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ABSTRACT: Cadmium sulfide (CdS)-based yellow pigments have been used in a number of early 20th 

century artworks, including the Scream series painted by Edvard Munch. Some of such unique paintings 
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are threatened by the discoloration of CdS-based yellow oil paints because of the oxidation of original 

sulfides to sulfates. The experimental data prove that moisture and cadmium chlorides play a key role in 

promoting such oxidation. To clarify how these two factors effectively prompt the process, we studied 

the band alignment between CdS, CdCl2, Cd(OH)Cl and the ·OH and H3O· radicals by density functional 

theory (DFT) methods. Our results show that a stack of several layers of Cd(OH)Cl creates a pocket of 

positive holes at the Cl-terminated surface and a pocket of electrons at the OH-terminated surface, by 

leading in a difference in ionization energy at both surfaces. The resulting band alignment indicates that 

Cd(OH)Cl can indeed play the role of an oxidative catalyst for CdS in a moist environment, thus providing 

an explanation to experimental evidence. 

 

1. Introduction 

   Cadmium sulfide–based yellows (CdS/Cd1-xZnxS), present in a number of artworks by well-known 

artists, including Henri Matisse[1] [2] [3] [4], Vincent van Gogh[5], James Ensor[6], Pablo Picasso[7] and 

Edvard Munch[8] have been documented to suffer from discoloration, flaking, and chalking of paint films. 

In these cases, whitish compounds, such as cadmium sulfates (CdSO4/CdSO4·nH2O)[1-6], cadmium oxalate 

(CdC2O4)[2-5], and cadmium carbonate (CdCO3)[1-4], were identified and tentatively proposed as either 

(photo)degradation products of the original cadmium yellow paint or as residues of the synthesis process 

of CdS. CdS exists with two different crystalline structures: either as hexagonal CdS (hex-CdS, with a 

wurzite-type structure, present in nature as the mineral greenockite) or as cubic CdS (cub-CdS, with a 

zinc blende-type structure, present in nature as the mineral hawleyite).    

   Assessment of the condition of cadmium yellow paints is complicated by the fact that the chemical 

stability of CdS may depend on its manufacturing process. Two routes, a “dry” method and a “wet” 

method, were used for synthesizing late 19th to early 20th century cadmium yellow pigments [9] . In the 

dry process, either metallic cadmium, cadmium oxide, or cadmium carbonate is calcined (ca. 300°C to 

600°C) with pure sulfur in excess in an anoxic environment. The process, besides residues of starting 
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reagents (e.g., CdO and CdCO3), may lead to the formation of CdSO4 as by product, when anoxic 

conditions are not maintained. The wet process involves instead the precipitation of one or more cadmium 

salts (e.g., CdCl2, CdSO4, CdNO3, and CdCO3) with a soluble sulfide compound (e.g., Na2S, H2S, 

Na2S2O3, and BaS). Cub-CdS is usually obtained from hot or acidic sulfate solutions, while the production 

of hex-CdS is usually favoured from chloride solutions. Small amounts of the cubic form sometimes occur 

in essentially hexagonal precipitates along with traces of starting reagents, depending upon variations in 

the conditions of precipitation. The environment of reaction influences also the degree of crystallinity and 

the sizes of the grain and aggregates of the precipitate [9-12] . 

   During our recent investigation of The Scream (ca. 1910) by Edvard Munch (MUNCH Museum, Oslo), 

important clues about the degradation mechanism of CdS-based paints could be obtained, having 

meaningful implications for the preventive conservation of this type of artworks. In The Scream (ca. 

1910), two different types of the cadmium yellow pigment were identified: hex-CdS and cub-CdS, with 

degradation phenomena mainly associated with the former subtype. Evidence was found that the hex-CdS 

in The Scream (ca. 1910) has a low degree of crystallinity and contains significant amounts of CdCO3 

along with a variable content of chlorine compounds, consistent with a synthesis via the wet process 

without calcination. Its degradation manifests itself either in the form of flaking detachment of impasto 

paint or as discoloration of the yellow pigment to an off-white color. On the other hand, mixtures of hex-

CdS, cub-CdS and red HgS, as present in the orange paints of The Scream (ca. 1910), did not show evident 

signs of degradation.   

   The nature of the alteration of the flaking impasto paint in The Scream (ca. 1910) as well as that of hex-

CdS paint in other artworks was revealed to be an oxidation process: various amounts of CdSO4, other 

sulfates, as well as sulfite species have been encountered in several investigations [1,5,6,7], which can be 

interpreted as oxidation products. In addition, both in The Scream (ca. 1910) and in CdS paint from early 

20th C. paint tubes, different chloride-based compounds such as Cd(OH)Cl, NaCl and KCl were 

encountered too.    
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   Originally the conversion of hex-CdS to cadmium sulfates in oil paints was exclusively attributed to 

photo-oxidation processes, in which, under high moisture conditions, the interaction of impinging light 

photons with the semiconductor band structure of CdS gives rise to electron-hole pairs, of which the 

positive holes may cause oxidation of sulfidic ions (S-II) to the sulphate (SVI) form [13].  The interpretation 

of such experimental data is consistent with ab initio simulations on the subject [14,15]. However, artificial 

aging experiments conducted on CdS paint mockups have revealed that such an oxidation can also take 

place without light, provided a number of conditions are met, namely: (a) an elevated level of relative 

humidity (≥95%) and (b) the presence of cadmium chloride compounds, including CdCl2, CdCl2∙nH2O 

and Cd(OH)Cl. Next to the oxidation reaction per se, secondary reactions involving dissolution, migration 

through the paint and recrystallisation of water-soluble phases, such as Na2SO4 and Cd(OH)Cl/CdCl2, 

may further contribute to the formation of cadmium sulfates and of various Cl compounds in the 

investigated paintings. 

   The presence of Cd(OH)Cl on the micro scale has been strongly associated with the oxidation of CdS 

to CdSO4. Evidence was found suggesting that the originally present Cd(OH)Cl particles dissolved, 

migrated, and recrystallized as nanoparticles, possibly simultaneously with the oxidation of CdS to 

CdSO4. However, whether the presence of Cd(OH)Cl effectively stimulates the oxidation process is not 

clear. Does its presence cause/facilitate the oxidation, even in the absence of light, or is its recrystallisation 

an (after)effect of the oxidative transformation of hex-CdS to CdSO4?  

   To investigate this question more in detail, a combination of experimental and computational studies 

of the properties of oil paints made up of both hex-CdS and Cd(OH)Cl was conducted. 

   The experimental investigation was aimed at documenting the degree of intermixing of both phases at 

the micro and nanoscale and was conducted using a combination of scanning transmission electron 

microscopy using energy-dispersive X-ray (STEM-EDX) and synchrotron radiation (SR)-based X-ray 

techniques of paints prepared from commercially available hex-CdS and a historical early 20th C. 

cadmium yellow pigment powder before and after artificial aging under high moisture conditions (see 
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Experimental Section for details). The theoretical investigation, based on density functional theory (DFT) 

calculations, focused on obtaining new insights about the band alignment and possible charge transfers at 

the interface between either hex-CdS or cub-CdS on the one hand and CdCl2 or Cd(OH)Cl on the other 

hand.  

   In what follows we first describe a number of experimental results that provide complementary views 

of the same phenomenon; by combining these, it has become possible to improve our insight regarding 

the influence of Cd(OH)Cl on the stability of hex-CdS towards oxidation under the influence or in the 

absence of light. 

2. Results and Discussion 

2.1 Presence of Cd(OH)Cl and Degradation State of Yellow Paint in Munch’s The Scream (ca. 1910) 

   In Fig. 1, a summary is presented of the micro X-ray fluorescence (µ-XRF) images and micro X-ray 

absorption near edge structure (µ-XANES) spectra and derived from a paint scraping sample of The 

Scream (ca. 1910) by E. Munch. As evident from these data, it concerns a CdS-containing yellow paint 

microflake. Colocalized with Cd and S there are abundant amounts of Cl, with sulfate-compounds present 

as micrometric agglomerates (Fig. 1B,C). The latter consist of Na2SO4 (i.e., a residue of the CdS synthesis) 

along with a variable contribution of CdSO4 and sulfite (SIV)-compounds, as revealed by S K-edge µ-

XANES spectroscopy measurements (Fig. 1D, leftmost panel). The Cl K-edge µ-XANES spectra (Fig. 

1D, rightmost panel) show a typically double-peak signature that resembles that of Cd(OH)Cl (pts. 03Cl-

04Cl), although the broadening of the XANES feature at observed at 2.8262 keV (pts. 01Cl-02Cl) also 

suggest that Cl is present in one or more other compounds. As reported elsewhere [8], similar observations 

were made from other paint fragments of this painting.    
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Figure 1. (A) Photograph of The Scream (ca. 1910) (MUNCH Museum, Oslo; catalog no. Woll.M.896) with arrow showing the spot 

where the microflake sample of (B) was taken off (Photo credit: Irina Crina Anca Sandu and Eva Storevik Tveit, MUNCH Museum, Oslo). 

(B) Visible light micrograph of the studied microflake and corresponding. (C) Composite RGB SR μ-XRF maps of Cl/SVI/Cd (step size: 

0.8×0.8 μm2, exp. time: 100 ms/pixel). (D) Selection of (left) S K-edge and (right) Cl K-edge µ-XANES spectra (black) obtained from the 

areas shown in (C). In magenta, result of the linear combination fitting of different S-based compounds, while in grey spectra of  a series of 

S and Cd reference compounds.

2.2 Paint Micro/Nanostructure as Observed by STEM-EDX 

   Figs. 2-3 illustrate the high-angle annular dark-field  (HAADF) images and elemental STEM-

EDX maps derived from the two paint mock-ups shown in Figs. 4A-5A and with composition very 

similar to the microflake of the Scream (ca. 1910) (see SI for details about the paints preparation 

and analysis). 

   In the CdSCd(OH)Cl paint (Fig. 2), the distributions of S and Cd, O and C at the nanoscale are 

essentially complementary to each other. Well-defined hex-CdS grains of dimensions >1 μm are 

visible within the organic paint matrix; at some locations, they are interspersed with finer and more 
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irregularly shaped Cd(OH)Cl particles. Low amounts of Cl are present in the sample support, 

probably as contaminant.  

 

Figure 2. STEM-HAADF image and STEM-EDX maps (Cd-L, C-K, S-K, Cl-K, O-K) of the unaged CdSCd(OH)Cl mock-up paint 

prepared as thin section by focused ion beam (FIB) (see Figure S2 to see the results obtained from the corresponding aged sample). 

 

When comparing the maps collected from 7914Cd(OH)Cl paint (Fig. 3), the smaller average size 

and irregular shape of the grains is evident. Locations/nanograins are identifiable in which Cd, S 

and Cl are all present together, while also several grains containing Cd, but neither S and Cl are 

visible (corresponding to CdCO3 – C and O). Together with the available XRD data (not reported; 

see Ref.[8] for details), showing clearly defined and unbroadened patterns of hex-CdS and 

Cd(OH)Cl,  these nano-level maps suggest that in 7914Cd(OH)Cl  paint, hex-CdS and Cd(OH)Cl are 

intimately intermixed with each other, but at a level that still preserves, in part or in total, the 

crystal structure of both components. The simultaneous presence of an amorphous mixed phase of 

both components can also not be excluded. The widespread presence of C and O in the surrounding 

areas the Cd-based particles is due to the oily binder. A more detailed view of the intimate mixture 

of hex-CdS, Cd(OH)Cl and other compounds, such as CdCO3, that is present in sample 

7914Cd(OH)Cl is provided in Fig. S1.  
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Figure 3. STEM-HAADF image and STEM-EDX maps (Cd-L, C-K, S-K, Cl-K, O-K) of the unaged 7914Cd(OH)Cl mock-up paint 

prepared as thin section by focused ion beam (FIB) (see Figures S1 and S3 for a detailed map acquired from a cluster of nanograins 

in the sample and the results obtained from the corresponding aged paint). 

 

       From the above-described maps it can be concluded that in the mixtures, also at the nanoscale, 

the two materials co-exist next to each other as a simple mixture. This essentially remains the same 

after thermal aging (Fig. S2-S3). 

 

 

2.3. Effects of Thermal Aging 

   In Figs. 4A and 5A, photographs of the two paint mock-ups studied with STEM-EDX in the 

previous section, are presented, before and after aging. As a result of the thermal treatment, the 

visual aspect of both 7914Cd(OH)Cl and CdSCd(OH)Cl show an appreciable color change poorly 

appreciable with the naked eye, along with the formation of superficial whitish-transparent spots. 
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This macroscopic observation can be linked to several chemical changes that are apparent at the 

microscopic level.   

In line with previous measurements performed in an equivalent thermally aged mock-up [8], high 

moisture conditions promotes the formation of SVI-rich aggregates within the S-II-based matrix in 

the 7419Cd(OH)Cl paint (Fig. 4B). S K-edge XANES measurements (Fig. 4C, leftmost panel) reveal 

that the aggregates mainly consisting of CdSO4/CdSO4·nH2O, while lower amounts of the same 

compounds are present in the CdS-based matrix. In the aggregate also some evidence of the 

presence of sulfite (SIV) species was encountered. In addition, the colocalized presence of Cl 

species and cadmium sulfates was noted: Cd(OH)Cl was mainly localized in the SVI-rich 

aggregates that formed in situ during aging. Earlier µ-XRD patterns recorded from SVI-rich 

region[8] show an extensive broadening of the Cd(OH)Cl signals compared to those of sample 7914 

before thermal aging, assumed to stem from the nanometric size (>10 nm) of the Cd(OH)Cl 

crystals. This observation, integrated with the nanoscale maps (Fig. S3) showing both co-

localization and in some cases a Cl-rich or CdCO3 coating covers a Cd,S-rich core, suggests that 

a recrystallisation of Cd(OH)Cl and possibly of CdCO3 occurs as part of the aging process. 
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Figure 4. Summary of µ-XRF and µ-XANES investigations of thermally aged 7914Cd(OH)Cl paint mock-up (RH≥95%, T=40°C, 100 days) shown in 

(A). (B) Composite RGB μ-XRF images of Cl/SVI/Cd [step size (h×v): 1×1 μm2, exp. time: 100 ms/pixel] and (C) selection of S K-edge and Cl K-

edge μ-XANES spectra (black) obtained from the points indicated in (B) with linear combination fitting results (magenta). 

 

   Comparable results were also observed for the CdSCd(OH)Cl paint. Before aging (Fig. S4), SR 

µ-XRF mapping, S- and Cl-speciation investigations reveal that Cd(OH)Cl particles/aggregates 

are homogenously distributed within the yellow paint, where only  

S-II-species (CdS) were found. As a consequence of the thermal treatment, SR µ -XRF maps (Fig. 

5B,D) show that the whitish regions of the paint are mainly composed of Cd and Cl with minor 

abundances of S. More specifically, the S-speciation maps (Fig. 5E) combined with the linear 

combination fitting of S K-edge µ-XANES spectra (Fig. 5F, pt 03S) and SR µ-XRD mapping (Fig. 

5C) reveals the formation of CdSO4 (≈20%) in the Cd(OH)Cl/CdCl2·H2O-rich area at the surface, 
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whereas only hex-CdS is present in the Cl-free/poorest regions underneath. CdSO4 was not 

revealed by µ-XRD, likely due to its amorphous nature.  

The above observations, in combination with the fact that the formation of neither CdSO4 nor 

cadmium carboxylates was observed in Cl-free CdS oil paint mock-ups aged under similar 

conditions [13], led to the conclusion that, in a moist environment, the close contact of Cd(OH)Cl 

[and possibly other (Cd,Cl) compounds] with hex-CdS particles stimulates the degradation of CdS 

oil paints. On the other hand, the photodegradation of CdS did not appear to be influenced by the 

absence or presence of (Cd,Cl) compounds but only by humidity.  

 

Figure 5. Summary of µ-XRD, µ-XRF and µ-XANES analysis of the thermally aged CdSCd(OH)Cl mock-up (RH≥95%, T=40°C, 

100 days) shown in (A, B). (C) Composite RGB SR μ-XRD maps of hex-CdS/CdCl2·H2O/Cd(OH)Cl (step size: 1.5×1.5 μm2, exp. 

time: 1s/pixel, energy: 21 keV) and μ-XRF images of (B,F) Cl/S/Cd and (G) S-II/S-VI [step size (h×v): 0.8-1×0.5-1 μm2, exp. time: 

80-100 ms/pixel]. In (B), the areas where maps of (C-E) were acquired are shown. (F) Selection of S K-edge μ-XANES spectra 

(black) obtained from the points indicated in (D,E) and linear combination fitting results (magenta). 
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2.4 Prediction of Electron Transfers between CdS and Cd(OH)Cl 

   Since no experimental observations can be done at the level of the individual atoms of the 

interfacial region between CdS and Cd(OH)Cl a series of theoretical calculations were undertaken 

to study the possible flow of charges between the two phases. Previously, DFT calculations were 

performed on CdS and related systems [14,15]. In this paper, we perform DFT calculations for CdS, 

CdCl2 and Cd(OH)Cl by using the Vienna Ab initio Simulation Package (VASP)[16-19] with 

Perdew-Burke-Ernzerhof (PBE) functional[20]; the computational details of the calculations are 

given in the Section 5.   

 

2.4.1 PBE Lattice Parameter Calculations with(out) van der Waals Correction 

   The purpose of these calculations was to determine the atomic positions in cub-CdS, hex-CdS, 

CdCl2 and Cd(OH)Cl corresponding to a minimal overall energy of the structures and to verify 

that the calculated values match experimental data. In Table 1, experimental and calculated lattice  

 

Table 1. Experimental (exp) and calculated values (PBE) for the lattice parameters of cub-CdS, hex-CdS, CdCl2 and Cd(OH)Cl 

structures. Experimental values were obtained from References [21-23]. For CdCl2 and Cd(OH)Cl, the lattice parameters are shown 

with and without Van der Waals (vdW) correction. 

 aexp(Å)        aPBE(Å)  cexp(Å)           cPBE(Å) 

cub-CdS 5.818                 5.936  5.818                      5.936 

hex-CdS 4.137                 4.201  6.716                6.847 

   CdCl2  

with vdW 

without vdW 

3.864                     
                              3.824 
                              3.909 

 17.576 

                        17.757 

                        19.535 

Cd(OH)Cl 

with vdW 

without vdW 

3.665 
                              3.672 
                              3.727 

 10.231 

                        10.357 

                        10.613 
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parameters of these compounds are compared. For both CdS polymorphs a good match between 

calculations and experiment is obtained. For the CdCl2 and Cd(OH)Cl, the calculated lattice 

constants also agree well with experiment provided the calculations are done with a Van der Waals 

(vdW) correction. This illustrates the importance of including these corrections in the calculations. 

 

2.4.2 Band Alignment Calculations 

   The purpose of band alignment calculations is to assess in which direction electrons and/or 

positive holes, created in one of the phases (e.g., Cd(OH)Cl) might flow to another phase in contact 

with it (e.g., cub-CdS or CdCl2). From the band alignment calculations, values for the ionization 

energies (IE) and electron affinities (EA) of the various compounds were obtained, and listed in 

Table 2. In all cases, these are in agreement with literature values [24].  

 

Table 2. PBE calculation results for the ionization energy (IE) and electron affinity (EA) for the various slab structures, and the 

value of the work function of a 1 layer and 12 layer Cd(OH)Cl slab structure. 

 IE 

(eV) 

EA 

(eV) 

Work function 

(eV) 

cub-CdS 6.00 4.70 - 

hex-CdS 5.96 4.72 - 

CdCl2 7.94 4.38 - 

1 layer 

Cd(OH)Cl 

OH site 

Cl site 

 

 

4.13 

7.89 

 

 

1.74 

5.50 

 

 

- 

- 

12 layer 

Cd(OH)Cl 

OH site 

Cl site 

 

 

- 

- 

 

 

- 

- 

 

 

2.25 

8.00 
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      In what follows the electronic structure of the layered compound Cd(OH)Cl is discussed. In 

the calculations, we considered slabs with the natural (0001) polar surface. Because of this polar 

nature of Cd(OH)Cl, a potential difference exists between the bottom and top surface of the slabs, 

creating a built-in dipole perpendicular to the surface of the slab This potential difference leads to 

a shift in the vacuum levels between both sides of the slab. 

To investigate the influence of the thickness of the Cd(OH)Cl slab on this difference in vacuum 

levels, we first considered a single layer of Cd(OH)Cl. Fig. 6 shows the crystal structure of single 

layer Cd(OH)Cl slab. In the layer of Cd(OH)Cl, there is a Cl-Cd-O-H atomic arrangement along 

the z-axis, which is perpendicular to the layer, and it has two different terminations (OH on one 

side and Cl on the other side).  

Its density of states (DOS) is shown in Fig. 6, indicating that such a single Cd(OH)Cl layer 

features a clear band gap. Thus, without external excitation (via absorption of photons), no charge 

carriers can flow across this layer between both outer surfaces that otherwise would reduce the 

magnitude of the above-mentioned dipole. However, when more layers are added, the electronic 

structure changes and the system evolves from a semiconductor into a semimetal, with increased 

conductivity of the material. This is presented in Fig. 7, which shows the density of states per layer 

for a 12 layer Cd(OH)Cl slab. The metallicity is visible in the DOS of layers 1 (OH-terminated 

surface) and 2 and of layers 11 and 12 (Cl-terminated surface), which therefore should have the 

ability to conduct charges along the surface of the slab, i.e. parallel to the direction of the slab. If 

we consider the DOS of the other layers, they show a band gap and thus retain their semiconductor 

nature. The above-mentioned conductivity therefore will be not present in the direction 

perpendicular to the slab without external excitation. We also see in Fig. 7A that the positions of 

the valence band maximum (VBM) and the conduction band minimum (CBM) shift to higher 

energies when moving from layer 1 (OH-terminated surface) to layer 12 (Cl-terminated surface). 
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Since the VBM of layer 12 lies above the CBM of layer 1, upon (photo or thermal) excitation of 

the system, a net charge transfer is expected to occur between both surfaces, creating a reservoir 

of positive holes (a hole pocket) at the Cl-terminated side of Cd(OH)Cl and an reservoir of 

electrons (an electron pocket) at the OH-terminated side.  This charge transfer compensates to a 

certain extent for the built-in dipole in Cd(OH)Cl. The planar-averaged local potential energy 

along the direction perpendicular to the slab for this 12 layer Cd(OH)Cl slab is shown in Fig. 7B. 

Here we can see that even after the charge transfer, an internal dipole perpendicular to the slab 

surfaces remains. This indicates that the charge transfer is not able to compensate completely for 

the built-in electric field. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 

The top left figure 

shows the side view and the top right figure shows the top view of the crystal structure of 1 layer Cd(OH)Cl, respectively.  Here, 

atom color codes: green: Cl; pink: Cd; red: O; white: H atoms. The bottom figure shows the density of states (DOS) for 1 layer 

Cd(OH)Cl. Here, the red is Cl, the green is Cd, the blue is O and the purple is H. Black line shows the total DOS.  Black vertical 

line shows the Fermi level and it was set to 0 eV. Energies are given with respect to the top of the valence band. 
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      The energy difference between the vacuum levels at the OH-terminated and Cl-terminated side 

of Cd(OH)Cl with respect to the number of layers is shown in Fig. 7C. For the metallic systems, 

this corresponds to the difference in work functions between both sides. The IE and EA values for 

the Cd(OH)Cl monolayer and the work function values for the thicker Cd(OH)Cl slabs at both the 

OH- and Cl-terminated Cd(OH)Cl surfaces are included in Table 2. As shown in Fig. 7C, the   

 

Figure 7. A) Density of states (DOS) for a slab consisting of 12 layers of Cd(OH)Cl. Here the black vertical line shows the Fermi 

level and it was set to 0 eV. Energies are given with respect to the top of the valence band. Layer 1 (L1) is the OH-terminated and 

layer 12 (L12) is the Cl-terminated surface of the slab. B) Average local potential for a bare Cd(OH)Cl slab along the direction 

perpendicular to the surface (z). C) Potential difference between the vacuum levels at the two surfaces of Cd(OH)Cl as a function 

of slab thickness/number of layers. The potential difference converges to approximately 5.8 eV. D) Band alignment diagram of 

Cd(OH)Cl in contact with other materials. Blue blocks and red blocks represent the valence band (VB) and conduction band (CB) 

of solid material slab with respect to the vacuum level, respectively. Blue horizontal lines represent the highest occupied molecular 

orbitals (HOMO) of molecules in contact with the Cd(OH)Cl slab surfaces; red horizontal lines are the lowest unoccupied molecular 

orbital (LUMO) of these molecules. Half blue-half red lines are partially filled electronic states of these molecules. Next to values 

for the neutral molecules water and formic acid, also values for the H3O and OH radicals are indicated.  
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energy difference between the two surfaces of Cd(OH)Cl bilayer is approximately 6 eV, close to 

the approximate value reported in Ref [25]. Note that with increasing slab thickness, this energy 

difference converges to a value of around 5.8 eV and becomes independent of the slab thickness. 

To explain this observation, we present a simple charge transfer model for Cd(OH)Cl in Section 3 

of Supporting Information. 

 

2.4.3 Band Alignment Diagram of Cd(OH)Cl in contact with Various Other Materials 

   Based on the obtained EA, IE and work functions, the band alignment diagram shown in Fig. 

7D is proposed. In this diagram we consider which charge transfers might occur when both 

surfaces of a central slab of Cd(OH)Cl would be in contact with various other materials: (a) either 

solid slabs of hex-CdS, cub-CdS or CdCl2 or (b) individual molecules directly in contact with both 

surfaces. For the latter we considered water (H2O) as well as the H3O and OH radicals, and formic 

acid (HCOOH) of which both the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels are considered.    

In Fig. 7D, for the solid slabs, the calculated positions of the valence band (VB) and conduction 

band (CB) are indicated by blue and red blocks, respectively. All these positions were obtained by 

aligning the vacuum levels. The dipole across the central Cd(OH)Cl slab, causes the VBM and 

CBM values for the materials in contact with the Cl-terminated surface of the central Cd(OH)Cl 

slab (right side of Fig. 7D) to be shifted to lower potentials while those in contact with OH-

terminated surface (left side of Fig. 7D) are shifted upwards. For the molecules and radicals, the 

blue horizontal lines indicate the (shifted) HOMO level and the red horizontal lines the (shifted) 

LUMO level, half blue-half red lines represent partially filled electronic states. The DFT 

calculations to obtain the HOMO and LUMO levels were done for bare radicals. 
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   It is important to note that this band alignment diagram illustrates the situation (just) before 

the different slabs and molecules are brought into contact with each other, i.e., provides indications 

in which direction electrons and/or positive holes might move among the various materials before 

they actually move. 

 

2.4.4 Bader Charge Analysis 

      In order to check the consistency of the above-described mechanism, we performed Bader 

charge analysis [26,27] for two different systems. One system is the Cd(OH)Cl slab in contact with  

 

 

Figure 8. A) Cd(OH)Cl slab in contact with CdS on its Cl-side. The total system was constructed from a 2x5 supercell of 4 

Cd(OH)Cl layers and a 3x3 supercell of cub-CdS with 10 atomic layers. B) Cd(OH)Cl slab with ·OH and H3O· radicals adsorbed 

on its OH-side. Here a 2x2 supercell of 4 Cd(OH)Cl layers was used. Here L1, L2, L3 and L4 show the Layer 1-4 of Cd(OH)Cl.  

(Atom color codes: pink: Cd; yellow: S; green: Cl; red: O; white: H atoms).  

 



 19 

a CdS slab on its Cl side (anodic side) and the other system is the Cd(OH)Cl slab with ·OH and 

H3O· radicals adsorbed on its OH-side (cathodic side). Fig. 8A shows the situation in which CdS 

is in contact with the Cl layer. Here we observe a covalent bond between CdS and the Cl layer of 

Cd(OH)Cl. Fig. 8B shows the ·OH and H3O· radicals at the OH layer Cd(OH)Cl.  

   Table 3 shows the Bader charge analysis of the different layers in a 4-layer Cd(OH)Cl slab. 

Column 1 shows the Bader charge analysis of a bare Cd(OH)Cl slab (i.e. no absorbed molecules 

or direct contact with CdS). If there was no electron transfer between the layers, the total electron 

number of each layer would be equal 26 (as layer 2 and 3).  However, the results show that a charge  

 

Table 3. Bader charges (in units of the elementary charge e) of the different layers in a 4 layered Cd(OH)Cl slab. Column 1 shows 

the results for bare (no molecules or CdS in contact with the slab) Cd(OH)Cl. The results in column 2 are for CdS in contact with 

Cd(OH)Cl at the Cl-terminated side, and column 3 shows the results for H3O·  and ·OH adsorbed on the OH-terminated side of 

Cd(OH)Cl. Here layer 1 is OH-terminated side of Cd(OH)Cl and layer 4 is the Cl-terminated side of Cd(OH)Cl.  

    bare  

Cd(OH)Cl 

Cd(OH)Cl with   

CdS at Cl-side 

Cd(OH)Cl with H3O· 

and ·OH at OH-side 

Layer 1 (OH)    26.13               26.13          26.07 

Layer 2    26.00               26.00          26.00 

Layer 3    26.00               26.00          26.00 

Layer 4 (Cl)    25.86               25.97          25.86 

 

of approximately 0.13 𝑒 is transferred from layer 4 (the Cl-terminated side) to layer 1 (the OH-

terminated side). The second column shows the results for Cd(OH)Cl with CdS at its Cl-side. In 

these calculations the CdS structure is fully relaxed. Here we can see that the charge in layer 4 

increases approximately by 0.1 𝑒, which shows that electrons from the valence band of CdS flow 

towards the Cl-terminated surface. The third column of Table 3 shows the Bader charges of all 
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layers after the adsorption of ·OH and H3O·, obtained after a full relaxation of the system. We can 

see that after the relaxation, indeed the charge in layer 1 has decreased, as predicted by the band 

alignment diagram.  

The Bader charge analysis is therefore consistent with our proposed mechanism for the oxidation 

of CdS: the electrons that are extracted on the anodic (Cl-terminated) side of Cd(OH)Cl, causing 

an oxidation of CdS, are transferred through the Cd(OH)Cl to its cathodic (OH- terminated) side 

where they are transferred to species such as OH or H3O+. 

 

2.5 Proposed Degradation Mechanism 

   The above results indicate that Cd(OH)Cl is a polar semimetal with built-in electrical dipole and 

that the potential difference over the system does not change with slab thickness. In the right side 

of Fig. 7D we can see what would happen if hex-CdS, cub-CdS or CdCl2 would be brought into 

contact with the Cl-terminated (anodic, oxidizing) surface of Cd(OH)Cl: in the case of either hex-

CdS or cub-CdS, electrons from the VB of the CdS would flow towards the Cl-terminated surface 

of the Cd(OH)Cl to fill the hole states that are present there (corresponding to an anodic half 

reaction). One can conclude a similar manner that also H2O molecules and OH radicals could act 

as source of electrons. As such, the Cl-terminated surface of the Cd(OH)Cl slab can be considered 

to act as anodic surface, with the ability to oxidize some of the components it is in contact with. 

On the other hand, and consistent with chemical expectations, Figure 7D also shows that when 

CdCl2 and the Cl- terminated Cd(OH)Cl surface would make contact, no electron flow would take 

place.   

   The left side of Fig. 7D permits to imagine what might take place on the OH-terminated (or 

cathodic, reducing) surface of the Cd(OH)Cl slab: the electrons present in the CB of Cd(OH)Cl 

(layers 1 and 2 of the slab) could flow to hole states in either hex-Cd, cub-CdS or CdCl2 and to 
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half-filled states of OH radicals (corresponding to cathodic half reaction). The HOMO of small 

molecules such as water and formic acid, however, are too high in energy to be able to accept such 

electrons. The same applies to the HOMO of the H3O radical. The removal of charge from the OH-

terminated Cd(OH)Cl surface would thus compensate for the extra electrons present at top of the 

valence band of the Cl-terminated Cd(OH)Cl surface. The schematic illustration of this process is 

shown in Fig. 9.  

 

Figure 9. Schematic illustration of the oxidation of CdS. Here, VB is the valence band and CB is the conduction band of CdS. The 

blue and red blocks represent the valence band and conduction band of Cd(OH)Cl, respectively.  

 

   From the above consideration, it is possible to conclude that a slab of Cd(OH)Cl might play a 

role of charge mediator, extracting electrons from CdS (in contact with its anodic surface) and 

delivering them to OH radicals (in contact with its cathodic surface), a conversion that might be 

denoted as follows: 

 a:     CdS + Cd(OH)Cl             “CdS(+)” + “Cd(OH)Cl(-)” 

      c:   “Cd(OH)Cl(-)” + ·OH          Cd(OH)Cl + OH-            x n 
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------------------------------------------------------------------------ 

CdS + n ·OH         “CdS(n+)” + n OH- 

where “Cd(OH)Cl(-)” denotes the slab of Cd(OH)Cl that has acted as electron acceptor on its OH-

terminated surface and subsequently play the role of electron donor at its Cl-terminated surface. 

When n = 8, this equation essentially describes the Cd(OH)Cl-catalyzed oxidation of sulfidic ions 

(S2-, valence state -II) in CdS to sulfate ions (SO4
2+, S valence state +VI), and can then also be 

written as: 

CdS + 8 ·OH + 4 H2O           CdSO4 + 8 OH- + 8 H+ 

or finally 

CdS + 8 ·OH         CdSO4 + 4 H2O 

It is not unreasonable to assume that near the electron-depleted surface of CdS, also water 

molecules are present of which the O-atoms can interact with the oxidized S atoms to form sulphate 

(SO4
2-) ions.  

   Since we do not have direct access to the HOMO and LUMO levels of the OH− and H3O+ ions, 

the calculated HOMO and LUMO energy levels of bare (i.e., unsolvated) H3O·  and ·OH         

radicals were used in the above calculationsi. While it is not possible to quantitatively calculate the 

H3O+ LUMO level within our supercell approach, the energy level will be lower than the H3O· 

HOMO level due to the reduced electron repulsion and thus will be situated below the occupied 

CB states of the OH-terminated Cd(OH)Cl surface (see Fig. 7D).  Thus, a charge transfer from the 

cathodic Cd(OH)Cl surface towards H3O+ could also take place, with the hole states created in the 

cathodic surface filled by charges extracted from CdS on the anodic side of the Cd(OH)Cl slab. In 

case H3O+ is the electron sink species, both half reactions become: 

 

                            a: CdS + Cd(OH)Cl              “CdS(+)” + “Cd(OH)Cl(-)” 

c:“Cd(OH)Cl(-)” + H3O+         Cd(OH)Cl + ½ H2 + H2O   x n 

------------------------------------------------------------------------ 
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CdS + n H3O+         “CdS(n+)” + n/2 H2 + n H2O 

or, for n = 8:  

CdS + 8 H3O+          CdSO4 + 4 H2 + 4H2O 

The above considerations are consistent with the documented ability of CdS to act as a water-

splitting photocatalyst, potentially with high hydrogen generation efficiency[30]. However, an 

important aspect that limits its effective use for this purpose is that CdS, like other sulfidic 

materials, is prone to photocorrosion and self-decomposition[31]. 

 

3. Conclusion 

   On the basis of the experimental and theoretical investigations, it is possible to provide further 

evidence about the effect that Cd(OH)Cl and moisture have on the tendency of hex-CdS towards 

oxidation to CdSO4 in oil paintings. First, Cd(OH)Cl was shown to be mixed on the nanoscale 

with hex-CdS (and other Cd-compounds) in both original works of art such as Munch’s The 

Scream (ca. 1910) and in cadmium yellow paint mock-ups. STEM-EDX map of the mixture 

indicated that both phases are intergrown at the nanometer level. However, as this mixture still 

exhibits the distinct and sharp XRD signals of both compounds, we conclude that both phases 

retain many of the (electronic) properties they have in pure, unmixed form. Nevertheless, at the 

interface of both materials, material properties may be present that are not exhibited by both 

components when present in pure form. These properties were studied by means of density 

functional theory calculations for slabs of CdS, Cd(OH)Cl and CdCl2. 

   Due to the presence of a built-in dipole in Cd(OH)Cl, giving rise to superficial layers with 

metallic properties, thin layers of such compound feature opposed surfaces with respectively 

anodic and cathodic properties. When in contact with respectively CdS and water, the Cd(OH)Cl 

can facilitate the transfer of electrons from the sulfidic ions in the vicinity of its anodic surface 

(CdS/Cd(OH)Cl interface) to either OH radicals or H3O+ ions on its cathodic side, thereby 
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stimulating the oxidation of CdS to CdSO4. Thus, Cd(OH)Cl may play the role of a oxidative 

catalyst for CdS in an aqueous environment. The very intimate intermixing of CdS and Cd(OH)Cl, 

down to the nm scale, is expected to enhance this behavior. 

 

4. Experimental Section 

4.1. The Scream (ca. 1910) (MUNCH Museum, Oslo, Norway) microflake 

The paint microflake that was analyzed was obtained from a spot of the flaked-off yellow paint 

surface of the lake region of The Scream (ca. 1910) (tempera and oil on unprimed cardboard, 83.5 

cm by 66 cm; catalog no. Woll.M.896) belonging to the MUNCH Museum (Figure 1A). It was 

obtained by scraping the surface, resulting in six discrete micrometric flakes; all of them were 

directly measured without any further preparation. The results obtained from one of them, 

representative of the composition of the micro-sampling location, are presented and discussed. 

 

4.2 Preparation of CdS-based paint mock-ups and aging protocol 

An oil paint mock-up was prepared by mixing an early 20th century cadmium yellow pigment 

powder (henceforth referred to as the “7914Cd(OH)Cl” paint) from the collection of the Cultural 

Heritage Agency of the Netherlands (RCE) with linseed oil (Zecchi) in a 4:1 weight ratio and 

applied on polycarbonate slices. This powder dates back to the early 20th century and contain 

CdCO3, Cd(OH)Cl and KCl next to poorly crystalline hex-CdS (see Refs. [8,11] for more details). 

An additional paint mock-up was obtained by mixing powders of crystalline hex-CdS (Sigma-

Aldrich) and Cd(OH)Cl (in-house synthesized, according to the procedure reported in Ref. [32]) in 

a 4:1 weight ratio (above referred to as the “CdS Cd(OH)Cl” paint). A blend of the powder mixture 

with linseed oil (4:1 weight ratio) was applied on areas of about 1.5 cm by 1.5 cm on a 

polycarbonate support. 

https://www.science.org/doi/10.1126/sciadv.aay3514#F1
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Thermal aging treatment of both paint mock-ups was performed by placing the touch-dried 

paints in a vessel maintained in the dark at RH ≥95% (obtained using distilled water) and at 40°C 

for an overall period of 90 to 100 days (2160 to 2400 hours). As a result of the treatment, at the 

paint surface of both mock-ups, a color change appreciable with the naked eye along with the 

formation of whitish-transparent spots were observed (cf. Figs. 4-5). 

 

4.3 Nanoscale investigation by STEM-EDX 

Prior to STEM-EDX measurement, CdS-based oil paint mock-ups were thinned via Thermo 

Fisher Helios Focused Ion beam (FIB) to a thickness of ca 100 nm and loaded on to a FIB lift-out 

grid. The STEM-EDX measurements were performed using a Thermofisher Scientific Titan 60-

300 kV transmission electron microscope operated at 300 kV and equipped with a super X EDS 

detector. EDX maps were acquired in STEM mode with a probe current of ~ 200 pA. A beam 

convergence angle of 21 mrad was used. A parent STEM-HAADF image was acquired at 512 × 

512 pixel resolution and the final STEM-EDX maps were recorded as sub-areas within this image. 

A pixel dwell time of 10 μs was used.   

 

 

4.4 Microscale investigations by μ-XANES/μ-XRF and μ-XRD 

The Scream (ca. 1910) yellow microflake and oil paint mock-ups were examined by means of 

μ-XANES/μ-XRF and μ-XRD as here below described.  

 

4.4.1 μ-XANES/μ-XRF at S K-edge and Cl K-edge 

Sulfur and chlorine speciation investigations of a paint microflake obtained from The Scream 

(ca. 1910) and thin sections (5 to 10 μm in thickness) of oil paint mock-ups were performed at the 
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scanning X-ray microscope end station hosted at the X-ray Microscope Beamline ID21 of the 

European Synchrotron Radiation Facility (ESRF, Grenoble, France) [33]. Investigations were 

carried out by means of a fixed exit double-crystal Si(111) monochromator and with an incident 

beam focused with Kirkpatrick-Baez mirrors (KB) down to a diameter of 0.6 × 0.3 μm2 (h × v). 

The energy calibration was performed using CaSO4·2H2O and NaCl as standards and by setting 

the position of the peak maximum of their first-order derivative spectrum at 2.4829 and 2.8261 

keV, respectively. XRF signals were collected at 69° with respect to the incident beam direction 

by means of a single energy-dispersive silicon drift detector (Xflash 5100, Bruker). 

Single-point μ-XANES spectra were acquired in XRF mode by scanning the primary energy 

across the K-edge of S (2.46 to 2.53 keV; energy step, 0.18 eV) and Cl (2.79 to 2.89 keV; energy 

step, 0.25 eV).The normalization and the linear combination fitting of the spectra against a library 

of XANES spectra of S, Cl, and Cd reference compounds were performed by means of the 

ATHENA software [34]. The linear combination fitting (LCF) permitted to quantitatively determine 

the average relative amount of sulfate (SVI), sulfite (SIV), and sulfide (S-II) compounds (expressed 

as %[SVI]/[Stotal], %[SIV]/[Stotal], and %[S-II]/[Stotal]) and of different Cd and Cl compounds. Since 

the well-known sensitivity of pigments and other components of the paints under the exposure to 

SR X-ray micro-probes [35-38] care was taken to ensure that spectra were not affected from the 

measurement process. 

µ-XRF mapping measurements were performed by employing a monochromatic primary beam 

of fixed energy at the S K- and Cd L3-edges. Maps of the same region of interest were acquired 

using either 80 or 100 ms per pixel at the following energies: (i) 2.473 and 2.482 keV to promote 

the excitation of sulfides and sulfates, respectively, and (ii) 3.7 keV to obtain the XRF intensity of 

all S, Cl, and Cd species. The software PyMca [39] was used to fit the XRF spectra and to separate 
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the contribution of different elements. The experimental procedure used for recording and 

producing the sulfide and sulfate oxidation state maps according to earlier research [6]. 

 

4.4.2 µ-XRD 

Thin sections of the CdS-based oil paint mock-ups were investigated at the microprobe hutch 

of the Hard X-ray Micro/Nanoprobe beamline P06 of the PETRA III storage ring (DESY, 

Hamburg) [40]. An incident energy of 21 keV was selected by means of a Si(111) crystal 

monochromator and focused by a KB mirror system down to a diameter of around 0.7 × 0.7 μm2 

(h × v). XRD signals were recorded in transmission geometry using a PILATUS 300K area 

detector. XRD patterns were acquired with 1 s per pixel and calibrated using a LaB6 reference 

sample. Crystalline phase distribution maps were obtained by full pattern refinement using the 

XRDUA software package [41]. 

 

5. Density functional theory calculations 

   In order to understand the oxidation mechanism of CdS to CdSO4 and the influence of 

humidity and chlorine-compounds on this process, we studied the electronic properties of CdS and 

the compounds CdCl2 and Cd(OH)Cl with density functional theory (DFT)[42,43]. The DFT  

calculations were  performed  using  the  plane-wave  basis  set  and  projector  augmented-wave 

(PAW)  method [44,45],  as implemented  in  the  Vienna  Ab-Initio  Simulation  Package (VASP)[16-

19]. In these calculations the Perdew-Burke-Ernzerhof (PBE) functional[20] was used. Because 

CdCl2 and Cd(OH)Cl are van der Waals (vdW) layered structures, vdW corrections were included 

in these calculations by using the DFT-D2 method of Grimme[46].  The energy cutoff was set to 

500 eV for the plane-wave basis set. The bulk structures of hexagonal CdS (hex-CdS) and cubic 
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CdS (cub-CdS) were taken from[11] and the bulk structures of CdCl2 and Cd(OH)Cl from Springer 

Materials[21].  

    In order to study the band alignment between CdS and CdCl2 or Cd(OH)Cl, we performed 

DFT calculations for the slab structures as shown in Figure S5(A-D) in the Supporting Information. 

The relative positions of the valence band maximum (VBM), conduction band minimum (CBM) 

and the vacuum level of CdS, Cd(OH)Cl and CdCl2, slabs were constructed by employing up to 

10 atomic layers for cub-CdS and 12 atomic layers for hex-CdS, 18 atomic layers for CdCl2 and 

48 atomic layers for Cd(OH)Cl. For CdS, the zincblende (with a (110) surface orientation) as well 

as the wurtzite (with a (101 ̅0) surface orientation) structure were considered as in[15, 47]. The two 

central layers of the slabs were fixed and the remaining layers were relaxed. For the self-

consistency calculations, the Brillouin zone was sampled using a Γ-centered 14×14×1 

Monkhorst−Pack[48] k-point grid and the total energy converged to within 10−2 meV with the force 

convergence criterion of 0.01 eV/Å. For the density of states calculations, the tetrahedron method 

with Blöchl corrections[49] was used and the k-point grid was increased to 28×28×1. Cl 3s2 3p5, Cd 

4d10 5s2, O 2s2 2p4, H 1s1 and S 3s2 3p4 were treated as valence electrons in all our calculations. 

We used the standard PAW potentials with the labels Cl, Cd, O and H.  In addition, for these 

calculations the vacuum distance was set to 20 Å. For all these structures the VBM and CBM were 

determined relative to the vacuum level. Also, the position of the HOMO and LUMO levels of the 

·OH and H3O· radicals were obtained relative to the vacuum level.  The molecules were therefore 

placed in 10 Å x 10 Å x 10 Å box so that no interaction occurs between the molecules in the 

neighboring cells. By aligning the vacuum level, the band alignment between the different 

compounds was calculated. 

We also performed extra calculations for the Cd(OH)Cl-CdS heterostructure which has 500 

atoms with 4 layers of Cd(OH)Cl and 10 layers of cub-CdS. In order to minimize the stress at the 
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interface a heterostructure was built from a 2x5 supercell of Cd(OH)Cl and 3x3 supercell of cub-

CdS. The size of the heterostructure supercell was fixed to that of the 2x5 Cd(OH)Cl. Atomic 

positions were relaxed. To speed up the calculations, 4x4x1 k-points were used.  

In the calculations of the system with Cd(OH)Cl and OH and H3O radicals, a 4-layered 2x2 

supercell of Cd(OH)Cl was used. 
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iIndeed, charged systems that involve a vacuum region cannot be studied when periodic boundary 

conditions are used within a supercell approach because of the large spurious electrostatic 

interactions of the charge with its periodic images [28, 29].  
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ABSTRACT:  Cadmium sulfide (CdS)-based yellow pigments have been used in a number of early 20th century artworks, including 

the Scream series painted by Edvard Munch. Some of such unique paintings are threatened by the discoloration of CdS-based 

yellow oil paints because of the oxidation of original sulfides to sulfates. The experimental data prove that moisture and cadmium 

chlorides play a key role in promoting such oxidation. To clarify how these two factors effectively prompt the process, we studied 

the band alignment between CdS, CdCl2, Cd(OH)Cl and the ·OH and H3O· radicals by density functional theory (DFT) methods. Our 

results show that a stack of several layers of Cd(OH)Cl creates a pocket of positive holes at the Cl-terminated surface and a pocket 

of electrons at the OH-terminated surface, by leading in a difference in ionization energy at both surfaces. The resulting band 

alignment indicates that Cd(OH)Cl can indeed play the role of an oxidative catalyst for CdS in a moist environment, thus providing 

an explanation to experimental evidence. 
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1. Unaged/aged paint mock-ups: STEM-HAADF, STEM-EDX and SR-based X-ray measurements 
 

Figure S1 illustrates a more detailed view of the intimate mixture of hex-CdS, Cd(OH)Cl and other compounds, such as CdCO3, 

that is present in sample 7914Cd(OH)Cl  (cf. Figure 3 to see a map recorded from a larger area). Here an irregularly shaped cluster of 

nanograins is visible, of which it can reasonably be assumed that it mainly consists of CdCO3, showing the co-presence of high EDX 

signals of Cd-L, C-K and O-K, but low S-K and Cl-K signals. However, inside this phase, grains are present where no C is present, 

showing the co-localization of Cd, S and Cl together with weaker O-K signals, consistent with the presence of an intimate hex-

CdS/Cd(OH)Cl mixture.  

 

 

Figure S1. STEM-HAADF image and STEM-EDX maps (Cd-L, C-K, S-K, Cl-K, O-K) of a cluster of nanograins in the unaged historical 
7914Cd(OH)Cl paint mock-up showing the intimate mixture of hex-CdS and Cd(OH)Cl on the nanoscale (see Figure 3 to see a map of the entire 
sample). 
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Figure S2. STEM-HAADF image and STEM-EDX maps (Cd-L, S-K, C-K, Cl-K, O-K) of the thermally aged CdSCd(OH)Cl paint mock-up 
(RH≥95%, T=40°C, 100 days) prepared as thin section by focused ion beam (FIB) (see Figure 2 for the results from the corresponding 
unaged paint). 

 

 

Figure S3. STEM-HAADF image and STEM-EDX maps (Cd-L, S-K, C-K, Cl-K, O-K) of the thermally aged 7914Cd(OH)Cl paint mock-up 
(RH≥95%, T=40°C, 100 days) prepared as thin section by focused ion beam (FIB) (see Figure 3 for the results from the corresponding 
unaged paint). 
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FigureS4. (A) Photomicrograph of unaged CdSCd(OH)Cl thin section and corresponding (B) composite RGB SR µ-XRF images of Cl/S/Cd acquired 
from the area indicated by the white rectangle in (A) [pixel size (h×v): 2×1 μm2, exp. time: 80 ms/pixel]. (C) Selection of (top) S K-edge and 
(bottom) Cl K-edge µ-XANES spectra (black) collected from the points indicated in (B) and linear combination fitting results (magenta). Numbers 
in brackets refer to the spectra showing similar features to that reported.  
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2.  Crystal structures of slab CdS, CdCl2 and Cd(OH)Cl 
 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Slab structures of (a) cub-CdS (zincblende structure),  (b) hex-CdS (wurtzite structure),  (c) CdCl2 and (d) Cd(OH)Cl.  The surface 

orientation for cub-CdS slabs is (110) and the surface orientation for hex-CdS is (101̅0).  For Cd(OH)Cl (in panel (d)), the top surface is Cl-

terminated and the bottom surface is OH-terminated (Atom color codes: pink: Cd; yellow: S; green: Cl; red: O; white: H atoms). 
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3.  Charge transfer model for Cd(OH)Cl 
 
 

 

 

 

 

 

 

 

 

Figure S6. The potential profile for a single layer of Cd(OH)Cl is shown in (A). For a 2-layered Cd(OH)Cl slab, ∆Vvac increases as seen in (B) 

and the total system becomes metallic at a distance dm. In our model, we show what will happen when more layers are added as in (C) and we 

want to estimate ∆Vextra. Here, the system is modelled as a capacitor.  

 

   Figure 7C showed that the difference in vacuum level at both sides of Cd(OH)Cl converges to a fixed value, 
independent of the number of layers, in spite of the built-in dipole in every single Cd(OH)Cl layer that is added. In 
this section we propose a simple charge transfer model for Cd(OH)Cl to explain this observation. It therefore also 
justifies why we can rely on a 12 layer Cd(OH)Cl system to draw conclusions on the band alignment for a general 
Cd(OH)Cl slab.  
    A schematic picture of the potential profile over a monolayer of Cd(OH)Cl is illustrated in Figure S6(A). In this 
Figure d1 is the thickness of the monolayer Cd(OH)Cl and ∆Vvac is the potential difference between the vacuum 
regions on both sides of the slab. A monolayer of Cd(OH)Cl is a semiconductor and a polar material. If more 
monolayers are added to the system, ∆Vvac will increase and the system will become metallic at a certain distance, 
say dm (Figure S6(B)). As shown in Figure S6(C), ∆Vextra is now defined as the difference between the Fermi level 
and the bottom of the conduction band at the OH-terminated Cd(OH)Cl side. A non-zero ∆Vextra indicates that the 
system is metallic. Now we want to understand how ∆Vextra evolves when more layers are added and the thickness 
of the slab d is further increased. Therefore we model the Cd(OH)Cl slab as a capacitor. The work that has to be 
performed to move a charge Q from the outer Cl-terminated layer to the outer OH-terminated layer is given by       
                                       𝑾 = ∫ [− (𝒅−𝒅𝒎𝒅𝟏 ) 𝚫𝑽𝟏𝐥𝐚𝐲𝐞𝐫 + 𝒒𝑪] 𝒅𝒒𝑸𝟎 = − 𝒅−𝒅𝒎𝒅𝟏 𝚫𝑽𝟏𝐥𝐚𝐲𝐞𝐫 𝑸 + 𝟏𝟐 𝑸𝟐𝑪                                  [1] 

 

Here ∆V1layer is the built-in potential for a single layer of Cd(OH)Cl. The first term in W gives the energy gain due to 
the charge transfer over (d−dm)/d1 layers of Cd(OH)Cl. The second term is the contribution of charging a capacitor. 
The total charge Q is proportional to ∆Vextra (i.e. Q = β∆Vextra for a 2D system) and the capacity is given by C = α/d. 
The total energy of the system now becomes  − 𝑑−𝑑𝑚𝑑1 𝛽𝛥𝑉1𝑙𝑎𝑦𝑒𝑟  𝛥𝑉𝑒𝑥𝑡𝑟𝑎 + 12 𝛽2𝛥𝑉𝑒𝑥𝑡𝑟𝑎2𝛼 𝑑                                                                 [2] 

Minimizing the energy with respect to ∆Vextra gives  𝜕𝑊𝜕𝛥𝑉𝑒𝑥𝑡𝑟𝑎 = − 𝑑−𝑑𝑚𝑑1 𝛽𝛥𝑉1𝑙𝑎𝑦𝑒𝑟 + 𝛽2𝛥𝑉𝑒𝑥𝑡𝑟𝑎𝛼 𝑑 = 0                                                        [3] 

from which we can obtain ∆Vextra: 𝛥𝑉𝑒𝑥𝑡𝑟𝑎 = 𝑑−𝑑𝑚𝑑1 1𝑑 𝛼𝛽 𝛥𝑉1𝑙𝑎𝑦𝑒𝑟                                                                       [4] 

We find that when d goes to infinity, d → ∞, ∆Vextra becomes independent of the thickness of the system d. This is 
in agreement with the DFT results presented in Figure 7C of the manuscript: the energy difference between the 
vacuum levels at both sides of Cd(OH)Cl converges indeed to a fixed value as function of the slab thickness.       

 

 

A
ΔVvac

d1
VAC

CBM

VBM
Fermi level

VAC

dm
VAC

CBM

VBM

B
d

ΔVextra

C


	4.1. The Scream (ca. 1910) (MUNCH Museum, Oslo, Norway) microflake
	𝑾=,𝟎-𝑸-,−,,𝒅−,𝒅-𝒎.-,𝒅-𝟏...𝚫,𝑽-𝟏𝐥𝐚𝐲𝐞𝐫.+,𝒒-𝑪..𝒅𝒒.=−,𝒅−,𝒅-𝒎.-,𝒅-𝟏..𝚫,𝑽-𝟏𝐥𝐚𝐲𝐞𝐫. 𝑸+,𝟏-𝟐.,,𝑸-𝟐.-𝑪.                                 [1]

