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Luminescent solar concentrators (LSCs) are large-area sunlight collectors coupled to small area solar
cells, for efficient solar-to-electricity conversion. The three key points for the successful market
penetration of LSCs are: (i) removal of light losses due to reabsorption during light collection; (i) high
light-to-electrical power conversion efficiency of the final device; (iii) long-term stability of the LSC
structure related to the stability of both the matrix and the luminophores. Among various types of
fluorophores, carbon quantum dots (C-dots) offer a wide absorption spectrum, high quantum yield,
non-toxicity, environmental friendliness, low-cost, and eco-friendly synthetic methods. However, they
are characterized by a relatively small Stokes shift, compared to inorganic quantum dots, which limits
the highest external optical efficiency that can be obtained for a large-area single-layer LSC (>100 cm?)
based on C-dots below 2%. Herein, we report highly efficient large-area LSCs (100-225 cm?) based on
colloidal C-dots synthesized via a space-confined vacuum-heating approach. This one batch reaction
could produce Gram-scale C-dots with a high quantum yield (QY) (~65%) using eco-friendly citric acid
and urea as precursors. Thanks to their very narrow size distribution, the C-dots produced via the
space-confined vacuum-heating approach had a large Stokes shift of 0.53 eV, 50% larger than C-dots
synthesized via a standard solvothermal reaction using the same precursors with a similar absorption
range. The large-area LSC (15 x 15 x 0.5 cm®) prepared by using polyvinyl pyrrolidone (PVP) polymer as
a matrix exhibited an external optical efficiency of 2.2% (under natural sun irradiation, 60 mW cm™2,
uncharacterized spectrum). After coupling to silicon solar cells, the LSC exhibited a power conversion

Received 14th July 2020, efficiency (PCE) of 1.13% under natural sunlight illumination (20 mW cm™2, uncharacterized spectrum).
Accepted 4th September 2020 These unprecedented results were obtained by completely suppressing the reabsorption losses during
DOI: 10.1039/d0ee02235g light collection, as proved by optical spectroscopy. These findings demonstrate the possibility of

obtaining eco-friendly, high-efficiency, large-area LSCs through scalable production techniques, paving
rsc.li/ees the way to the lab-to-fab transition of this kind of devices.
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Luminescent solar concentrators (LSCs) are ““colored windows” able to generate electric power through light absorption. LSCs represent an elegant solution for
semi-transparent or colored facades for so-called building-integrated photovoltaics. Among various types of fluorophores, carbon quantum dots (C-dots) offer a

wide absorption spectrum, high quantum yield, environmental friendliness, low-cost, and eco-friendly synthetic methods. The main challenges in developing
large-area LSCs based on C-dots come from the low external optical efficiency. In this work, we demonstrate highly efficient large-area LSCs (100-225 cm®)

based on C-dots. The space-confined vacuum-heating approach could produce Gram-scale C-dots with a large Stokes shift of 0.53 eV, and a high quantum yield
of ~65%. The LSC (15 x 15 x 0.5 cm?) exhibited an external optical efficiency of 2.2% (under natural sun irradiation, 60 mW cm ). After coupling to silicon

solar cells, the LSC exhibited a power conversion efficiency of 1.13% under natural sunlight illumination (20 mW cm™?). Compared to inorganic quantum dots
and dyes/polymers, the large-scale reaction, low-cost, and the excellent optical properties of the C-dots represent a major advance toward the production of low-
cost, high-efficiency, large-area, and scalable LSCs, giving a practical demonstration how the understanding of the optoelectronic features regulating light
absorption, emission, and transfer can result in the improved functionality of such devices.

Solar technologies have attracted much attention owing to
their sustainable use of sunlight for the production of renew-
able and clean energy. Solar electricity, solar thermal energy,
and solar fuels can contribute to addressing the current energy
crisis and climate change issues due to the use of fossil
energy.'™® Obtaining a high solar-to-electrical power conversion
efficiency (PCE) at low cost through solar cells is still a major
challenge. Luminescent solar concentrators (LSCs) are large-
area sunlight collectors for solar-to-electricity conversion.*”"®
An LSC consists of an optical waveguide with embedded fluoro-
phores. Upon illumination, the fluorophores absorb and
re-emit light through fluorescence or phosphorescence. Because of
the total internal reflection, the emission is guided to edges of the
LSC, where a photovoltaic (PV) cell is coupled. The PV cell converts
the concentrated emission into electricity. LSC technology can
largely decrease the use of expensive PV materials due to the smaller
edges of the LSCs compared to its large surface, whereby the PCE of
the LSC-PV is over 6%.%”° In addition, LSCs could be widely used
for building integrated PV devices as the typical LSC can be light-
weight and semitransparent, with tunable color.*”>" The first
proposed LSC dates back more than 40 years ago,* but it has not
yet reached sufficient maturity to enter the market. The main
bottleneck for the mature development of the technology is the
strong reabsorption energy loss due to the limited Stokes shift of the
fluorophores, because of the overlap between the absorption and
emission spectra, which hampers the possibility to obtain a high
external optical efficiency. The external optical efficiency is defined
as the power of the photons emitted from the LSC edges over the
total power of the photons impinging on the LSC through the top
surface.””® The key to obtaining a high efficiency LSC is to
synthesize highly efficient fluorophores, with a broad absorption
spectrum, high quantum yield (QY), large Stokes shift, and good
stability. It is also very important to balance the efficiency losses
in the wavelength shift and PV conversion with the efficiency
losses due to the re-scattering of light out of the collector.>* Ideal
fluorophores should have a “uniform absorption cross-section
for photons above a threshold energy and constant emissive power
in a narrow band from the band-edge energy to the emission peak
energy.”** LSCs experienced very recently a renaissance, thanks to
the development of new and highly efficient fluorophores’ able to
guarantee suitable optical properties.

Besides the widely used dyes and polymers, various types of
nanocrystals [e.g., inorganic quantum dots (QDs), perovskite
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nanocrystals, upconversion nanoparticles] have been used as
emitters for LSCs.”'*'>**3%> Among these, colloidal QDs have
attracted a lot of attention due to their size tunable absorption/
emission spectra, high absorption coefficient, high QY, size/
shape/composition tunable Stokes shift, and good photo-
stability.”***>73% However, the most efficient QDs used for LSCs
either contain toxic Pb or Cd elements [e.g., PbS/CdS, CdSe/
Cds, CsPb(Br,l;_,);, Mn**-doped Cd,Zn;_,S/ZnS] or non-earth-
abundant and expensive elements, such as InP/ZnO, CulnS, or
CulnS/ZnS.>*'?473% Recently earth-abundant Si QDs or carbon
QDs (also named as C-dots) have attracted much attention due to
their size-tunable absorption, high QY, low-cost, and eco-friendly
metal-free composition.'*****™*® §i QDs have an indirect band-
gap, which leads to a low absorption coefficient.** Thus, they
cannot absorb sunlight efficiently. Differently from Si QDs,
C-dots have an absorption coefficient comparable to inorganic
QDs and have been used as emitters for LSCs.**™***” For example,
Talite et al. fabricated single-layer small-sized LSCs based on
in situ cross-linked C-dots with an external optical efficiency of
~12% (LSC dimensions: 3 x 3 cm?).** Due to the large overlap
between the absorption and emission of the C-dots, there is
strong reabsorption energy loss in large-scale LSCs. Thus, the
current reported efficiency in large-area LSCs based on C-dots is
still low.>*** For example, Zhou et al reported that laminated
LSCs based on C-dots exhibited an external optical efficiency of
1.1% (LSC dimensions: 10 x 10 cm?), which was significantly
lower than that of inorganic QDs-based LSCs (2-3% with LSC
dimensions: 10 x 10 cm?).>****° Meanwhile, most of the C-dots
were synthesized via a solvothermal reaction using nonaqueous
solvents, such as dimethylformamide (DMF).*®*"*® The ideal
scenario would be to produce a large quantity of C-dots with z
narrow size distribution using eco-friendly precursors and solvents.
Very recently, Zhou et al reported the use of a space-confined
vacuum-heating approach to produce C-dots in z limited amount
and in a rather long process, with a relatively high QY and very
narrow size distribution.*® To the best of our knowledge, there is
until now no report on large-area LSCs using narrow-sized C-dots.

In this work, we report highly efficient large-scale LSCs using
colloidal C-dots. Based on a space-confined vacuum-heating
approach”® we developed a fabrication procedure that allowed
producing Gram-scale C-dots with a high QY (~65%) and large
Stokes shift (0.53 eV) using eco-friendly citric acid/urea as
precursors and water as the only solvent. The LSC was prepared
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by drop-casting a C-dots/polyvinyl pyrrolidone (PVP) polymer
solution on glass. The large-area LSC (15 x 15 x 0.5 cm®) based
on C-dots exhibited an external optical efficiency of 2.2%
(under natural sunlight irradiation, 60 mW cm™?), and a PCE
of 1.1% under natural sunlight illumination (20 mW cm™?)
after coupling to silicon solar cells.

Results and discussion
Synthesis and structure of the C-dots

The C-dots were prepared based on the space-confined vacuum-
heating approach using citric acid/urea as precursors and water
as the solvent (see the Experimental section)*® with a key final
optimization. For comparison, we also synthesized C-dots
through a solvothermal reaction using the same precursors
and DMF as the solvent.*" Briefly, for the Gram-scale synthesis,
1.5 g citric acid, 3 g urea, and 1 g CaCl, were mixed together and
dissolved in 5 mL water. Subsequently, the clear solution was
heated to 120 °C under vacuum for 30 min to form a foam
structure by pumping away the water. The foam, which forms
only in presence of CaCl,, was gradually heated to 250 °C and
maintained at this temperature for 1 h. At ~180 °C, the
dehydration reaction occurred and C-dots with a light green
color were gradually formed through carbonization with further
increasing the temperature to 250 °C. The mixture of citric acid,
urea, and CaCl, formed an inflated foam under vacuum heating.
The C-dots were formed through dehydration and carbonization
processes, which took place in the thin foam walls.*® Benefiting
from the confined space of the foam, the as-synthesized C-dots
had a very narrow size distribution (Fig. 1a and b), leading to a
uniform energy band gap. By optimizing the ratio between the
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precursors (citric acid and urea) and the concentration of the
precursors (differently from ref. 49), we could obtain over 1 g of
purified C-dots for one batch reaction, which presents a good
opportunity to produce large-quantity low-cost C-dots for large-
scale LSC fabrication. We also mixed the precursors and CaCl, in
water in an identical ratio and dried the mixture at 80 °C for 12 h,
to benchmark the space-confined vacuum-heating approach with
a standard solvothermal one.*® The dried foam was then heated
to 250 °C. Very-light-green-colored C-dots were obtained,
indicating that the vacuum plays a significant role in forming
a very uniform foam.

TEM analysis showed that the as-synthesized C-dots fabricated
via the Gram-scale vacuum-heating approach had a spherical
shape with a mean size of 3.6 + 1.4 nm (Fig. 1a and b). The
as-prepared C-dots had a narrower size distribution compared
to the C-dots synthesized through the solvothermal reaction
(3.9 £ 2.0 nm) (Fig. S1, ESIt). The selected area electron
diffraction (SAED) pattern (Fig. 1c) indicated that the C-dots
had a hexagonal graphene structure. This was further confirmed
by the X-ray diffraction (XRD) pattern as shown in Fig. S2 (ESIT).
The broad XRD peak also indicated that the C-dots exhibited a
highly defective crystalline structure. The structure of the C-dots
was further analyzed by high-resolution TEM (HRTEM), as
shown in Fig. 1d. The measured d spacing of an individual
C-dot was around 2.16 A, corresponding to the (100) plane of the
hexagonal graphene structure,*®”° which was consistent with
the SAED and XRD patterns (Fig. 1c and Fig. S2, ESIT). In the "H
magnetic resonance (NMR) spectrum of the C-dots, peaks
appearing in the range of 4-6 indicated the presence of C—C
(H) in the C-dots (Fig. S3, ESIY). Usually, C-dots synthesized via
citric acid/urea have very good water-solubility due to their
hydrophilic carboxyl and amide group on the surface.**™" The
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Fig. 1 Typical TEM image (a) and size distribution (b) of the C-dots synthesized via the vacuum heating approach. (c) SAED pattern and (d) HRTEM image
of the C-dots. (e) EDS of the C-dots. (f) High-resolution XPS spectra of the C-dots.
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C=O0, C-H, and N-H stretching vibrations observed by FT-IR
confirmed the presence of the carboxyl, amide, and hydroxyl
groups on the surface of the C-dots (Fig. S4, ESI).**>" The X-ray
photoelectron spectroscopy (XPS) results indicated the presence
of C, O, N, Cl, and Ca in the C-dots (Fig. S5, ESIt). As shown in
Fig. 1f, high-resolution XPS also indicated the formation of
C=O0, C-OH, and N-H groups in the C-dots, consistent with
the FT-IR data.>® We also found the presence of Ca and Cl in the
XPS and energy dispersive X-ray (EDS) spectra (Fig. 1e and f),
while no particles were found in the TEM image, indicating that
the Ca cations were likely in the form of COOCa.*’

Optical properties of the C-dots

The C-dots produced by the space-confined vacuum-heating
approach dispersed in water (50 mL) had a light-yellow color
and exhibited a bright green color under sunlight (Fig. 2d and e).
The purified C-dots in methanol had an absorption spectrum
covering the 300-500 nm range, which means they can absorb
10% of the total photon energy of the Sun’s spectrum (Fig. 2b,
top panel). After excitation, the C-dots exhibited a broad photo-
luminescence (PL) spectrum ranging from 440 to 700 nm with
an emission peak located at ~500 nm. Typically, the C-dots
synthesized via the citric acid/urea via solvothermal reaction,*’
with no optimization, had excitation-dependent PL spectra
(Fig. S6b, ESIf). Instead, the addition of CaCl, during the
synthesis of the C-dots via the vacuum-heating approach
resulted in an excitation-independent PL (Fig. 4f), as previously
reported in ref. 49, indicating the existence of one type of
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dominant luminescent center in these C-dots (Fig. 2c). As shown
in Fig. S7 (ESIT), with the increase in C-dots concentration from
0.2-1.7 mg mL™', the integrated PL area almost linearly
increased, and then quickly decreased when the concentration
was higher than 1.4 mg mL~'. We did not observe any red-shift
of the PL peak and broadening of the peak width (Fig. S7b,
ESIT). The decrease in the PL intensity at a high C-dot con-
centration was mainly due to the self-quenching between the
neighboring C-dots.*® These results suggest that we can prepare
LSCs with a high C-dots concentration. The as-synthesized
C-dots had a QY of (65 + 3)% in methanol (Fig. S8, ESIT).
As a big contrast, the C-dots produced by the solvo-
thermal reaction had a QY of (40 &+ 5)%. The much higher QY
in the C-dots synthesized via the vacuum-heating approach
compared to that produced by the solvothermal reaction was
due to their lower non-radiative recombination rate, which was
further confirmed by the lifetime measurements (Fig. 4h, i and
Fig. S6a, ESIY).

The C-dots synthesized via the non-vacuum-heating solvo-
thermal approach had a short lifetime of 7.0 ns, which was
much shorter than that of 13.1 ns in C-dots produced by the
vacuum-heating approach (Table S1, ESIf). The QY can be
expressed as:>”

ky

Y =——
Q kr+knr

1)

where k. and k,, are the radiative and the non-radiative decay
rates, respectively.

(b)
8 3
g ° ——s
2 —— Abs (solution) _j
2 ——— Abs (LSC) o
2 14 ~——— PL (solution!
< ( )
0 T T T
300 400 500 600 700
( f) Wavelength (nm)
1.00 - 100
B o {s
2 3
S 2
ol >
© £
5 050 450 2
2 S
z 3
S
& 0.25 —425
0.00 1 T T T T 0
04 06 08 1.0 12 14 1.6

Weight of CA (g)

(a) Schematic representation of a C-dot-based LSC. (b) The absorption and emission spectra of the C-dots produced by the space-confined

vacuum heating approach (top panel) and by the standard solvothermal approach (bottom panel), dispersed in methanol or integrated in LSCs. (c)
Possible electronic band structure for C-dots produced by space-confined vacuum heating (left) and by the standard solvothermal method (right), which
accounts for the large Stokes shift in C-dots produced via space-confined vacuum heating. Photography of the C-dots produced by space-confined
vacuum heating, dispersed in water (50 mL), under room light (d) or sunlight (e). (f) The obtained QY and quantity of the C-dots produced by the space-
confined vacuum heating approach as a function of the citric acid weight.
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Fig. 3 AT/T spectra of C-dots produced by the space-confined vacuum-heating approach: (a) spectra for selected time delays, (b) map, (c) dynamics for
selected wavelengths; pump@400 nm with fluence of 6.5 mJ cm™2, pump and probe polarization are set at magic angle.

The measured lifetime is equal to:

1

T:kr+knr

(2)
The calculated k. was 8.6 x 10 % ns™" in the C-dots synthe-
sized via the solvothermal approach, which was three times
longer than that in C-dots synthesized via the vacuum-heating
approach. Both type of C-dots exhibited a similar k;, indicating a
similar surface-energy state dominated radiative recombination
mechanism, as widely reported in the literature.****>* The
C-dots synthesized via the vacuum-heating approach had a
Stokes shift of 0.53 eV, which was larger than that in the
C-dots fabricated via the solvothermal reaction (0.36 eV)
[Fig. 2b (bottom panel)]. We proposed the PL mechanism in
both types of C-dots as shown in Fig. 2c. In the C-dots produced
by the space-confined vacuum-heating reaction, the recombina-
tion of the e-h pairs was through the surface-related energy
state with a single type of dominant energy state, different from
the band-gap emission, which typically leads to a large Stokes
shift.*>*** A similar effect can also explain the large Stokes shift
(0.3-0.85 eV) in C-dots reported recently.”*>® In the C-dots pro-
duced via the solvothermal reaction, the existence of multiple-
recombination centers was due to the not well-passivated surface
or the wide size distribution, which often lead to energy transfer,*®*"
explaining also the low QY in the C-dots produced via the
solvothermal reaction. The optimized space-confined vacuum-
heating approach could produce over Gram-scale C-dots in one
batch by only increasing the citric acid/urea concentration
(Fig. 2f). No significant difference existed in the PL spectra and
QYs among the different samples (Fig. 2f and Fig. S9, ESIY).

Optical properties of C-dots

We performed time-resolved transient transmission (A7/T) measure-
ments to get insights into the decay channels of the C-dots
produced by the space-confined vacuum-heating approach. The
excitation pulses were ~ 100 fs long with a central wavelength at
400 nm, while the probe was a white light continuum spanning
from 330 to 660 nm. Fig. 3b shows the AT/T map at low pump
fluence (6.5 pJ cm™?), Fig. 3a the corresponding spectra for
selected wavelengths, and Fig. 3c the corresponding dynamics
for selected probe wavelengths. In the AT/T spectra, two
main positive bands appear: the first, centered around 410 nm,

400 | Energy Environ. Sci., 2021, 14, 396-406

which could be assigned to photo-bleaching (PB) of the ground
state absorption (see Fig. 2a); the second, peaked at around
520 nm, which was assigned to the stimulated emission (SE)
due to its coincidence with the emission spectrum. The negative
signal in the short wavelength region came from photoinduced
absorption (PIA) to higher excited states. It was interesting to
note that at 0.2 ps (dark blue in Fig. 3a), the SE band already
shows the spectral features observed in steady state emission.
This shows that the Stokes shift in these C-dots took place on a
timescale much shorter than 0.2 ps. Throughout our 1.6 ns
temporal window, we observed that the SE band did not lose
significant intensity, consistent with the high QY and 13 ns
lifetime. The only important spectral evolution was observed in
the first ~20 ps (see Fig. 3a and c), consisting of a decay of the
ground-state PB, the formation of a PIA band around 455 nm
and a red-shift of the SE. This is consistent with thermal
expansion of the C-dots following the dissipation of the Stokes
shift energy.

The expanded lattice showed a red-shifted absorption,
explaining the PB recovery at 410 nm and the new PIA band
at 455 nm, and this also reduced the gap between the ground
and excited states, explaining the SE red-shift. Altogether, the
pump-probe showed an ultrafast Stokes shift forming the
emissive state in less than 0.2 ps, followed by a single clear
radiative decay channel matching the steady state emission. We
also noted that the emission did not compete with any PIA,
making it very efficient and contributing to the high QY. This
behavior is not commonly observed in C-dots.>”>>

Efficiency of C-dots-based LSCs

LSCs were obtained by mixing the C-dots (synthesized via a
vacuum heating and solvothermal reaction) with PVP polymer
and drop-cast on glass (details in the Experimental section).
The typical dimension of the glass for the LSC was 15 x 15 x
0.5 cm®. We targeted the testing of a large-area LSC, because the
functional properties in small-area LSCs (typically reported LSC
dimensions of 2 x 2 cm?” in the literature) are largely over-
estimated, due to the limited contribution of the reabsorption
and scattering losses. In this respect, LSCs represent a special
class of devices, where the intrinsic properties of materials have to
be tested in a device as close as possible to the real dimensions,
otherwise there is a strong risk of significantly overestimating the

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ee02235g

Open Access Article. Published on 04 September 2020. Downloaded on 7/19/2025 12:16:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

optical and power conversion efficiency that can be achieved in the
final large-area panels. The average thickness for the polymer/
C-dots layer was around 0.5 mm and the mass concentration of
C-dots inside the C-dots/PVP film was around 2 wt%, estimated
based on the thermal gravity analysis (TGA) (Fig. S10, ESIt).
There was no significant difference in the absorption and
emission spectra before and after embedding the C-dots in the
polymer film (Fig. 2b). A very slight PL peak position variation
of the C-dots in the LSC was detected, most probably due to the
change in the refractive index of the matrix (methanol solution
vs. PVP polymer). The obtained QY of the C-dots in the PVP film
was around 67% under 415 nm excitation, consistent with the
reported value in the literature.*® The as-prepared LSC was
semitransparent (Fig. 4a—c and Fig. S11, ESI{) under indoor or
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external natural sunlight (uncharacterized spectra) and simulated
sun light (calibrated solar simulator). By irradiating a large-area
LSC with a calibrated solar simulator (AM1.5G, 100 mw cm ™ %), a
clear concentrated green light could be seen at the edges of the
LSC (Fig. 4b), indicating a great potential for building semi-
transparent integrated PVs. This result indicated that there was
no QY variation before and after transferring the C-dots from
methanol to the PVP polymer matrix, as further confirmed by the
transient fluorescence measurement of the PL lifetime. As shown
in Fig. 4h and i, the decay time was identical in solution and in
the LSC when the samples were excited with a 372 and 445 nm
pulsed light-emitting device (LED).

A comparison of the QYs in the solution and solid samples
was performed according to the consolidated methodology

Normalized PL

0 T T T T
400 450 500 550 600 650 400 500
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(8)
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600 700 440 480 520 560 600
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kex=41 5nm
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150 200

Fig. 4 Photographs of the LSC under indoor (uncalibrated spectrum) (a), simulated sunlight (calibrated solar simulator, AM1.5G, 100 mW cm~2) (b), and
natural sunlight (uncalibrated spectrum) illumination (c). PL spectra (d) and normalized PL spectra (e) measured at different optical paths (L, distance
between the beam spot and the edge of the LSC in the detector direction) for the C-dots-based LSCs. The excitation wavelength was 380 nm. (f) The PL
spectra of the C-dots under different excitation wavelengths. The concentration of the C-dots was 2% in the PVP film. The dimensions of the LSC was
15 x 15 x 0.5 cm?. (g) The scattering and PL emission of LSC (prepared by drop casting) recorded with an integrating sphere. The QY was calculated using
the following equation: QY = EB/(SA — SB); SA and SB are the excitation scattering from the integrating sphere and the LSC, respectively; EB is the
emission from the LSC. (h and i): The emission decay from C-dots and the LSC excited with a pulsed LED at 372 nm (h) and 445 nm (i).
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proposed by Klimov et al. (eqn (1) and (2))."* As the C-dots had a
similar QY and lifetime in solution and in the polymer matrix
(LSC), there was almost no variation in &, and k,,. This result
confirmed that the preparation process did not lead to the
formation of a significant density of surface-defects/traps,
which can highly affect the non-radiative decay rate, ky,
indicating the good stability of the C-dots.

Following the method reported in the literature,*® we set up
the distance-dependent PL measurement as shown in Fig. S12
(ESIY). For the LSC (dimensions of 15 x 15 x 0.5 cm®, with an
optimized C-dots concentration in the polymer film of 2 wt%),
the PL intensity of the C-dots decreased with the increase in the
distance between the beam spot and edge of the LSC (Fig. 4d).
We did not observe any red-shift of the PL spectra (Fig. 4e).
Usually, the distance-dependent red-shift of the PL peak position
or narrowing of the PL peak width is due to the reabsorption
coming from the overlap between the absorption and emission
spectra of the C-dots.”” This phenomenon has been widely
reported and used to evaluate the reabsorption energy loss in
LSCs.*** In our system, the absence of a PL shift in the LSC with
even a high C-dots concentration (2 wt%) was unequivocally
attributed to the very large Stokes shift (~0.53 eV) of the C-dots.
The working principle and energy loss in an LSC based on C-dots
are shown in Fig. 2a. The numbers indicate the major processes in
an LSC: (1) transmitted light; (2) partial light loss due to the
non-unity of QY; (3) reflected light from the top surface; (4) light
re-absorbed and re-emitted by the QDs, with partial losses due to
the non-unity of the fluorescence QY (originating re-absorption
losses); (5) the critical angle, below which the emitted light will
escape from the LSC. The theoretical optical efficiency of an LSC
is defined as the number of photons emitted from the LSC edge
over the total number of photons impinging on the LSC through
the top surface. It can be calculated as:®

Nopt = (1 - R)PTIR'”abs'77QY'7’]Stokes"'lhost"’lself

where R is the reflection of solar light from the waveguide surface,
Py is the total internal reflection efficiency, 7.y is the fraction of
solar light that is absorbed by the luminophore, yqy is the QY of
luminophore, 7skes is the energy lost due to heat generation during
the absorption and emission event, #704 is the transport efficiency of
the wave-guided photons through the waveguide, 7 is the reflec-
tion efficiency of the waveguide, and 7 is related to re-absorption
of the emitted photons by another luminophore in the waveguide.

We calculated the external optical efficiency (1op¢) of the LSCs
based on the reported method (details included in the Experi-
mental section).® In the simulation, the QY of the C-dots in LSCs
was set to 65%, and the thickness was fixed as 0.5 mm for the
C-dots/PVP layer and 5 mm for the glass. As shown in Fig. 5a,
Nope Of the as-prepared LSCs using C-dots with a concentration
of 2 wt% in the PVP film dropped with increasing the length of
the LSC. When L was 100 c¢m, 14, kept 63% of its initial value.
We further measured the 7,y of the LSC by coupling a power
meter at the edge of the LSC. 1, can be calculated as:®

Poug
Pin -G

n _ Pout . Aedge
L=
Pt P - Arsc
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Fig. 5 (a) The calculated external optical efficiency of LSCs based on
C-dots with QYs of 65% and 100% with a concentration of 2—4 wt%. The
pink and blue triangular markers are the external optical efficiency of the
LSCs measured by a power meter for the LSCs with lateral sizes of 100 cm?
and 225 cm?, respectively. (b) J-V response of silicon PVs attached on the
edge of the LSC under tunable natural sunlight (20-60 mW cm™2).

where P, is the power intensity of the LSC on the edge, P, is the
power intensity of the LSC on the surface under direct illumination,
Acage is the area of the edges of the LSC, A; g is the area of the top of
the LSC and G was calculated to be 6.8 for the 15 x 15 cm?, 4.5 for
the 10 x 10 cm?, and 2.5 for the 5 x 5 cm?® LSC areas.

In the case of large-area LSCs (10 x 10 cm”® and 15 x 15 cm®),
the power intensity was set at 100 mW cm > through direct
sunlight external illumination, with measuring the light intensity
through a calibrated solar cell, but no spectral matching of the
light with any standard solar spectrum was guaranteed. In the
case of the small-area LSC (5 x 5 cm?®), a calibrated solar
simulator was used, where both the light spectrum and intensity
were calibrated according to the AM1.5G standard. The measured
Hopt Were 2.7% (G = 4.5) and 2.2% (G = 6.8) for the large-area LSCs,
which are consistent with the trend of the calculated optical
efficiency of the LSCs with different G or dimensions. We also
measured the 5,y of the glass/PVP film as a control, which gave a
small value of 0.04%, due to the scattering effect of the PVP/glass
(Fig. S13, ESIT). The obtained external optical efficiency of the
large-area LSC (obtained by applying an uncharacterized spectrum)
is the highest ever reported for large-area LSCs (dimensions >
100 cm?) based on C-dots, thanks to both their high QY and
large Stokes shift (Table 1).>**

Theoretically, the optical efficiency can be further improved
by enhancing the QY of the C-dots and their absorption, by
increasing their concentration in the PVP polymer (Fig. 5a). For
example, assuming the C-dots have a QY of 100%, the LSC can
exhibit an nope of 3.19% (L = 100 cm), which is 1.9-time higher
than the LSC with the QY of the C-dots of 65%. These results
are straightforward evidence that the optical efficiency of LSCs
based on C-dots can be largely improved by enhancing the QY
of the C-dots. The calculated optical efficiency could reach 4%
with an LSC with dimensions of 100 x 100 cm? and a QY of
100%, thereby holding great potential for further commercial
application.

We measured the PCE of the LSCs by using a calibrated
silicon PV cell. The natural sunlight intensity was measured by
using a commercial calibrated Zolix QE-B1 solar cell. Under
natural sunlight (Qingdao, China), the LSC based on C-dots

This journal is © The Royal Society of Chemistry 2021
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Table1 External optical efficiencies for the LSCs based on different types
of fluorophores

LSC fopt (%) LSC area (cm”)  Ref.
C-dots® 3.0 25 This work
C-dots? 2.7 100 This work
C-dots? 2.2 225 This work
NaOH-treated C-dots 1.1 100 41
C-dots® 1.6 100 43
N-doped C-dots 3.94 4 59
C-dots? 2.3 64 51
C-nanodots 12 9 42

Si QDs 2.85 144 14
CulnS/ZnS QDs 8.1 100 28

CulnS QDs 6.8 900 25
CulnSe,/ZnS 5.1 144 9
Perovskite nanoplatelets 0.87 100 34
CdSe/CdS 1 27.9 28

“ C-dots were synthesized using a vacuum-heating approach and the
external optical efficiency of the LSC was measured under calibrated
simulated sunlight (solar simulator AM1.5G, 100 mW cm~2). LSC under
internal ambient light (a and b) solar simulator (standard AM1.5G,
100 mW cm ™ ?) and the current density versus voltage curve of the LSC
are shown in Fig. $14 (ESI). ? C-dots were synthesized using a vacuum-

heating approach and the external optical efficiency of the LSC was
measured under natural light (uncharacterized spectrum, 60 mW cm 2,

Qingdao, China). © C-dots were synthesized using phloroglucinol as a
precursor.  The LSCs had a tandem structure using three types of
C-dots with different absorption wavelengths.

with an active area of 1.6 cm? exhibited a typical J-V behavior,
similar to PVs (Fig. 5b). The LSC with the dimension of 100 cm?
exhibited a J,. as high as 6.4 mA cm ™2 (under natural sunlight
irradiation in Qingdao, China, 60 mW cm™?), which was 19%
higher than the LSC with the dimension of 225 cm” under
identical measurement conditions. The PCEs of the LSCs were
strongly dependent on the natural sunlight intensity. The lower
the light intensity, the higher the PCE. This might be due to the
decrease in the absorption efficiency of the C-dots at higher
light intensity. When the natural sunlight intensity was
20 mW cm 2, the LSC (225 cm?®) exhibited a PCE as high as
1.13%. This indicated that the LSCs based on C-dots are highly
suitable to be used in low-light intensity weather (cloudy or
morning or late afternoon). Even at a relatively higher natural
light intensity (60 mW cm ™2, Qingdao, China, winter, noon),

(a) (b)
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the LSCs with dimensions of 100 cm® and 225 cm” exhibited
PCEs of 1.04% and 0.6%, respectively. By big contrast, the LSC
fabricated using the solvothermal C-dots exhibited an external
optical efficiency of 0.7% because of their strong overlap
between the absorption and emission spectra (Table S2, ESIT).

Stability in LSCs

In order to investigate the stability of the C-dots, we measured
the PL spectra of the LSCs or C-dots dispersed in solution upon
400 nm illumination (500 mW em™>) under normal conditions
(humidity of 40% at 15 °C). The UV beam spot could cover all of
the area in the cuvette (1 x 3 cm?) and in the LSCs (1 x 1 cm?).
Before the UV-acceleration, the C-dots were dispersed in anhydrous
methanol and bubbled with nitrogen for 15 min and the cuvette was
sealed. The C-dots concentration in methanol was 1.5 mg mL™" and
the mass concentration of C-dots in the PVP film was 2%.

A very slight PL decrease (proportional to the integrated PL
area) was recorded for the C-dots dispersed in methanol after
2 h illumination (Fig. 6a and c). By contrast, the C-dots in the
LSC exhibited a continuous decrease in the integrated PL area
(Fig. 6c), keeping 78% of its initial value. Following the
literature,® as the absorption of the LSC at (400 + 5) nm was
around 0.5 mW cm 2, we calculated the acceleration factor to
be 1000, which translates into 1.4 years of exposure to natural
sunlight (average 50 mW c¢m™> and 8 hour per day). Compared to
C-dots dispersed in solution, the solid C-dots have a larger chance to
enter into contact with the surrounding environmental conditions.

Under UV-acceleration, the surrounding air or moisture can
serve as a quencher, which leads to a decrease in the PL
intensity. Usually this quenching will not induce the red-shift
of the PL spectra, as we also observed in our experiment
(Fig. 6b).***! We also stored the as-prepared LSCs in the dark
for 8 months, and found the external optical efficiency of the
LSCs fabricated using C-dots synthesized via vacuum heating or
the solvothermal reaction did not show a significant change,
indicating the good stability of the LSCs based on C-dots
(Table S2, ESIt). For further improvement of the photostability
of the LSC, a laminated structure (where the C-dots/polymer
film is placed in between two glass slides) can be used, which can
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Fig. 6 PL spectra of the C-dots dispersed in methanol (a) and in LSC (b) upon illumination. (c) The integrated PL area of the C-dots upon illumination.

The 400-nm illumination had an intensity of 500 mW cm—2.
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largely isolate the C-dots from the external environment (air,
moisture, or other chemicals).*®

Conclusions

In summary, we demonstrated a large-area and high-efficiency
LSC based on colloidal C-dots with a QY of 65% and a large
Stokes shift of 0.53 eV. These peculiar features were derived
from the preparation method, which enabled the creation of
highly monodispersed and bright dots. The large-area LSC
(15 x 15 x 0.5 cm®) based on C-dots exhibited a record external
optical efficiency of 2.2% for a large-area device (under natural
sunlight, uncharacterized spectrum, 60 mW cm ), and after
coupling to silicon solar cells, it exhibited a PCE of 1.13%
under natural sunlight illumination (uncharacterized spectrum,
20 mW cm™?). Compared to conventional inorganic QDs and
dyes/polymers, the large-scale reaction, low-cost, and the excellent
optical properties of the C-dots represent a major advance toward
the production of low-cost, high-efficiency, large-area, and scalable
LSCs, giving a practical demonstration how the understanding
of the optoelectronic features regulating light absorption,
emission, and transfer can result in improved functionality of
such devices.

These concepts can be generalized also to other structures
and devices, where light managing and charge dynamics play
a critical role, like, for instance, excitonic solar cells or
photoelectrochemical systems for solar fuel production, thus
broadening the interest of this study to the general field of
optically active nanostructures and composite systems.

Our results highlight an open issue in the LSC community,
which is the need to characterize large-area devices through
light sources, which are calibrated both in intensity and in
spectral matching with the solar spectrum. While natural light
calibrated in intensity is becoming familiar to characterize
large-area LSCs, a future direction to set a standard in the field
would be to find a viable solution to obtain repeatable experiments
under standard irradiation conditions, given that large-area solar
simulators are far from being available in most research labs
worldwide.

Experimental
Synthesis of the colloidal C-dots

The C-dots were prepared via a modified space-confined
vacuum-heating approach.*® Typically, 1.5 g citric acid, 3 g urea,
and 1 g CaCl, were mixed together and mixed with 5 mL water.
After 10 min sonication, the clear solution was transferred into a
250 mL flask and heated to 120 °C under vacuum for 30 min to
pump away the water. At this stage, a foam structure was
formed. The foam was gradually heated to 180 °C. After
20 min, the foam was heated to 250 °C and maintained at this
temperature for 0.5-1 h. The weight ratio of citric acid/urea was
kept at around 2:1 with a fixed amount of CaCl, (1 g). For the
reaction with citric acid of 0.5 g and 1 g, the volume of water was
kept at 3 mL. The final product was dispersed in ethanol and
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sonicated for 10 min. Subsequently, the mixture was centrifuged
at 8000 g for 10 min. The supernatant was transferred into
dialysis bags with a molecular weight of 300 Da for 12 h. Every
2 h, the solution outside of the dialysis bag was replaced with
the same volume of water. The C-dots/ethanol solution
inside the dialysis bag was collected and dried. The slurry was
redispersed in methanol for further characterizations and for
use in fabricating LSCs.

Another type of C-dots, for benchmarking purposes, was
prepared using a solvothermal method.*' Typically, citric acid
(1 g) and urea (2 g) were dissolved in 10 mL DMF. Subsequently
the precursors were transferred into an autoclave and reacted
for 6 h at 160 °C. The as-prepared mixture was added dropwise
to 50 mL hexane to precipitate the C-dots. The product was then
mixed with 20 mL NaOH aqueous solution (50 mg mL %),
stirred for 1 min and centrifuged at 12000 rpm for 30 min.

The precipitates were dispersed in methanol and transferred
into dialysis bags with a molecular weight of 3000 Da for 12 h.
The solution inside the bag was collected for further character-
ization and LSC fabrication.

LSC fabrication

A thin film structure was used to fabricate the LSCs.*" In detail,
10 mL of C-dots methanol solution containing 10-20 mg
C-dots, 1 g PVP K30, and 1 g PVP K90 were mixed together.
The mixture was sonicated for 10 min in order to obtain a clear
solution. The solution was centrifuged at 12 000 rpm for 10 min
in order to remove bubbles inside the solution. Then the clear
solution was drop-cast on the surface of glasses with different
dimensions (5 x 5 x 0.5 cm®, 10 x 10 x 0.5 cm?, 15 x 15 x
0.5 cm®) and dried at room condition for 1 h until all the
solvent was evaporated. The thickness of the C-dots/PVP film
was measured to be ~0.5 mm.

Theoretical simulation
The external optical efficiency of the LSCs is expressed as
following based on the reported literature:**

Hopt = MAbs Minternal (3)

where 1,ps is the fraction of absorbed sunlight by the LSC and
Ninternal 1S the internal quantum efficiency of the LSC.
Nabs can be calculated as:*!

[ In(2) (1 = &) ds
NAbs = =7
Jo Tin(7)dA

(4)

In which « is the absorption coefficient [calculated as

o= ln(IO)g

of the LSC measured by the absorption spectra], and I, is the
Sun irradiance. An irradiance corresponding to the AM1.5G
standard (100 mW cm ?) was considered, to obtain a fair
comparison between the calculations and the experiments
carried out by using a calibrated AM1.5G solar simulator as a
light source.

, where d is the effective length, A is the absorption
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A spectrally averaged internal efficiency (1internal) Over the PL
emission of the QDs was calculated as:**

[ noy Prir S
Y01 + ou(Z)Lise(1 — ngy Prir) ?
Jo SpL(4)dA

L(A)d

Minternal = (5)
in which Sp;(4) is the PL emission spectrum; 8 is a numerical
value fixed to 1.4, and Ly, is the length of the LSC. Assuming an
isotropic emission, Pryg is defined by the escape cone identified
by the critical angle 0 of the air/glass interface:

Prir =4/ 1 — <%>2 (6)

Characterizations

TEM characterization of the C-dots was carried out using a
JEOL 2100F TEM equipped with an EDS spectrometer and
SAED. FT-IR (Nicolet 6700), a solution phase NMR (Agilent
600 MHz DD2), and XPS (ESCALAB 250Xi) were used to char-
acterize the surface of the C-dots synthesized via a vacuum-
heating approach. Typically, the powder C-dots were dispersed
in deuterated methanol for 16-scan "H-NMR measurements.
Absorption spectra were acquired with a UV-2600 UV-Vis spectro-
photometer (Shimadzu) with a scan speed of 600 nm per minute.
PL characterization of the C-dots and the LSCs was performed on
an Edinburgh FLS980 instrument. The C-dots were dispersed in
methanol with a concentration of 0.05 mg mL ™" for the absorption
and PL measurements. The QYs of the as-prepared C-dots were
measured using Rhodamine 6G as the reference. The time-resolved
photoluminescence (TRPL) spectra and QYs of LSCs were recorded
with an Edinburgh FLS980 spectrofluorimeter equipped with
pulsed LEDs and an integrating sphere. The lifetimes of the
C-dots in LSC were obtained with the emission output with the
LSC film 45 degrees relative to the detector. The refractive index
of glass, PVP/C-dots film was measured using a WAY-2S Albert
refractometer (INEA). TGA was carried out in air at 10 °C min "
using a TG209F3 TGA (Netzsch). The pump-probe setup was
based on a commercial amplified Ti:Sapphire laser system
(Coherent Libra-HE) delivering ~ 100 fs pulses at 1 kHz repeti-
tion rate with a central wavelength of 800 nm. The pump beam
at 400 nm was obtained by frequency doubling in a 1 mm-thick
B-barium borate crystal and was propagated through a mechanical
chopper running at 500 Hz. As a probe pulse, we employed a white
light continuum generated in a 3 mm-thick CaF, plate. An optical
multichannel analyzer then recorded the differential transmission
of the probe beam both when the chopper blocked the pump and
not. The transient transmission was then computed using
AT/T = (Toxn — Torr)/Topr for all the wavelengths of the white
light continuum as a function of the pump-probe time delay. The
polarization between the pump and probe was set at a magic
angle (54.7°) to eliminate the rotational effects. The measure-
ments were performed in a 1 mm pathlength cuvette containing
the C-dots dispersed in methanol at ambient temperature.

The external optical efficiency of the large area LSCs was
measured under natural light (uncharacterized spectrum,
20-100 mW cm %, whose intensity was directly measured by

This journal is © The Royal Society of Chemistry 2021
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using a commercial calibrated Zolix QE-B1 solar cell). The
power meter (Newport Model 843-R) was directly coupled on
the one edge of the LSC for external optical efficiency measure-
ment. The calibrated PV cell (Zolix QE-B1) was used to measure
the PCE of the LSC. The PV cell was coupled directly on one
edge of the LSC (active area: 0.55 cm x 2 ¢cm). For the 5 x 5 cm?®
small LSC, the external optical efficiency and the PCE were
measured under irradiation from a calibrated solar simulator,
NEWPORT, LCS-100 (AM1.5G, 100 mW c¢cm~>). While it was not
possible to use a larger area solar simulator as a spectrally and
intensity calibrated light source, we report the measurements
of both small- and large-area LSC performance. Small-area
results are more repeatable, being obtained from a light source
calibrated both in intensity and spectral matching with sun-
light. However, natural irradiation with an uncalibrated spectrum
is becoming more familiar in the LSC community to characterize
large-area LSCs.” The stability of LSCs or C-dots dispersed in
methanol was measured by a PL spectrometer upon illumination
(400 nm light emitting device, 500 mW cm ) in ambient
conditions at 20 °C with a humidity of 40%.
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