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Structural characterization of synthesized CDs

The chemical structure of the prepared carbon dots was studied by X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy.
The composition of the prepared samples as well as the survey scans and high-resolution XPS
spectra are presented in Fig. S2. The most intense peak in C 1s high-resolution scans for all three
samples appears at 284.6 €V and is related to the C-C (sp?) bonding in b-CDs, g-CDs, and r-CDs.
The peak centered at approx. 285.9 eV also occurs in all three samples and corresponds to C-O, C-
N bonds, and to C-S bonding state in the case of b-CDs. The typical band for carbonyl groups
located around 288.0 eV is also visible in the XPS spectra of the samples. The most significant
difference in high resolution C 1s scan of the prepared samples is in the presence of an intense peak
at 289.2 eV in r-CDs sample (Fig. S2f). This peak appeared after sodium hydroxide treatment of g-
CDs (formation process of r-CDs) and can be assigned to a rise of another electron-rich tautomer
form on the surface of the particles according to Yuan et. al.! The nitrogen atom in b-CDs is
presented mostly in pyrrolic form (400.3 eV) according to the high-resolution N 1s spectra (Fig.
S2g), while g-CDs and r-CDs have a mixture of pyrrolic and pyridinic nitrogen in the structure (Fig.
S2h-i). It is important to note, that there is no peak above 402.0 eV, which is typical for nitro
groups. It suggests that the nitrogenated perylene from the synthesis was fully reacted and is not
presented in g-CDs and r-CDs samples (position of the individual peaks as well as their percentage

rate is shown in Table S1).
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Fig. S1 Transmittance spectrum of carbon dot-based tandem LSC.
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Fig. S2 XPS spectra of prepared carbon dots. (a—c) Survey scan, C 1s (d—f), and N 1s (g—i) high-resolution

scans of b-CDs, g-CDs, and r-CDs. (j) S 2p high resolution scan of b-CDs.
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Table S1 XPS results.

Sample
Chemical state b-CDs g-CDs r-CDs
P(zzivti)o n % rate P(zzivti)o n % rate P(zzi‘t]i)o n % rate

c-C 28461 | 490 | 28463 50.4 284.77 52.4
CN,C-0,C-S | 28586 | 250 | 28594 382 228856562 16.2
c=0 28795 | 260 | 287.85 11.4 288.15 3.7
0=C-Or i i i i 289.24 277
Pyridinic N 39958 | 125 | 399.02 32.6 398.03 59.4
Pyrrolic N 40026 | 875 | 400.08 67.4 399.50 40.6

C-S-C Saps 16349 | 66.7 i i i i

C-5-C Sopris 163.67 | 333 i i i i

FTIR spectra of b-CDs, g-CDs, and r-CDs are presented in Fig. S3a—c. The measurements
confirmed presence of oxygen-, nitrogen-, and sulfur-containing functional groups in b-CDs, which
is in the good agreement with previously published protocol? and XPS measurements. The FTIR
spectrum of b-CDs (Fig. S3a) consists of three dominant regions: very broad peaks at 3040 and
3190 cm™' typical for N-H and O-H stretching modes; C=0 spectral region typical for carboxylic
acid salts at 1630 cm™!, 1515 cm™!, and 1428 cm™!; and broader peak at 1583 cm™! characteristic for
aromatic C=C bonding in CDs.? The minor bands that occurred in the FTIR spectra at 1210 cm™!
and 1075 cm™! are typical for C-N/C-S and C-O stretching modes.? Similarly, typical peaks for O-H
stretching at 3359 cm™! and for O-H banding mode around 1350 cm™' are presented in Fig. S3b—c.
Absorption around 2900 cm™! typical for C-H stretching is also visible in the FTIR scan in g-CDs
and r-CDs, respectively. The FTIR spectra of r-CDs exhibited very dramatic decrease in intensity of

C-O stretching mode at 1044 cm™! compared to g-CDs. On the other hand, in r-CDs more dominant
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peak at region typical for double/aromatic C=C/C=N bonds arises at 1616 cm™! with an intense

carbonyl shoulder at 1675 cm™!. This observation confirms the formation of tautomeric form on the

surface of the particles, which may cause the red-shift in PL emission after addition of sodium

hydroxide (scheme in Fig. 1a).
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Fig. S3 FTIR spectra of b-CDs, g-CDs, and r-CDs.
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Raman spectra of the prepared CDs are presented in Fig. S4. G-band, which is related to the sp?

bonded carbon in graphite lattice, occurs at 1606 cm™!, 1591 cm™!, and 1586 cm™' for b-CDs, g-

CDs, and r-CDs, respectively. Presence of crystal structure defects or surface/edge bonded states

was confirmed by presence of the D band at 1308 cm™!, 1308 cm™!, and 1313 cm™! for b-CDs, g-

CDs, and r-CDs, respectively.*
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Fig. S4 Raman spectra of b-CDs, g-CDs, and r-CDs.
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Fig. S5 Photostability of colloidal b-CDs, g-CDs, and r-CDs under 1 mW/cm? monochromatic excitation.
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Fig. S6 Optical properties of b-CDs, g-CDs, and r-CDs in polymer matrices. (a—c) Excitation-emission maps.
(d—f) Absorption, PL excitation, and PL emission spectra, (g—i) Time-resolved PL decays and the

corresponding single and two-exponential fits.
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Table S2 The fitting parameters of the corresponding PL decay curves.

Colloidal Solution Polymer
Sample
T (ns) B (%) | 11 (ns) | B2 (%) | T2 (ns) | <t>(ns)
b-CDs 9.8 48.2 4.991 51.8 8.630 7.4
g-CDs 3.9 95.8 3.230 4.2 10.166 4.1
r-CDs 53 - - - - 5.8
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Fig. S7 PL QY measurements of b-LSC (a,b), g-LSC (c,d), and r-LSC (e,f) before and after their edges were

masked with a non-transparent black tape.
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Fig. S9 (a) The EQE spectrum of a-Si solar cell is shown compared with AM 1.5G spectrum. (b) I-V
measurement of a-Si solar cell and tandem LSC coupled to the same solar cell. (c) Global solar spectrum at

air mass 1.5 (highlighted in grey) showing the fraction absorbed by the tandem LSC (highlighted in red).
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Table S3 Overview of literature results for LSCs based on semiconductor QDs, perovskite NCs and CDs.

Type of Type of Hint Hext
Dimensions (cm) Light source Ref.
LSC luminophore (%) (%)
single | CdSe/CdS core/shell 2x2x0.2 cm 400 nm 48.0 - 5
single | CdSe/CdS core/shell | 21.5x1.3x0.5cm | Solar simulator | 10.2 - 6
CulnSeS,In/ZnS
single 12x12%0.3 cm Solar simulator | 16.7 3.27 7
core/shell
Silica-coated
single CdSe/CdZn,S, 10x10x0.16 cm 405 nm 24.0 - 8
core/alloyed shell
Silica-coated
single CdSe/CdZn,S, 10x10%0.16 cm sunlight 21.0 1.18 8
core/alloyed shell
single PbS/CdS core/shell 10x1.5%0.2 cm Solar simulator 4.5 1.1 o*
CDs/PLMA
single 10x10%0.1 cm Solar simulator 4.0 0.4 10%
CDs/PVP
CDs/PLMA
tandem 10x10x0.1 cm Solar simulator - 1.1 10%
CDs/PVP
single N-CDs 2.5%1.6x0.1 cm Solar simulator - 4.75 1
single Si QDs 12x12%0.26 cm 473 nm 30 2.85 12
Mn?*-doped
single 20%20%0.5 cm 395 nm 7.5 - 13
perovskite
58.0
Mn?*-doped CdSe 385 nm
tandem 10x10x0.16 cm and 6.4 14
CISe/ZnS QDs sunlight
19.0
single N-CDs 2%2x0.2 cm Solar simulator - 12.23 15%
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Type of Type of Hint Hext
Dimensions (cm) Light source Ref.
LSC luminophore (%) (%)
CDs
tandem CsPb(I,Bry.); 10x10%0.2 cm Solar simulator - 3.05 16%
CSPb(ClXBrl_X)3
single CNDs 3x3x0.3 cm 354 nm 22.0 12.0 17
single CDs 1.8x1.8x0.11 cm | Solar simulator - 5.02 18%
single N-CDs 5.0%x2.5x0.42 cm | Solar simulator - 4.52 19%
single PNPLs 10x10x0.2 cm sunlight 26.0 | 0.87 20
single CDs 10x10x1 cm Solar simulator - 0.92 21k
single CdSe/CdS QDs 10x10%0.4 cm Solar simulator - 2.95 2%
1.73
CDs + AIE
tandem 6.5%2.0x0.2 cm Solar simulator - and 23%
molecules
2.31
4.35
tandem | CDs + organic dyes 5%5%0.3 cm Solar simulator - and 24k
11.97
tandem CDs 8x8x0.8 cm Solar simulator | 23.6 2.27 | This work

Publications marked with and asterisk (*) do not include Q.,, Qpr parameters of used PV cell in formula
for optical efficiencies, which may significantly affect the results (In our case, missing Q,/Qpr. Would

increase external quantum efficiency from 2.27% to 4.37%
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