

BPE =
1

2N𝐤

∑ [
1

NCB

∑ ɛci
NCB

i (𝐤) +
1

NVB

∑ ɛvj(𝐤)
NVB
j ]𝐤      

Here, Nk is the number of points in the k-point mesh, NCB 
and NVB are the number of conduction and valence bands 
considered for the averaging, with εci and εvj their corre-
sponding energies. The number of valence and conduction 
bands used was determined according to the number of 
valence electrons in the cell, as explained in the work of 
Schleife et al

35
.  

In order to calculate the photo absorption current induced 
in the various materials under illumination, we first calculat-
ed their optical properties (excitonic effects were neglected). 
The imaginary part of the dielectric function is obtained 
within the random phase approximation. The real part then 
follows from the Kramers-Kronig relation. For each doping 
concentration, we averaged the dielectric function with re-
spect to the direction of polarization. We found that it was 
sufficient to sample the Brillouin zone using a 12×8×8 MP 
grid for our supercell in order to obtain a converged dielec-
tric function. We included four times the number of occu-
pied bands as total number of bands in the dielectric func-
tion calculations to guarantee a converged dielectric function 
in the 0–45 eV energy range. 

Results and Discussion 

Photo activity of lead chromate 

Bandiello et al.
36

 and Errandonea et al.
37

 consider PbCrO4 to 
be a semiconductor with a direct band gap of 2.3 eV, a value 
consistent with the yellow colour of the pigment. The colour 
of chrome yellow pigments originates from the absorption of 
light, giving rise to excitation of an electron from the valence 
band (VB) to the conduction band (CB). The inset in Figure 1 
shows that oxidative photo currents are observed when 
PbCrO4, in contact with an aqueous NaCl solution, is illumi-
nated with blue laser light. The sign of the current indicates 
that electrons move externally from the WE to the CE, and 
thus that an oxidation occurs at the WE. Since chromium in 
CrO4

2-
 is in its highest oxidation state (+VI), no further oxi-

dation is expected. Therefore, we assume that the oxidation 
of water in the NaCl solution takes place and thus that the 
potential ϕ

ox
 is estimated to lie below the oxidation potential 

of water. Thus, in an aqueous environment and upon illumi-
nation with an energy larger than the band gap, CrO4

2-
 is 

stable against oxidation.  

Figure 1. Photo-electrochemical response of a C|PbCrO4 
electrode, irradiated with a 406 nm blue laser, after 10 s of 
illuminations. Main figure: C|PbCrO4 electrode in contact 
with the ionic liquid. Inset: C|PbCrO4 electrode in contact 
with NaCl solution.  

To confirm this hypothesis, the ionic liquid [BMIM][BF4] 
was used to replace the aqueous electrolyte. The latter has a 
significantly higher resistance to electrochemical redox phe-
nomena due to its large electrochemical window of stability 
(of around 6 V).

38
 As shown by the black curve in Figure 1, 

the ionic liquid (IL) induces a clear reduction current upon 
illumination by blue light, i.e. a current that is opposite in 
direction to what is observed for the NaCl solution. The 
average current of the illuminated PbCrO4 in the IL can 
reach ca 500 nA. In contrast, the current measured in dark-
ness remains below 3 nA. After prolonged irradiation (up to 
15 min), a gradual decrease in photo current is observed. 
Since the IL cannot participate either in oxidation or reduc-
tion half-reactions, our interpretation is that CrO4

2-
 itself is 

reduced during the illumination in these conditions, and 
thus that the reduction potential ϕ

red
 of Cr lies below the 

conduction band minimum (CBM) of PbCrO4. The redox 
potentials of PbCrO4 relative to the CBM of PbCrO4 and the 
oxidation potential of water as they are deduced from these 
experiments are schematically shown in Figure 2. Further the 
scheme is extended with the reduction potential of water 
which is 0.25 eV above the Cr reduction potential based on 
the Pourbaix diagram.

37
 The relative energy difference of 

these redox potentials with the CBM and valence band max-
imum (VBM) are estimated based on the calculations dis-
cussed later. To summarize, Figure 3 also illustrates our 
interpretation of the experiments in terms of the dominating 
redox reactions at the WE in case of illumination of lead 
chromate. While the oxidation of water occurs in case of the 
aqueous NaCl solution, the current changes sign in the IL 
solution resulting in the reduction of Cr at the WE. Therefore 
we call the measured photo current in the presence of the IL 
a photo reduction current. 
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Figure 2. Oxidation and reduction potentials of PbCrO4 rela-
tive to the redox potential of water (for pH 7). 

Figure 3. Schematic overview on the electron flow between 
working electrode (covered with PbCrO4) and counter elec-
trode (a) in an ionic liquid and (b) in aqueous NaCl solution. 
The green colour indicates the formation of Cr2O3 when the 
experiments are performed in an ionic liquid.

11-14,39
 

During a long-term illumination experiment in 
[BMIM][BF4], the photo current was recorded at fixed time 
intervals of 1 to 15 minutes. As shown in Figure 1, a gradual 
decrease of the photo reduction current took place. This may 
be explained as being caused by a gradual CrO4

2-
 degrada-

tion, involving its replacement at the electrode surface by 
Cr(III) compounds.  

 

Figure 4. Linear sweep voltammetry (LSV) in the -0.2 to -1.2 
V range confirms the presence of Cr(III) at surface of the 
PbCrO4 electrode after illumination in an ionic liquid.  

In Figure 4, results of linear sweep voltammetry (LSV) for 
C|PbCrO4 are shown from -0.20 to -1.20 V in both 1 mM NaCl 
and IL. When immersed in NaCl, no photo reduction is ob-
served. In IL, but only after illumination, a reduction process 
is apparent at -0.71 V, corresponding to the formation of 
Cr(III) at the C|PbCrO4 electrode.

40
 Without illumination, no 

Cr(III) is apparent. 

All these experiments suggest that PbCrO4 is a p-type sem-
iconductor, because i) in a p-type semiconductor the con-
duction band minimum (CBM) is more likely to be above the 
reduction potential, and ii) a downwards band bending is 
expected at the interface of the p-type semiconductor and 
the  electrolyte, causing the electrons to move towards the 
interface as experimentally observed. Note that also the 
larger magnitude of the current in case of the IL might be 
attributed to the fact that electrons at the CBM have a small-
er effective mass than holes at the VBM.  

However, beside their thermodynamics the kinetics of the 
half-cell reactions is important to identify which half-
reaction dominates at the semiconductor-electrolyte inter-
face, which probably explains why the sign of the observed 
photo current reverses again if a small amount of aqueous 
NaCl is added to the IL, as shown in Figure S1. 

In the previous section, only the monoclinic PbCrO4 pig-
ment powder was examined by using electrochemistry. Mon-
ico et al.

12
 observed a more pronounced darkening tendency 

upon illumination of lead chromate-lead sulfate co-
precipitates (PbCr1-xSxO4, 0<x<0.8) with increasing x. There-
fore, we performed similar electrochemical experiments for 
PbCr1-xSxO4 co-precipitates (0.1≤×≤0.8). In Figure S2 the 
photo-electrochemical response under the blue laser illumi-
nation of various electrodes modified with PbCr1-xSxO4 co-
precipitates (0.1≤×≤0.8), immersed in an IL and a NaCl solu-
tion, are compared. All investigated PbCr1-xSxO4 co-
precipitates show the same behaviour as PbCrO4: photo 
activation in all cases leads to oxidation of the environment 
in a NaCl solution and to a reduction of CrO4

2-
 in presence of 

the IL. These observations are linked to the p-type semicon-
ductor properties of PbCr1-xSxO4 and the reduction of Cr(VI) 
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to Cr(III) in the IL. Thus for all these compounds, it is ex-
pected that the Cr reduction potential stays below the CBM. 
As all the pigments on the WE are prepared in the same way 
and thus the amount of pigment is the same, the absolute 
values of the currents can also be compared. Note from Fig-
ure S2 that this absolute value of the photo reduction current 
decreases with increasing S concentration. However, Figure 5 
shows this current (averaged over the first illumination in-
terval) relative per Cr atom. This observation indicates that, 
relative to the total number of Cr atoms, more Cr atoms are 
reduced if the S concentration increases. We believe that this 
is the key observation to understand why S-rich PbCr1-xSxO4 
is more prone to darkening than PbCrO4. The aim of our 
first-principles calculations is to support this interpretation 
of the experimental measurements. Therefore we first ad-
dress the overall electronic properties of PbCr1-xSxO4 as func-
tion of S concentration x.  

Figure 5. Comparison of the monitored photo reduction 
current via electrochemistry of lead chromate and the other 
co-precipitates under blue laser illumination (wavelength 
406 nm). The experimental photo reduction current is nor-
malized with respect to the Cr-content of the corresponding 
pigment materials. 

Electronic structure of lead chromate and co-
precipitates PbCr1-xSxO4  

The diffuse reflectance UV-vis spectrophotometry spectra 
of the investigated series of chrome yellows show a typical 
shape for a photoactive, semiconducting material, exhibiting 
a clear absorption edge (see Figure 6). From the extrapolated 
tangent of the most vertical part of the edge, the correspond-
ing absorption wavelength was deduced, and subsequently 
converted to the band gap energy. Powders of PbCrO4, 
PbCr0.9S0.1O4, PbCr0.75S0.25O4, and PbCr0.2S0.8O4 show a band 
gap energy of 2.20, 2.22, 2.25 and 2.33 eV, respectively, i.e. an 
increasing trend is clearly observed. 

Figure 6. UV-DR measurements of PbCrO4, PbCr0.9S0.1O4, 
PbCr0.75S0.25O4, and PbCr0.2S0.8O4. The corresponding band 
gap energies are indicated. 

 

Figure 7. Valence and conduction band energies with respect 
to the BPE. The value of the band gap is also presented. 

In Figure 7 we plot the relative positions (with respect to 
the BPE) of the CBM and the VBM of PbCr1-xSxO4 for various 
values of x as calculated within DFT. Also the obtained band 
gaps are indicated. In comparison with PbCrO4, PbCr0.2S0.8O4 
shows a downward shift of the VBM by 1.25 eV that is ac-
companied by a small downward shift of the CBM, resulting 
in a net increase of the bandgap by 0.69 eV. One can observe 
that, with increasing S concentration, the band gap increases, 
and that this increase is mainly due to a decrease of the VBM 
position. In previous work

41, 42
 we have shown that com-

pounds for which the BPE falls in the VB or in the lower part 
of the band gap should be considered as p-type semiconduc-
tors. It is therefore clear from Figure 7 that our calculations 
support this claim which was based on the interpretation of 
the experimental results: the predicted typical p-type posi-
tion of the band edges of PbCrO4 confirms the tendency 
towards photo reduction of this pigment. Furthermore, be-
cause upon increasing the S-content mainly the VBM shifts 
downwards, the reduction potential of Cr will stay located 
below the CBM, favouring the photo reduction also for the 
co-precipitates including S, again as observed experimental-
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ly. If we use the position of the branch point energy obtained 
with Schleife’s rule as a very rough estimate of the reduction 
potential of water,

42
 we obtain the schematic lay-out of the 

relative positions of the different redox potentials and the 
position of the CBM and VBM in Figure 2. 

It is also instructive to investigate the evolution of the 
electronic structure with changing S concentration as it will 
have a direct influence on the photo absorption. Figure 8 
shows the projected DOS for the different studied com-
pounds. The reduced band width of the conduction band 
(CB) and the gradual disappearance of the two first CB 
blocks in the unoccupied DOS are a direct consequence of 
the gradual replacement of Cr by S atoms. For PbSO4, the Pb 
3s orbitals comprise the CB. Figure 8 shows also that the VB 
is made up mainly of O 2p orbitals while Cr 3d orbitals are 
the main contributors to the CB of PbCr1-xSxO4. 

 

 

Figure 8. Density of states (DOS) for PbCr1-xSxO4. The lower 
panel compares the total DOS of PbCr1-xSxO4 for all values of 
x. The energy range is the same in all figures. 
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Optical properties and photo absorption current 

Assuming that the photo-generated electron-hole pairs are 
responsible for the measured photo reduction current we 
study the generation of electron-hole pairs due to the ab-
sorption of light and its trend as a function of S-content.  
Using the imaginary and real part of the dielectric function 
√ε = n + iκ, the absorption coefficient of the materials was 

calculated as α=2ωκ/c where ω, c, n (= √√ɛi
2+ɛr

2+ɛr

2
), and κ 

(= √√ɛi
2+ɛr

2−ɛr

2
) are the frequency, speed of light, refractive 

index, and extinction coefficient of the material, respectively. 
The fraction of the light absorbed in a partially reflecting film 
layer of thickness L is modelled as 

Iph = a I0 = (1 − R)(1 − e−αL) I0         

   

where R is the reflectance of the layer. R is calculated using 
the Fresnel  s for normal light incidence:  

R= [(n-1)
2
+κ

2
]/[(n+1)

2
+κ

2
].                             

I0 is the intensity of the impinging light, a is the absorb-
ance. We call Iph the photo absorption current.  

Figure 9 shows the calculated absorbance. The typical size 
of the pigment crystallites was chosen as the thickness of L = 
3 μm, although our conclusions do not depend on this 
choice. The change in the optical properties of the pigments 
is directly correlated with the altering orbital character of the 
CB. The intensity of the onset of the imaginary part of the 
dielectric function (ɛi) decreases when replacing Cr by S due 
to the reduction of available states in the CB (see also Figure 
8). A concomitant increase of the onset energy is observed in 
ɛi (see Figure S3, which shows the imaginary part of the die-
lectric function for different S concentrations). This leads to 
a systematic blue shift in the optical band gap and the ab-
sorbance of PbCr1-xSxO4 on replacing Cr by S as shown in 
Figure 9. 

 

Figure 9. Calculated absorbed fraction a of the impinging 
light intensity as a function of the wavelength for a film 
thickness L = 3 μm. 

We will now show that there is indeed a direct link be-
tween this photo absorption current and the measured photo 

reduction current. Therefore we calculated how much small-
er or larger the photo current of PbCr1-xSxO4 is relative to the 
one of PbCrO4:  

𝐼𝑝ℎ(𝑃𝑏𝐶𝑟1−𝑥𝑆𝑥𝑂4)

𝐼𝑝ℎ(𝑃𝑏𝐶𝑟𝑂4)
=  

[1 − 𝑅(𝑥)][1 − 𝑒𝑥𝑝(−𝛼(𝑥)𝐿)]

[1 − 𝑅(0)][1 − 𝑒𝑥𝑝(−𝛼(0)𝐿)][1 − 𝑥]
 

The 1/1-x factor indicates the scaling per Cr atom. In Figure 
10, this ratio is shown for illumination under 406 nm blue 
light and compared to the ratio of the experimentally meas-
ured photo reduction currents of PbCr1-xSxO4 and PbCrO4 for 
different values of x, as deduced from the experimental data 
shown in Figure 5. The corresponding absorption (α) and 
reflectivity (R) coefficients of the pigments are shown in the 
inset. With increasing S concentration x, the decrease in 
absorption is accompanied by a decrease in the reflectivity of 
the material, resulting in a net increase of the photo absorp-
tion current. Both measurements and calculations show 
qualitatively a similar, positive trend vs increasing S concen-
tration x. However, there is a considerable difference be-
tween the measured photo reduction current ratio and the 
calculated photo current ratio for PbCr0.2S0.8O4: experimen-
tally an increase in photo current by a factor of 2.4 is ob-
served while the calculations predict an almost 5-fold in-
crease. This difference may be attributed to the fact that the 
calculated photo absorption current includes all created 
electron-hole pairs, while only part of them will lead to the 
reduction of a Cr atom. Electron-hole recombination pro-
cesses are not included in the calculation model. Further-
more, the rates of these recombination processes will depend 
on the S concentration. 

Figure 10. The ratio’s of the calculated photo absorption 
currents and the measured photo reduction currents of 
PbCr1-xSxO4 to that of PbCrO4 for PbCr1-xSxO4 pigments illu-
minated with a blue laser (λ = 406 nm), scaled per Cr atom. 
The inset shows the calculated absorption (black) and reflec-
tivity (red) constants of the materials at λ = 406 nm.  

Compelling experimental evidence to support our findings 
was given by green laser (λ = 532 nm) experiments and calcu-
lations. Figure 11 shows that when PbCrO4 and PbCr1-xSxO4 
(0≤x≤0.8) are exposed to a green laser, the photo-
electrochemical response of the various PbCr1-xSxO4 co-
precipitates (0≤×≤0.25) slightly increases with increasing S-
content. A marked decrease in photo reduction current is 
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observed when the relative amount of S exceeds 25% 
(x>0.25). This can be understood by considering the band 
gap of these compounds in relation to the green laser wave-
length employed for the excitation. This is consistent with 
the calculated results for the absorbance shown in Figure 9: 
for x>0.25, the absorbance is reduced at 532 nm. 

 

Figure 11. Comparison of the monitored photo reduction 
current via electrochemistry of lead chromate and the other 
co-precipitates under green laser illumination (wavelength 
532 nm). 

In Figure 12 the experimental photo reduction current and 
the calculated photo absorption current are compared for the 
illumination under green laser light. Again good agreement 
between the experimental and theoretical results is obtained.  
Figure 12 is consistent with Figure 9 and confirms that the 
excitation of the electrons using a green laser is theoretically 
not possible for the pigments with x≥0.5. As the green laser 
light is not powerful enough to excite electrons from valence 
to conduction band for these pigments, we do not expect a 
contribution to the photocurrent explaining the zero values 
for the calculated currents. However, for x=0.5, 0.75 and 0.8 
we observe a noticeable but lower value for the photocurrent 
compared to the photocurrent recorded for pigments with 
x<0.5 (showing absorbance, monoclinic in nature). For x=0.5, 
we are at the transition phase between monoclinic-
orthorhombic which might explain a higher contribution to 
the recorded photocurrent compared to x=0.75 and 0.8, 
which are both orthorhombic species. Next to the fact that 
the dark current always contributes to the recorded current 
in the electrochemical experiments, it was observed by Mon-
ico et al.
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 that the presence of intermediate species such as 

Cr(V) under green laser light might result in an absorption 
feature at this spectral range and thus leading to a contribu-
tion to the photocurrent for pigments with x≥0.5. 

 

 

 

Figure 12. The ratio’s of the calculated photo absorption 
currents and measured photo reduction currents of PbCr1-

xSxO4 to that of PbCrO4 for PbCr1-xSxO4 pigments illuminated 
with a green laser (λ = 532 nm). The inset shows the calculat-
ed absorption and reflectivity absorption (black) and reflec-
tivity (red) constants of the materials at λ = 532 nm. 

Photo reduction under solar light illumination  

Our calculations thus support the experimental claim that 
the measured current is due to the reduction of Cr and that 
there is a direct link between this measured photo reduction 
current and the generated electron-hole pairs under illumi-
nation, i.e. the calculated photo absorption current. The 
calculated increase in photo absorption current with S con-
centration under illumination with blue light, and relative to 
the number of Cr atoms, is also in agreement with the exper-
imental claim that, per Cr atom, more Cr atoms are reduced 
with increasing S concentration. As this conclusion is only 
based on illumination under a single blue wavelength, it is 
not possible yet to state that PbCr1-xSxO4 pigments are more 
prone to darkening for large S concentration, because it goes 
along with an increase in the number of reduced Cr atoms. 
This darkening occurs under illumination with light contain-
ing all frequencies present in the solar light. And as the ex-
periment with the green light indicates, the reduction of Cr 
diminishes for large wavelengths due to the increase in band 
gap with increasing S content. It means that the degradation 
behaviour of the pigments might be different under the full 
solar spectrum. Therefore we calculated the photocurrent of 
the pigments under the illumination of the solar light in the 
wavelength range of 280 to 3400 nm (UV-NIR) using 

𝐼𝑝ℎ = ∫ 𝑎(𝜆) 𝐼0(𝜆)
3400

280
𝑑𝜆/ ∫ 𝐼0(𝜆)

3400

280
𝑑𝜆        

where a(λ) is the wavelength dependent absorbance of the 
pigment and I0(λ) is the intensity of the impinging solar light 
AMG1.5. Thus for each wavelength the intensity of the light 
received at the earth surface is taken into account.
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Figure 13. The ratio’s of the photo absorption currents of 
PbCr1-xSxO4 to that of PbCrO4 for PbCr1-xSxO4 pigments illu-
minated with solar light (280 < λ < 3400 nm). 

The ratio of this photo absorption current, relative to lead 
chromate and per Cr atom, is shown in Figure 13. We see 
that, although the band gap increases with S concentration, 
the calculated photo absorption current per Cr atom still 
increases. Consequently, we predict that also the photo re-
duction current shows this behaviour, i.e. an increase of the 
photo reduction current of lead chromate co-precipitates 
PbCr1-xSxO4 pigments with increasing S content. We also 
stress that we find that this increase in photo absorption 
current only occurs because PbCr1-xSxO4 turns into the ortho-
rhombic structure for x≥0.5. For the monoclinic phase, this 
increase is not observed, as shown in Figure S4 of the sup-
plementary material. 

Conclusion 

To conclude, experimental techniques and DFT calcula-
tions demonstrate the formation of Cr(III) under illumina-
tion and clearly indicate that the relative amount of reduced 
Cr increases with S concentration. The p-type position of the 
band edges and the unique optical absorption spectrum are 
responsible for this phenomenon. The calculations support 
the reduction of Cr due to a position of the conduction band 
minimum for lead chromate and its co-precipitates PbCr1-

xSxO4 above the ɸred. By illumination of lead chromates by 
blue laser light, it is shown experimentally that this Cr reduc-
tion increases with S-content, with respect to the total Cr-
content in the pigment, consistent with the increase of the 
calculated photoabsorption current with increasing S-
content. Conclusive proof was given by the green laser exper-
iments and calculations. A decrease in absorbance at 532 nm 
explains the decrease in photoreduction current for pigments 
with x≥0.5, also linked to the crystalline structure of the 
pigment. When illumination under the full solar spectrum 
was taken into account in the calculation, the scaled photo-
absorption current was still found to increase with increasing 
S-content because PbCr1-xSxO4 turns into the orthorhombic 
structure for high S-content. This critical comparison be-
tween experiments and calculations opens up new perspec-
tives in the field of pigment degradation studies through a 

better understanding of the alteration mechanisms that are 
taking place.  
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