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Luminescent solar concentrators (LSCs) are able to collect sunlight
from a large-area to generate electric power with a low cost,
showing great potential in building-integrated photovoltaics.
However, the low efficiency of large-area LSCs caused by the
reabsorption losses is a critical issue that hampers their practical
applications. In this work, we synthesized novel yellow emissive
carbon dots (CDs) with a large Stokes shift of 193 nm, which exhibit
nearly zero reabsorption. The quantum yield (QY) of the yellow
emitting CDs is up to 61%. The yellow emitting CDs can be
employed to fabricate high-performance large-area LSCs due to
successful suppression of the reabsorption losses. The as-prepared
LSCs are able to absorb 14% of the sunlight as the absorption of the
CDs matches well with the sun’s spectrum. The large-area LSC
(10 x 10 cm? with a laminated structure based on the yellow
emitting CDs achieves an optical conversion efficiency (ijop:) of
4.56% and power conversion efficiency (ypcg) of 4.1% under natural
sunlight (45 mW cm~?), which are significantly higher than other
previously reported works with similar sizes. Furthermore, the
prepared high-performance LSCs show good stability. This method
of synthesizing novel CDs for high-efficiency LSCs provides a useful
platform for future study and practical application of LSCs.

1. Introduction

Solar photovoltaic (PV) technology has become the fastest
growing renewable energy technology due to increased energy
demand, the imperative reduction of carbon emissions, and
environmental concerns.'™ In addition, with the requirements
of people’s daily life, high performance batteries and modules
are continuously developed, and the continuous renewal and
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Luminescent solar concentrators (LSCs) have potential in building-
integrated photovoltaics. Unfortunately, the reabsorption losses of
luminescent materials dramatically lead to the low efficiency of large-
area LSCs. Herein, we report novel yellow emissive carbon dots (CDs) with
a large Stokes shift of 193 nm, which exhibit nearly zero reabsorption.
The quantum yield (QY) of the yellow CDs is up to 61%. The large-area
LSC (10 x 10 cm?) using the yellow CDs that suppress reabsorption losses
can obtain an optical conversion efficiency (1jopc) of 4.56% and power
conversion efficiency (i7pcg) of 4.1% under natural sunlight (45 mW cm™?),
which are significantly higher than other previously reported works with
similar sizes.

iteration of products force the cost competition in the manu-
facturing industry to become increasingly fierce. Due to the
limited spectral response of PV, it can only effectively collect
part of the solar spectrum, which seriously limits the PV
efficiency. Thus, it is an urgent problem that needs to be solved
to realize the efficient PV conversion of solar energy.”> Lumines-
cent solar concentrators (LSCs) can solve this problem well
since they provide a straightforward approach to harvest and
concentrate sunlight.>” LSCs were first reported in 1976 by
Weber and Lambe.® An LSC commonly consists of a plate of a
transparent material with a high refractive index containing
luminescent species (luminophores).”°~*® These luminophores
can re-emit the absorbed sunlight in a large fraction of the solar
spectrum into a waveguide mode via total internal reflection at
longer wavelengths through photoluminescence (PL) processes,
and the re-emitted light will propagate toward the slab edges
where small-area PVs are placed.

Luminophores play a major role in an aspect strongly
marked by improving the power conversion efficiency (17pce)
of the LSCs. To date, many types of luminescent species have
been used in the study of LSCs, including organic dyes,
polymers, semiconducting polymers, metal complexes, metal
oxides, upconversion nanocrystals, quantum dots (QDs), perov-
skite nanocrystals and fluorescent protein complexes.'®**7?
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Among them, QDs are the most emerging member in the family
of LSC luminophores due to their excellent optical properties,
such as high fluorescent quantum yield (QY) and good photo-
stability compared to traditional fluorescent materials like
organic dyes.'™'"'® To date, a variety of QDs have been used in
LSCs.'*'"?°2¢ Carbon dots (CDs) in particular show promise in
LSCs because of their unique optical properties which have
been applied in many fields such as biological imaging,
medical diagnosis, light emitting devices and energy converting
devices.>'! CDs are nanoparticles with a typical size of less than
10 nm. Most CDs contain abundant non-toxic elements (C, N
and O) on the earth, and large amounts of synthesis can be
carried out through simple and green methods by using rich
and low-cost carbon sources, and sustainable synthetic
processes.”” Since CDs were first reported for LSC fabrication in
2017, many efforts have been devoted to prepare CD-based
LSCs.>'%212227735 ynfortunately, the currently reported #pcg of
CD-based LSCs is still low, which dramatically hinders their
potential application in building-integrated photovoltaics
(BIPVS).

In this work, we designed and synthesized novel ultra-bright
yellow emissive CDs with a large Stokes shift and long fluor-
escent lifetime using a one-step solvothermal method. The
yellow emitting CDs exhibited strong concentration-dependent
QYs. By optimizing the CD concentration, the QY of the yellow
emitting CDs reached ~61%. Besides, the yellow emitting CDs
with a Stokes shift of 193 nm enable reabsorption of nearly zero
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which greatly suppresses the reabsorption loss. We also demon-
strated a high-performance large-area LSC using the yellow
emitting CDs as luminophores. The optical conversion efficiency
(nopt) and npcg of the yellow emitting CDs integrated large-area
LSC (10 x 10 cm?) reached 4.56% and 4.1% under natural
sunlight (45 mW cm ), respectively. These efficiencies are higher
than other previously reported works with similar sizes. The high-
efficiency LSCs using eco-friendly yellow emitting CDs as fluor-
ophores provide a useful platform for future studies and practical
application of LSCs.

2. Results and discussion

Yellow emissive CDs were synthesized through a solvothermal
approach. Details of the synthetic process are shown in Fig. 1a.
The reaction was carried out at 180 °C for 6 hours with
Resorcinol (Re) as the carbon source, m-phenyldimethylamine
(mPDA) as the nitrogen source and absolute ethanol as the
solvent. Transmission electron microscopy (TEM) was used to
characterize the size and morphology of the prepared yellow
emitting CDs. A typical low-magnification TEM image of yellow
emitting CDs is presented in Fig. 1b. The as-prepared
yellow emitting CDs have an average size of 5.25 nm (Fig. 1c),
which was measured according to more than 200 particles by
TEM images. The inset of Fig. 1b is the high-resolution TEM
(HRTEM) image of the as-synthesized yellow emitting CDs,

( C) —— Fitting data

Average: 5.25 nm

-

2~3 3~4 4~5 5~6 6~7 7~8 8~9 9~10
Size range (nm)

Fig. 1 (a) Chemical reactions used for the synthesis of CDs and schematic illustration of the LSCs based on CDs. (b) Typical TEM image of the yellow
emitting CDs and HRTEM image of the yellow emitting CDs in the upper right corner of (b). (c) Size distribution of the yellow emitting CDs.
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showing an obvious lattice spacing of 0.21 nm. The surface
chemical groups of the yellow emitting CDs were tested by
FT-IR spectroscopy. As shown in the FT-IR spectrum (Fig. S1,
ESIY), the absorption peak range at 3300-3500 cm ™ * results
from the stretching vibrations of N-H or O-H. The absorption
peak range at 2800-3000 cm ' indicates the existence of
stretching vibrations of C-H. A clearly observed peak at
1645 cm™ " can be attributed to the stretching vibration of
C—C or C=N. Another sharp peak at 1381 cm ' originated
from stretching vibrations of C-C or C-N. One absorption peak
between 1028 cm™ " and 1199 cm™ ' belongs to the bending
vibration of C-H or C-O. Therefore, the FT-IR results show that
the core structure of the obtained yellow emitting CDs could
contain conjugated bonds and primary amino groups of pre-
cursor molecules. At the same time, the FT-IR result also
confirms that the structure of the yellow emitting CDs is similar
to those previously reported results.*>*™®
borated by following XPS measurements.

X-Ray photoelectron spectroscopy (XPS) and X-ray powder
diffraction (XRD) are two of the best techniques to characterize
the structure and composition of materials. In order to better
compare the advantages of the as-synthesized yellow emitting
CDs, we compared them with CDs without nitrogen (N) doping.
As shown in Fig. 2a, the XPS spectrum of yellow emitting CDs
only shows three peaks which are located at 532.2, 400.2 and
284.8 eV, belonging to oxygen (O 1s), nitrogen (N 1s) and
carbon (C 1s) elements, respectively. It shows that these pre-
pared yellow emitting CDs are comprised of C, N, and O
elements with corresponding contents of 67.27%, 14.62%,
and 18.11%. Compared with the yellow emitting CDs, the
CDs without N doping obviously have no N peak. Detailed

This is further corro-
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XPS analysis was performed to study the bonding structure and
the differences between the yellow emitting CDs and the CDs
without N doping. The upper part corresponds to the yellow
emitting CDs. Fig. 2b displays the high-resolution XPS spec-
trum of C 1s, which is able to be fitted to four peaks located
at 287.6 eV (C—=N/C=0), 285.1 eV (C-0), 284.0 eV (C-N) and
283.6 eV (C—=C/C-C).**° 1t is worth noting that, for CDs
without N-doping, there is obviously no C-N in the high-
resolution spectrum of C 1s. Moreover, the high-resolution
XPS spectra of O 1s and N 1s are also depicted in Fig. 2c and
d. The high-resolution XPS spectrum of O 1s is able to be
divided into two peaks located at 530 eV (C=O) and 531 eV
(C-OH/C-0-C).***° The N 1s spectrum is able to be assigned
into three peaks located at 398.4, 399.7 and 400.8 eV due to the
pyridinic-N, pyrrolic-N and graphitic-N, respectively. These
reveal the formation of polyaromatic structures containing
C-N and C=N in yellow-emitting CDs. The XRD pattern shows
a broad peak centered at approximately 22° (Fig. 2e), which
confirms the (100) crystal plane of graphite carbon,*®*! but
XRD cannot identify the amorphous composition. To further
identify the structure and composition of the synthetic CDs
containing N-doped and undoped CDs, they were characteri-
zed by nuclear magnetic resonance ("H NMR and C NMR,
DMSO-dg, ppm) spectroscopy and mass spectrometry (MS). The
"H NMR spectra of yellow emitting CDs and undoped CDs are
illustrated in Fig. 2f. The signal between 1.0 and 2.0 ppm is
assigned to protons in aliphatic chains, such as alkane CH;
while the signal peaks between 2 and 4 ppm correspond to
protons of hydroxyl and/or carbonyl a-hydrogen.*>** In addi-
tion, the signal near 3.5 ppm corresponds to o-H (amino)
and the signal around 5.0 ppm corresponds to amide H.*°
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(a) XPS survey spectrum of the synthesized yellow emitting CDs and undoped CDs. High-resolution XPS spectra of C 1s (b) and O 1s (c) for yellow

emitting CDs (up) and undoped CDs (down). High-resolution XPS spectra of N 1s for yellow emitting CDs (d). (e) The XRD spectra of yellow emitting CDs
(up) and undoped CDs (down). (f) 1H NMR spectra of yellow emitting CDs (up) and undoped CDs (down).
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These non-aromatic hydrogens should be located on the CD
surface. The signal peaks between 6.0 and 9.0 ppm correspond
to aromatic protons.*>** 479 Obviously, with the introduc-
tion of N doping, both five- and six-membered ring forms may
be present in the CD structure due to the possible structural
changes of the CDs caused by N doping. Therefore, compared
with the CDs without N doping, the N-doped CDs have signifi-
cantly more signal peaks between 6.0 and 9.0. Specifically, in
the "H NMR spectrum of the N-doped yellow-emitting CDs, the
"H NMR proton shifts on the five-membered rings in the CDs
were in the range of 6.0-7.0 ppm, while those on the six-
membered rings were in the range of 7.0-7.5.*° In addition,
as shown in Fig. $2a and b (ESIt), the ">C-NMR spectra (DMSO-
ds, ppm) of yellow-emitting CDs and undoped CDs were further
used to characterize the CDs. Both spectra showed sharp signal
peaks about 18.0 ppm and around 58 ppm, and this is the
methyl carbon and methylene carbon of ethanol, respectively,
which can be attributed to the residual ethanol during the
ethanol treatment.”® Similarly, there is also a signal peak at
approximately 40 ppm for both, which can be attributed to the
resident carbon peak of the DMSO solvent. Compared to the
CDs without N-doping, some extra signal peaks are noticeable
between 100 ppm and 200 ppm after N-doping. The large
emerging signal observed in the "C-NMR spectra of the
N-doped yellow-emitting CDs in the range of 100-140 ppm
compared to the undoped CDs may originate from the signal of
the sp” carbon atom, which is further evidence of the formation
of the intact sp® structural domain during the synthesis of
the yellow emitting CDs.""*® The resonance signal also clearly
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observed in the range of 155 to 180 ppm is attributed to the
binding of sp® carbon atoms to hydroxyl groups.*> Besides,
mass spectrometric (MS) analysis of yellow emitting CDs and
CDs without N-doping was also applied as an assistant analysis
(Fig. S3, ESIY). As shown in Fig. S3a (ESIT), we estimated the
properties of CHCA, undoped CDs, and yellow-emitting CDs as
matrices for MALDI-TOF MS analysis, and the green stars
indicate fragment peaks originating from the matrix. When
CHCA is used as an assisted matrix, extra fragment ion peaks
are clearly observed in the spectra of yellow emission CDs
according to these spectra (m/z 136.19, m/z 210.27, m/z
228.29, m/z 276.28, m/z 346.46, m/z 379.18, m/z 438.56, m/z
481.35, m/z 572.35 and m/z 598.37), which can be attributed to
the formation of some small fragments during the carbonized
dehydration condensation of the reaction precursors. Besides,
some other slight fragment ion peaks are also observed, which
indicate the presence of residual polymer structures in the
CDs.*"! Similar results were obtained using the DHB matrix,
see Fig. S3b (ESIt). Both NMR spectra and MS spectra can imply
that CDs contain polyaromatic ring systems, -OH and amide
groups, i.e., the reverse proves the successful introduction of N
doping.

The optical properties of the yellow emitting CDs in ethanol
solutions were investigated by UV-vis absorption and fluores-
cence spectra. As shown in Fig. 3a, the strongest peak centered
at 283 nm, and a shoulder peak centered at 293 nm originated
from n-n* transition of aromatic sp® domains. The peak
centered at 347 nm may be derived from the surface energy
states.**”* The yellow emitting CDs show absorption covering

@ 540 nm_— pL. (b) —100mgmL| (c) red iy
283 nm —— Absorption ——90 mg/mL P, 400 pg/mL|
— 80 mg/mL HEY :ﬁ u:llm::
—_ -— ug/m
5 —— 70 mg/mL 5 250 pg/mL
g —— 60 mg/mL i 200 pg/mL|
93 nm > —580mg/mL | o, :ﬁ ug/mL|
Hg/mL|
£ 40 mg/mL | 90 pgimL
g 30 mg/mL g 80 pg/mL
70 pgimL
t 20 mg/mL € & :: I:L
- 10 mg/mL |— 50 pgimL
347 nm 40 pgimL
30 pg/mL
20 pg/mL
S . - 1.0 pgl_mL
300 400 500 600 700 800 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) - Wavelength (nm) Wavelength (nm)
460l{d) _o— Excitation i (e) 's0nm 2-2 m/gITL B 0.2 mg/mL
—mE—Emission 40 S ——2mg/m ® 2mg/mL
440 e 9% o /-\ 5 mg/mL - A 5mgimL
[ 30E 3 10mg/imL | 3 50 mg/mL
E420 205,3 50 mg/mL | S 80 mg/mL
s s ——100 mgimL| 2 100 mgimL
= 400 w 2 [ Fitting data
k- 055 5
i EE £
% 380 g oow = £
w _—
360 iég/ 90
340— . . ) . +lagpo R . . . : . . > . " L
0.2 2 5 10 50 100 400 450 500 550 600 650 700 15 30 45 60 75 90

Concentration (mg/mL)

Wavelength (nm)

Time (ns)

Fig. 3 (a) The absorption and emission spectra of the yellow emitting CDs dispersed in ethanol solution. (b) The PL spectra of the yellow emitting CDs
under different concentrations at an excitation wavelength of 454 nm. (c) The PL spectra of the yellow emitting CDs under lower concentrations at an
excitation wavelength of 454 nm. (d) The relationship between excitation and emission at different concentrations. (e) Optimum PL spectra of the CDs
with different concentrations from 0.2 to 100 mg mL™L. (f) The corresponding time-resolved PL decay curves.
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from 280 nm to ~500 nm. The emission spectrum of the yellow
emitting CDs ranges from 450 to 650 nm with a maximum peak
at 540 nm when they were excited at 454 nm. The as-prepared
CDs have a QY of ~61% when they are dispersed in solution
(Fig. S4a, ESIT). Meanwhile, the photophysical properties and
device performance of the N-doped CDs are dramatically
improved compared to those of non-N-doped CDs (Fig. S4,
ESIt). The difference between the maximum of the absorption
and emission peaks is usually defined as the Stokes shift, which
is considered as one of the important factors in regulating the
performance of LSCs. A small Stokes shift always leads to the
loss of reabsorbed energy.?® According to Fig. 3a, the prepared
yellow emitting CDs have a large Stokes shift of 193 nm and
there is little spectral overlapping between the absorption and
emission, revealing that the prepared yellow emitting CDs can
successfully suppress the reabsorption loss. Since the concen-
tration of luminophores plays an important role in the perfor-
mance of LSCs, we investigated the concentration effect to
better understand the optical properties of the CDs. We first
analyze the overall high concentration, and find that while
increasing the yellow emitting CD concentration from 10 to
100 mg mL™" (Fig. 3b) with a fixed excitation wavelength
(454 nm), a slight redshift (~5 nm) of the PL spectra is
observed (Fig. 3b), but the intensity of the peaks increases
and decreases obviously. Interestingly, the emission intensity
of the yellow emitting CDs increased nearly linear when the
concentration changed from 10 to 80 mg mL " (Fig. S5, ESI¥).
However, further increasing the concentration induces
the decrease of emission intensity (Fig. 3b). The collisional
quenching phenomena can explain the change of decreased
luminescence intensity of yellow emitting CDs at higher concen-
tration.’*! The PL peak position of the CDs during the concen-
tration variation process hardly changed, indicating that the PL
behavior of the yellow emitting CDs is not concentration-
dependent at this concentration range (10-80 mg mL ). In order
to prove this phenomenon, we continued to reduce the concen-
tration of yellow emitting CDs (0.2-10 mg mL ") and found that
the results were the same as above, and the obtained result is
illustrated in Fig. 3c. Then, in order to study the different
excitation-dependence of yellow emitting CDs, different concen-
trations including 0.2 mg mL™', 2 mg mL™', 5 mg mL ',
10 mg mL %, 50 mg mL ™" and 100 mg mL " were selected. At
the same time, for different concentrations of the yellow emitting
CDs, their optimal excitation and emission were also different.
Compared with the high concentration, with the decrease of
concentration, both excitation and emission have an obvious
blueshift (Fig. 3d). Between low to high concentrations, the overall
peak position shifted about 50 nm (Fig. 3e). In order to study the
excitation-dependence of the yellow emitting CDs at different
concentrations in more detail, we carried out a systematic
excitation-dependence study for the above six concentrations
(Fig. S6, ESIT). With further increasing the excitation wavelength,
the fluorescence intensity decreased, revealing that yellow emit-
ting CDs are more sensitive in response to the UV and blue
ranges. In addition, the redshift of the emission peaks appeared
with the increase of excitation wavelengths, and the emission

This journal is © The Royal Society of Chemistry 2023
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peak induced fluctuation of about 20 nm under different excita-
tions (Fig. S6, ESIT). Therefore, the results clearly show that these
yellow emitting CDs absorb UV light and then re-emit at higher
wavelengths e.g., in the blue or green light range.

As mentioned above, under different yellow emitting CD
concentrations, the optimal emission of yellow emitting CDs
was also different as shown in Fig. 3e. In addition, when
increasing the concentration, the optimal emission peak posi-
tion had a distinct redshift, which can be attributed to the
reabsorption or reemission processes.”> When reabsorption
occurs, high-energy photons will be reabsorbed, and then
re-emitted as low-energy photons, resulting in a reduced lumi-
nescence intensity and redshift of the PL peak position.”?
We assume that this PL red-shifting with increasing the
concentrations at different excitation wavelengths could be
ascribed to two possible mechanisms, namely, concentration-
dependent nonradiative energy transfer and reabsorption
processes.*'?>*** Dye to the introduction of extra nonradia-
tive pathways, the energy transfer will not only lead to a spectral
redshift, but also reduce the PL lifetime.'®** To prove this
hypothesis, time-resolved PL decay curves of yellow emitting
CDs were investigated (excitation wavelength at 454 nm).
According to Fig. 3f, the PL decay curves exhibited double
exponential lifetimes. The fluorescence behavior was on a
nanosecond timescale for yellow emitting CDs, with the
longest lifetime of 6.7 ns. Detailed data are presented in
Table 1 and the average lifetime (taverage) Was calculated
through eqn (1):>*°?

A]‘L'12 + A2‘622
Aty + Ar1n

Taverage — (1)

where A; and 4, are the pre-exponential factors; and t; and 1,
are the fitted lifetimes, respectively. The decay curves of the
yellow emitting CDs include two components: the fast compo-
nent (z4) and slow component (,). 7, is ascribed to the radiative
recombination of eigenstates and 7, is attributed to recombina-
tion processes of surface states.”>>> And also, it can be seen
that the PL lifetimes were slightly reduced with increasing
the loadings from 0.2 to 80 mg mL ™', Further increasing the
concentration of CDs, there is no significant variation in the
lifetimes. Based on eqn (2) and (3), the non-radiative decay
(Kuraq) increases from 0.10 (10 mg mL ") to 0.15 (50 mg mL ™)
and 0.16 (80 mg mL ") with the increase of the concentration,
indicating that the higher concentration would contribute to an
energy transfer process because (i) the spatial distance between
CDs favors a higher concentration in this process; (ii) there is

Table 1 The fluorescence lifetime for double exponential lifetimes of
yellow emitting CDs in different concentrations

Concentration (mg mL™") 1, (ns) 7, (ns) Taverage (0S) R

0.2 3.02 £ 0.11 7.75 £ 0.17 ~6.70 0.995
2 2.02 £ 0.19 5.13 £ 0.07 ~4.89 0.997
5 0.67 £ 0.02 3.91 £ 0.02 ~3.79 0.998
50 0.75 £ 0.02 3.46 £ 0.01 ~3.30 0.999
80 0.77 £ 0.02 3.59 £ 0.01 ~3.39 0.999
100 0.85 £+ 0.02 3.64 £ 0.02 ~3.41 0.999
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still a small overlap between the absorption and emission
spectrum.

Tmeasured — 1/(Krad + Knrad) (2)

QY = Krad/(Krad + Knrad) (3)

where K;,q and Kiaq are the radiative decay and non-radiative
decay respectively. As shown in Fig. S7 and S8 (ESIf), the
fluorescence lifetimes were also studied under different excita-
tion. The variation trend of the whole fluorescence lifetime is
similar to that in Fig. 3f. However, when exciting the CDs with a
high energy (short wavelength), the fluorescence lifetime is
higher than that with a low energy (long wavelength), and the
detailed data are provided in Tables S1 and S2 (ESIt). This
result can be explained by the fact that high energy excitation
involves multiple bands and multiple relaxation process; on the
contrary, low energy excitation is more surface structure related
excitation, which may lead to a shorter fluorescence lifetime
due to defects and other non-radiative recombination pro-
cesses. In order to better verify this explanation, we fixed the
low concentration (0.2 mg mL™ ') and high concentration
(80 mg mL™") of the CDs respectively and adjusted different
excitation, and the results are completely consistent with the
previous results. In Fig. S9 and S10 (ESIt), once the excitation
wavelength was increased, and the corresponding fluorescence
lifetime decreased slightly. In addition, the fluorescence life-
time at a low concentration was significantly higher than that at
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a high concentration because there is no or small energy
transfer at a low concentration (see the data in Tables S3 and
S4, ESIY).

In order to explain the origination of the large Stokes shift
and high QY of the CDs produced in this work, we performed
ultra-fast transient absorption spectroscopy (TA). The TA
spectra of the CDs dispersed in methanol were shown in
Fig. 4a and b, with the wavelength range of 360-650 nm, scan
delay time from 0.1 ps to 7 ns and pump of 280 nm. The
negative peak centered at 555 nm corresponds to simulated
emission (SE), consistent with their PL spectra. The negative
peak centered at 574 nm is due to the scattering effect of the
pump (280 nm). The relatively weaker positive features from
360 to 530 nm correspond to the excited state absorption (ESA).
As in the detection range, we did not find any of the photo-
bleaching caused by ground state absorption (GSA), so we
deduce that GSA may be lower than 400 nm, consistent with
the steady state absorption peak (347 nm) of the CDs. This TA
measurement confirms the large Stokes shift in our CDs. It is
obvious that at 0.4 ps (blue in Fig. 4a), the SE has already shown
the spectral characteristics observed in steady-state emission.
This phenomenon indicates that the timescale of Stokes shift of
the yellow emitting CDs takes place on a much shorter time-
scale than 0.4 ps. Even in the temporal window of 1 ns, no
obvious intensity loss of SE is observed (maroon in Fig. 4a).
Meanwhile, we found that the amplitude of the emissive
component is much higher than that of the nonradiative decay
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Fig. 4 The AT/T spectra of the yellow emitting CDs. (a) The spectra for selected time delays. (b) The mapping of AT/T. (c) The dynamics for selected
wavelengths. (d) Schematic illustration for the proposed energy diagram and exciton dynamics.
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component, which explains the high QY of the as-prepared
CDs. Further decay measurement indicates that the SE has a
decay time of 6.8 ns, in agreement with the time-resolved PL
result (Fig. 4c). Based on the TA data, the energy structure and
exciton dynamics are shown in Fig. 4d. With the excitation, the
electron jumps to the down-shifted lowest unoccupied mole-
cular orbital (LUMO), further decays to the internal energy state
between the LUMO and the highest occupied molecular orbital
(HOMO), and recombines with a hole by releasing a photon.
The large Stokes shift originates from the internal energy state,
which may be induced by the N dopants.

Based on the above optical performance study, the
as-prepared yellow emitting CDs with different concentrations
(20 mg mL™", 40 mg mL™}, 60 mg mL ™", 80 mg mL ™", and
100 mg mL ') were dispersed into PVP ethanol solutions and
the single-layer LSCs were fabricated by drop-casting. The
yellow emitting CD-integrated single-layer LSCs (5 x 5 cm?)
are semi-transparent (Fig. S11a, ESIT). A concentrated light can
be obviously seen on the edges of the LSC and “LSC” words on
the bottom of LSC can be clearly detected. As shown in Fig. S12
(ESIT), the yellow emitting CDs inside the LSCs exhibited a
relatively independent PL spectrum at different concentrations.
With the increase of yellow emitting CD concentration, the PL
intensity also increased and reached the strongest at
80 mg mL~'. However, the intensity of PL decreased after
further increasing the yellow emitting CDs concentration
(Fig. S12a, ESIf). At the same time, the peak position was
accompanied by a slight redshift, which is consistent with the
PL behavior of the CDs in ethanol solution. If the amount of
yellow emitting CDs/PVP mixture is changed, the PL phenom-
enon is similar to that of different concentrations (Fig. S12b,
ESIt). When the amount of the yellow emitting CDs/PVP
mixture was 2.5 mL, the PL intensity reached the maximum.
Once the amount continued to increase the PL intensity
decreased inversely. Through the above PL detection for LSCs,
the optimal concentration and dosage are 80 mg mL ' and
2.5 mL. It is found that there was little change in fluorescence
intensity after five weeks’ storage of the LSCs (Fig. S12c and d,
ESIT). Moreover, the different excitation and emission phenom-
ena of yellow emitting CDs/PVP composite films were almost
the same as those of the yellow emitting CD solution (Fig. S6
and S13, ESIt). This shows that there was little influence
on the fluorescence intensity when yellow emitting CDs were
embedded in PVP films.

To evaluate the performance of the LSC devices, PCE mea-
surements were carried out. The photocurrent density and
photovoltage (J-V) response of the commercial Si solar cell is
shown in Fig. S14 (ESIt). As shown in Table S5 (ESIt), the Si
solar cell has a J,. of 36.88 mA cm ™2, V, of 0.54 V, fill factor (FF)
of 75.76% and PCE of 15.19% under one sun illumination (AM
1.5G). The J-V curves were measured for different LSC devices
(Fig. S15, ESIf), and the detailed parameters are shown in
Tables S5 and S6 (ESIt). Under illumination of 100 mW cm 2,
fopt (POWer coming out from LSC edge/power coming in from the
top surface) could be obtained for the device (5 x 5 cm?, detailed
calculation is shown in the ESIT).56 We further measured and
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calculated the 7, value of LSCs by the power meter coupled at
the edge of the LSCs, which is defined as the number of photons
emitted from the edges of the LSC divided by the number of
photons incident on its upper surface. 7opc is a key index to
evaluate the performance of LSCs. oy can be calculated through
eqn (4):3,30,57

~ Jisc X Aeqge ~ Iisc @)

1’]0 t -
PU Isical X Awop Isicet X G

where I 5c is the measured short-circuit current when the solar
cell is attached on the LSC device edge, and Ig; .o is the measured
short circuit current which directly irradiates the same solar cell
with the same light source. While A.qe. is the edge area of the
LSCs where the solar cell is attached, Ay, is the top area of the
LSC. The ratio of Ap/Aeqge iS generally termed as geometric
gain (G). In our case, the G was calculated to be 6.25 for the
5 x 5 cm” and 2.5 for the 10 x 10 cm” LSC.

In order to study the influence of the G factor on the
performance of the LSCs, LSCs with different sizes, but with
identical film thickness were fabricated (Fig. S15a, ESIY).
The as-prepared LSCs have G factors of 2.5, 6.25 and 10,
respectively. The J-V curves were measured for the different
sizes of LSC devices (Fig. S15b, ESIT). With the increase of the
size of LSCs, there is no significant variation of the measured
PCEs (Fig. S15¢c, ESIt). We are still able to obtain an optical
efficiency of 4.1% for the LSC with a G factor of 10 (dimension:
8 x 8 x 0.2 cm®). Therefore, it can be concluded that the impact
of the G factor on large-size LSCs is relatively small, and this is
mainly because of the large Stokes shift of the yellow emitting
CDs. As shown in Fig. S15d (ESIt), the LSC showed an obvious
concentration-dependent J-V behavior by optimizing the
concentration of the yellow emitting CDs. When the concen-
tration was 80 mg mL™", the PCE performance of the device
reached the best as shown in Fig. S15e (ESIT). The 5, and #pcg
of the yellow emitting CD-integrated LSC reached up to 4.26%
and 3.72% under illumination of 100 mW cm ™2, respectively.
To investigate the performance stability of the LSCs (concen-
tration of 80 mg mL™"), we measured the PCE each week for five
weeks (Fig. S15f, ESIf). In addition to the obvious increase in
PCE in the first week, this might be mainly caused by the fact
that the yellow emitting CDs/PVP composite film is not com-
pletely dried on the first day. After that, the PCE of the LSC
devices hardly changed, indicating that the LSCs have good
stability. Furthermore, the optical properties of the yellow
emitting CDs/PVP film LSCs with various dosages were inves-
tigated (Fig. S12b and S12d, ESI). For different yellow emitting
CDs/PVP mixtures of dosage in LSCs, the result of -V behavior
was almost the same as the different concentrations. Due to the
fact that more yellow emitting CDs are contained in the higher
dosage film, the PL intensity of the yellow emitting CDs/PVP
film LSCs increased first and then gradually decreased with the
increase of the dosage. As shown in Fig. S15g (ESIT), the change
of photocurrent density was similar to that of the PL intensity
with the dosage increases. This shows that the LSC displayed
a clear dosage-dependent J-V behavior by optimizing the dosage
of the yellow emitting CDs. When the dosage was 2.5 mL, the PCE
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performance of the LSC device reached the best value (Fig. S15h,
ESIf). The 54, and #pcg of the yellow emitting CDs integrated
LSC could reach 4.78% and 4.14% under illumination of
100 mW cm 2, respectively. Even after the LSC devices were

! LSC ISC ISC IS8C I1IK8C
LSC LSC LSC LSC 1LSC LS(
LSC LSC LSC LSC LSC LS(

placed under natural sunlight irradiation for five weeks, the
PCE hardly changed, indicating that the LSCs have good stability
(Fig. S15i, ESIt). The stability of other parameters is shown in
Fig. S16 and Tables S5, S6 (ESIT).

-
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(a) Photographs of the laminated LSC based on yellow emitting CDs. (b) Calculated solar absorption of the LSCs based on yellow emitting CDs

and solar spectrum (AM 1.5G). (c) The calculated external optical efficiency of LSCs based on yellow emitting CDs with a QY of 61% and a concentration of
80 mg mL~%. The red star marker is the external optical efficiency of the LSCs measured by a power meter for the LSCs with lateral sizes of 10 x 10 cm?.

(d) J-V response of the LSC with a Si cell attached on the edge under natural sunlight of 85 mW cm™2 and 45 mW cm™2, respectively.

Table 2 External optical efficiencies of the LSCs based on different fluorophores

Fluorophores Type Absorption range HNopt (%) LSC area (cm?) Ref.
CDs Single layer 280-500 4.56 10 x 10 This work
CDs Single layer 300-550 2.6 10 x 10 22
CDs Single layer 300-650 3.0 10 x 10 22
CDs Two layer tandem 300-660 4.3 10 x 10 22
CDs Single layer 300-600 3.94 2 X2 11
CDs Two layer tandem 300-700 1.1 10 x 10 28
CDs and perovskite QDs Three layer tandem 300-400 3 10 x 10 13
CDs Two layer tandem 300-650 — 10 x 10 31
DDAB@AuNCs/PLMA Single layer 300-500 1.85 10 x 10 58
CdSe/CdS QDs Sandwich 300-580 2.25 10 x 10 59
Perovskite nanoplatelets Single layer 300-550 0.87 10 x 10 60
Perovskite nanocrystals Single layer 300-520 2.4 10 x 10 17
CDs and AIE molecules Two layer tandem 30-550 3.55 6.5 x 2.5 33
CDs and Ag NPs Single layer — 0.9 5x%x5 32
CDs Three layer tandem 300-610 2.3 8 x8 35
CDs Three layer tandem 300-600 4.03 5x%x5 61
CDs Single layer 300-500 2.7 10 x 10 3
Copper-doped InP/ZnSe QDs Single layer 300-620 34 10 x 10 26
Silica encapsulation of CdSe/CdS QRs Single layer 300-650 2.06 10 x 10 62
Iodine-based perovskite nanoplatelets Single layer 300-750 1.1 10 x 10 63
CdSe/CdS QDs and CDs Two layer tandem 300-520 1.4 10 x 10 64
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In order to get close to life and realize commercial large-
scale applications, we optimized the CD concentration, dosage
and preparation conditions, and prepared a large-are LSC
(10 x 10 cm?) with a laminated structure as shown in Fig. 5a.
Typically, the CDs/PVP composite film was formed on the glass
surface by drop casting. Another glass slide was then put on the
top of the CDs/PVP film to construct a laminated structure. The
as-prepared LSC based on CDs can absorb 14% of the sunlight
in the UV-vis range as the absorption of the CDs matches well
with the sun’s spectrum (Fig. 5b). We theoretically calculated
the 7, of the LSCs using the reported method (details are in
the ESIT).>® As shown in Fig. 5¢, nop of the yellow emitting
CD-based LSCs with a concentration of 80 mg mL ™" in the PVP
film decreased with increasing the size of the LSC. Benefiting
from the laminated structure compared to the single-layer
structure, the laminated LSCs exhibited an #,pc of 5.6% and
even the lateral size of the LSCs is 1 m?, which shows promising
potential for realizing BIPV. In addition, the 7,y of the lami-
nated LSC maintains 86% of the initial value when the lateral
size is 1 m?, indicating the reabsorption energy loss can be
largely suppressed since the Stokes shift of yellow emitting CDs
is very large. We measured the PCE of the LSCs by coupling
a calibrated Si solar cell. The LSC had a PCE of 2.5% and
4.1% under the natural environment of 85 mW cm > and
45 mW cm?, respectively (Fig. 5d). The 5oy of the yellow
emitting CDs integrated large-area LSCs reached 2.78% and
4.56% under 85 mW cm > and 45 mW cm >, respectively. The
obtained #,p: Of the large-area LSC is higher than other pre-
viously reported works with similar sizes (Table 2). The high
efficiency achieved in this work might be attributed to the two
following reasons: (i) efficient absorption of the sunlight;
(ii) less reabsorption energy loss benefiting from the high QY,
large Stokes shift and laminated LSC structure. It should be
noted that this laminated structure is fit for the real structure
of warm-keeping windows, in which two pieces of glass are
usually used.

3. Conclusions

In summary, highly emissive yellow emitting CDs with a large
Stokes shift of 193 nm, which exhibit nearly zero reabsorption,
were reported. The QY of the yellow emitting CDs reached as
high as 61%. The fluorescence properties of different concen-
trations were systematically studied, and the results showed
that the corresponding excitation and emission of the yellow
emitting CDs were also different with a concentration change.
In addition, the PL emission was red-shifted along with a
reduced PL intensity when increasing the excitation wave-
lengths. At the same time, the fluorescence lifetime corres-
ponding to different concentrations and different excitation
were also different. The longest fluorescence lifetime of yellow
emitting CDs could reach 6.70 ns. By optimizing the concen-
tration and dosage, LSCs with a size of 5 x 5 cm’ were
prepared, and the 7, could reach 4.78%. For better commer-
cialization, a high-efficiency large-area LSC was successfully
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fabricated using these yellow emissive CDs. The 7,y and #pcg
of the CD-integrated large-area LSC (10 x 10 cm?®) reached
up to 4.56% and 4.1% under natural sunlight (45 mW cm™?),
respectively. The efficiencies are higher than other previously
reported works with similar sizes. The high-performance large-
area LSCs based on eco-friendly CDs with nearly zero reabsorp-
tion offers a useful platform for future study and practical
application of LSCs.
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