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Core level XPS showing residual Cd on CQDs synthesised by cation exchange

Figure S1. XPS spectra of the Pb 4d and Cd 3d regions at three of the measured photoelectron kinetic energies for the 
PbS-MPA CQD solid (a-c) with corresponding probing-depths of 1.2, 1.55 and 1.8 nm for the 225, 445, and 800 eV 
electrons respectively. d) The Pb 4d and Cd 3d region for at 225 eV KE (1.2 nm probing depth) for the PbS-PbI2 CQD solid.  
e) the cross section-corrected ratios at each kinetic energy (KE) for the PbS-MPA and PbS-PbI2 solids, and calculated 
ratios for different Cd thicknesses on the surface of the CQDs.1

Representative core level spectra of the cation-exchanged CQDs are shown in Figure S1.  The best fit 
to the depth-profile data shown for the PbS-MPA film is consistent with either ¼ of a monolayer of 
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residual Cd remaining on the CQD surfaces after the synthesis (1:3 Cd:Pb ratio on the surface), or 
with a constant 20:80 Cd:Pb ratio present throughout the CQDs.  For PbS-PbI2 a lower amount of 
residual Cd is found, corresponding either to 1/12 of a monolayer on the surface (1:11 Cd:Pb ratio) 
or to a 5:95 Cd:Pb ratio throughout the CQD. Since the ligand exchange procedure is known to affect 
the amount of residual Cd at the surface of these cation-exchange-synthesised samples2 it is 
probable that the Cd is located on the surface of these CQDs.  In Figure S1e we use the methods for 
determining Cd surface content developed by Clark et al.3

Optical absorption spectra

Figure S2. Optical absorbance spectra for PbS CQD solids treated with EDT (left), MPA and PbI2 (middle), and the original 
ligands OA (middle). The position of the 1S absorption peak is noted for each case. 

Valence band photoemission 

Figure S3. Photoemission of the valence band for four PbS CQD solids with different surface treatments, the right-hand 
side shows an expansion close to the Fermi level, with the spectra vertically offset for clarity. The energy offset between 
the valence band maxima and the Fermi level is indicated in brackets in the legend. The EDT sample was measured with 
a photon energy of 45 eV on the BACH beamline, at Elettra, while the other samples were measured at 100 eV on the 



TEMPO beamline, at SOLEIL. The difference in photoionisation cross sections of VB states at the two photon energies is 
the cause of the major difference in appearance of the VB of EDT treated sample compared to the other samples.



Core level spectra for the samples used for static and time-resolved SPV measurements

Figure S4. S 2p, Pb 4f and O 1s XPS spectra for the PbS-EDT (black), PbS-MPA (red), PbS-PbI2 (blue) and PbS-MAI/PbI2 
(green) CQD solids with fitted components. The O 1s X-ray photoelectron spectra were normalised to the Pb 4f PbS 
component. The photon energies used were 475 eV for the S 2p and Pb 4f and 862 eV for the O 1s. The binding energy 
positions of possible species that can be found in PbS CQD films are marked on the O 1s spectra. 

The S 2p spectrum for the PbS-EDT films studied with static light on/off measurements shows signs 
of oxidation as well as bound and unbound thiols, assignments are given in table S1. The S 2p spectra 
for the 3 samples studied with time-resolved XPS show only PbS present in the PbS-PbI2 and PbS-
MAI/PbI2 solids, and the presence of bound and unbound thiol species from the 3-MPA in the PbS-
MPA solid. Again in the Pb 4f spectra for PbS-PbI2 and PbS-MAI/PbI2 a single peak assigned to PbS or 
PbI2 is present. For the PbS-MPA solid a small amount of Pb(OH)2 or PbSO3 is present, and in PbS-EDT 
a larger Pb(OH)2 or PbSO3 component plus PbSO4 is present. This is corroborated in the O 1s 



spectrum at ~531 eV where Pb(OH)2 and PbSO3 are expected. Importantly to understanding the 
time-resolved XPS results, there is also some intensity in the O 1s region that can be assigned to 
adsorbed O2 and H2O as well as oxidized carbon in both the PbS-MPA and PbS-PbI2 solids.4–8 There is 
a negligible intensity in the O 1s region from the PbS-MAI/PbI2 solid, due to a much lower level of 
oxygen contamination in the film. 

Table S1. XPS peak assignments for the S 2p region.

Core 
level

Literature 
Binding 
Energy

Observed 
Binding  
Energy 
(eV)

PbS 160.79,10 160.7±0.1
Bound 
thiol

161.76,10,11 161.7±0.1

Unbound 
thiol

163.4-
611,12

163.5±0.1

-SO2 163.1513,14 163.2±0.1
PbSO3 166.43,13,14 166.2±0.2
PbSO4 167-83,13 167.8±0.2

Pb 5d Fit from PbS EDT films in static white-light measurements

Figure S5. Pb 5d X-ray Photoelectron spectrum for the 45 nm thick PbS-EDT CQD film after storage and transfer 
to UHV in an N2 environment. The photon energy used was 45 eV. The binding energies and chemical shifts for each 
component are listed in the text.

The fitted Pb 5d XPS spectrum in Figure S4 shows 3 components relating to PbS (18.9 eV), 
PbSO3/Pb(OH)2 (19.3, +0.4 eV from PbS), and PbSO4 (19.8, +0.9 eV from PbS). These agree with 
binding energy shifts and values found in the literature, and also the observed degradation 



mechanisms in PbS nanoparticles.3,13,15 The ratios of these components are different to those 
observed in the S 2p and Pb 4f spectra shown Figure S4. This is due to the different kinetic energies 
of the photoelectrons used in recording each spectrum, and therefore different sampling depths 
(the Pb 5d spectrum was more surface sensitive than S 2p). 

Cross sectional SEM and EDX

Figure S6. Cross sectional images of (A) PbS EDT CQD solid (thin), (B) PbS EDT CQD solid (thick), (C) PbS MPA CQD solid. 
The film thicknesses are indicated. 

Figure S7. Cross sectional SEM images with EDX elemental mapping for Pb, S and Si in the PbS MPA CQD solid film, 
showing that S and Pb are only present in the 100 nm thick region at the surface of the sample.



Surface photovoltage transients - further analysis

To further analyze the surface photovoltage transients, linear fits were made to the first few points 
of the transient after changing from a dark steady-state to light on, and from the illuminated steady-
state to light off, as shown in Figure S7. The negative ratio (light off over light on) of these two 
gradients is termed C. From algebraic manipulation of the rate of change of surface state occupation 
at these two conditions, it has been shown that the steady-state band bending in the dark is related 

to C and  (the total SPV shift) by .16–18 This is a simple model design to apply to ∆𝑉 𝑉0 =  ∆𝑉
1 ‒ 𝐶

excitation in one band, applicable where the illumination is low enough that the free carrier 
combination does not change appreciably, and assumes that during the initial rise of the SPV shift 
upon light illumination there is no recombination of carriers contributing to the SPV shift.

Figure S8. Example of linear fits (red) to a surface photovoltage transient when transitioning from steady-state dark and 
steady-state light conditions. 
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