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Harnessing infrared radiation using carbon dots:
photovoltaic devices achieving extraordinary
efficiency under faint lighting¥

Karan Surana, (2 Bhaskar Bhattacharya® and Saurabh S. Soni (2 *3¢

Developing photovoltaic devices capable of functioning under low-light intensities is necessary for
developing future-ready technologies. Carbon dots (CD) are one such material that hold potential for a
wide variety of practical applications, including low-light responsive photovoltaic cells capable of
powering loT devices. This current work depicts the preparation of CDs via solvothermal and microwave
methods and their applications in dye-sensitized solar cells (DSSCs) as a co-sensitizer with the N719 dye.
The prepared CDs are able to harness infrared radiation, which is confirmed by multiple measurement
techniques. Additionally, a synergistic interaction is noticed between the N719 dye and the CDs, which
allowed the device to function under dim light as well as under 1 sun. The device exhibited an

rsc.li/materials-advances

1. Introduction

The processing of natural materials to produce functional
green carbon (C) or graphene (G) dots has been greatly
increased in recent years. The advantage of using natural
precursors for synthesis lies in their abundance, availability,
non-toxicity, and renewable nature.” Unlike other carbon
allotropes, carbon dots (CD) are colorful dots having a size of
a few nanometers only. Their excellent optical and electro-
chemical properties have paved the way for their application
in various areas, such as biomedical imaging and sensing,
chemical sensing, drug delivery, photocatalysis and photovol-
taic devices.’® The solubility of CDs in aqueous media presents
an added advantage for their ease of application. Traditional
inorganic quantum dots show fluorescent properties owing to
their quantum confinement effect; however, in the case of CDs,
the surface passivation phenomenon plays a dominant role.*’

Moreover, technology has made tremendous progress in
the last decade, enabling mankind to have almost anything
at its fingertips. This has led to a surge in the number of
smart devices available in a common household, which has
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extraordinary efficiency of over 80% under faint lighting.

consequently led to increased power consumption. This power
demand is going to extensively increase in the future. One of
the possible solutions to fulfill this energy demand is to have
indoor photovoltaic devices, which can run effectively even on
low input power, such as certain types of third generation solar
cells.’®** Although these solar cells are a subset of the pre-
valent photovoltaic devices, research in this direction is still in
its early stages. Hou et al. reported a solid-state quantum dot
solar cell (QDSC) comprising ZnO QDs and PbS QDs, which
showed an efficiency () of 19.5% at 2000 lux and 9.55% under
1 sun (active area 0.012 cm?).'® Venkatesan reported the use of
N719, MK-2, YD2-0-C8 and Z907 dyes with a quasi-solid poly-
mer electrolyte (PEO/PVDF/TiO,/I) and achieved a 1 of 20.67%
under 600 lux.'® Freitag et al. reported the application of D35
and XY1 organic dye with a Cu complex redox couple, which
yielded a 5 of 28.9% under 1000 lux in ambient white light."”
CDs have been successfully employed in dye/QD/perovskite
sensitized solar cells and have given favorable output, espe-
cially as co-sensitizers.”'®'® In a report by Efa et al dye-
sensitized solar cells (DSSC) were fabricated using ZnO nano-
particles embedded with and without CDs and sensitized with
the N719 dye. The best performing device with N719 dye-
sensitized ZnO resulted in a 5 of 2.90%, while CD-embedded
ZnO sensitized with the N719 dye showed a 1 of 5.92% at an
input power of 156 W m™>>° Another report by Etefa et al.
reported a similar study with NiO and achieved roughly four
times enhancement in efficiency. Furthermore, it was also
indicated that the enhancement was a result of the synergistic
effect caused by the co-adsorption of CD and N719 dye.>' In a
recent work by Kalra et al. the synergistic effect of CDs was
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observed with perylene diimide dye, which led to eleven times
enhancement in efficiency in the co-sensitized device.>” It
should be noted that the N719 dye alone is not suitable for
indoor or low light applications owing to the partial availability
of light in its absorption spectrum; hence, it is almost always
used with some modification or with a co-sensitizer.****

One of the chief advantages of the co-sensitization strategy
lies in the better coverage of the available electromagnetic
spectrum, thus creating the possibility of greater number of
photon-to-exciton conversion. Keeping this in mind, in the
current work, we have used collard greens as our precursor
for synthesizing carbon dots. Collard greens are green leafy
vegetables belonging to the cruciferous family having tremen-
dous health benefits. In India, they are grown mainly in the
Kashmir region; however, they are widely available in African
and American nations.>>?° By varying the solvents and synthe-
sis process we have been able to prepare CD with blue, green,
and red luminescence. Furthermore, the prepared CD were
characterized by optical and microscopic methods to assess
their properties and size. The red luminescent CD was
employed as a co-sensitizer in the solar cell along with the
N719 dye, and the performance was evaluated under various
light conditions.

2. Experimental

The synthesis of CD from collard green leaves was performed by
microwave, hydrothermal, and solvothermal method using
acetone, water and ethanol, and dimethylformamide (DMF),
respectively, as solvents. The use of different solvents would result
in the extraction of different pigments from the leaves. A detailed
procedure is given in the ESIt (materials and methods) while the
images of the extracts and their corresponding CD along with
their luminescence under UV light is shown in Fig. 1. The
synthesized CD showed luminescence colors in dark turquoise,
camouflage green, and dark burgundy for CG (CD from hydro-
thermal method), CG-SOV (CD from solvothermal method), and

Fig. 1 A schematic representation of the collard green CD synthesis. CG-
WE stands for collard greens extract in water and ethanol solvent, CG-DMF
stands for collard greens extract in DMF solvent and CG-ACE stands for
collard greens extract in acetone solvent while CG, CG-SOV, and CG-MW
are their corresponding CDs prepared by hydrothermal, solvothermal and
microwave methods, respectively. DL: daylight; UV: ultra-violet light.
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CG-MW (CD from microwave method), respectively. Essentially,
the prepared CD partially displayed the three primary colors.
Standard protocol was followed for fabricating the DSSCs.
In a typical process, after cleaning the fluorine-doped tin oxide
(FTO) glasses, spin-coating of the buffer or blocking layer and
platinum solution was performed at ~1500 rpm for a minute.
The FTO glasses were sintered at 450 °C for thirty minutes,
followed by doctor blading the TiO, paste using two pairs of
scotch tapes for thickness control. After sintering the electrodes
again at 450 °C for thirty minutes, they were subjected to TiCl,
solution treatment, followed by another stage of sintering.
Finally, the TiO, photoanode was sensitized with CG-MW or
N719 dye overnight. After rinsing with acetone, quasi-solid
iodine-based polymer electrolyte was spread over the photoa-
node and sandwiched with the platinum-coated counter
electrode.”® Further detailing of the protocol and that of a
5 x 1 mini-module is given in the ESI} (Fig. S1, ESIt). The
device prepared with the co-sensitization of CD and the N719 dye
was named CS1, the device prepared with the sensitization of
only CD was named CS2, and the device prepared with only N719
dye sensitization was named CS3. The prepared 5 x 1 mini-
module was also co-sensitized with CD and N719 dye and named
CS1.5. The instrumental details used for the various character-
izations are also presented in the ESIt (characterization tools).

9,27

3. Results and discussion

3.1. Absorption and emission characteristics

The different colored extracts and their corresponding CD
obtained from the hydrothermal, solvothermal, and microwave
methods clearly suggest a variation in their absorption spec-
trum. Thus, the UV-Vis absorption analysis of the three CD
along with their respective untreated dyes is shown in Fig. 2.
The water-ethanol-based dye of collard green (CG-WE) shows
two strong peaks at 329 nm and 267 nm with a miniature
shoulder peak at 244 nm (Fig. 2a). The corresponding CD (CG)
shows a weak n-* transition peak (arising due to sp” carbon) at
255 nm and an n-n* transition peak (arising due to the surface
states) at 324 nm.*’

The DMF-based dye of collard green (CG-DMF) shows the
typical absorption nature of chlorophyll (dominated by chloro-
phyll a) with multiple peaks throughout the visible spectrum.>®
The major absorption peaks are marked in Fig. 2b. Owing to the
use of DMF, there was only noise beyond 270 nm. It is interesting
to note that the absorption of chlorophyll extract is in the UV
region also, which is seldom shown in the literature. The
solvothermally-treated CD (CG-SOV) retains no signature of the
dye and shows its absorption maximum at 272 nm with a minor
shoulder peak at 400 nm. On the other hand, the acetone-based
dye (CG-ACE) shows similar absorption peaks in the visible
region as CG-DMF with an additional shoulder peak at
534 nm, which remained unresolved in CG-DMF. Absorption
beyond 300 nm could not be obtained owing to the use of
acetone as the solvent. Surprisingly, unlike the other two CDs,
CG-MW retained the major absorption peaks of its dye with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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minor shifting (Fig. 2c). This suggests that the microwave
treatment possibly caused a reduction in the molecule size
without causing a change in its primary porphyrin structure.
Consequently, the reduction in particle size led to a blue shift of
the primary absorption maximum (430 nm to 410 nm).
Following the absorption characteristics, the photolumines-
cence (PL) emission of the dyes and their corresponding CD
were studied, which are detailed in the ESIf (PL emission)
along with their color coordinates (Fig. S2-S5, ESIt). The PL
emission of CG-ACE and CG-MW is shown in Fig. 3a. The
primary emission characteristics of chlorophyll (CG-ACE) lies in
the higher wavelength region of the visible spectrum at 667 nm
with a small shoulder peak at approximately 720 nm.*! In case
of CG-MW, the emission peak is rather sharp and appears at
670 nm, shifted by 3 nm from CG-ACE with a similar shoulder
peak.**?? This further confirms that the microwave treatment
only truncated the molecule without effecting its porphyrin
structure, thus retaining its emission characteristics as well.
The fluorescence lifetime or electron decay characteristics of
the three CD is shown in Fig. 3b. The CDs were excited at a
wavelength of 360 nm, and the emission wavelength for CG, CG-
SOV, and CG-MW was 430 nm, 430 nm, and 670 nm, respec-
tively. The electron lifetimes of CG, CG-SOV, and CG-MW
obtained from bi-exponential fitting were 1.75 £+ 0.19 ns,
0.83 £ 0.12 ns, and 7.03 £ 1.54 ns, respectively. The short lifetime
generally corresponds to the radiative recombination of the
excitons, which is responsible for the occurrence of fluorescence.

3.2. Particle size analysis of CD

The CD prepared with hydrothermal, solvothermal, and micro-
wave methods using the solvents water and ethanol, DMF, and
acetone, respectively, showed no visible signs of particle
agglomeration under room ambient conditions even after
several months of preparation. To gain a visual representation
of the particle size distribution, morphology, and crystallinity,
the CDs were subjected to high-resolution transmission elec-
tron microscopy (HR-TEM). A large field representation of CG is
shown in Fig. S6 (ESIt), where ~200 particles can be seen with a
narrow size distribution. The corresponding HRTEM image is
shown in Fig. 4a, wherein the dots seem to be well below 5 nm.
For a precise size measurement of the formed dots, Image] software
was used and an estimation was made using fifty particles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis absorption characteristics of (a) CG-WE and CG, (b) CG-DMF and CG-SOV and (c) CG-ACE and CG-MW.
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Fig. 3 (a) PL emission of CG-ACE and CG-MW at an excitation wave-
length of 410 nm. (b) Time-resolved fluorescence decay of the three CDs
at an excitation wavelength of 360 nm.

The nearly circular-shaped CG particles lied in the range of
1.32 nm to 3.85 nm, and the calculated average particle size was
2.15 % 0.52 nm. The particles seemed to be well distributed with no
sign of agglomeration.

The inset of Fig. 4a shows the selective area electron diffrac-
tion (SAED) pattern depicting multiple concentric circles. Such
occurrence suggests the presence of multiple overlapping crys-
tals in random orientations, resulting in continuous bright spots
in the SAED pattern to appear as rings. Therefore, the prepared
CD are of a semi-crystalline nature. The calculated d-spacing was
obtained to be 0.232 nm.

The TEM images of CD prepared with DMF (CG-SOV)
showed better contrast compared to the one prepared with
water (CG). The particles also seem to be well-distributed, lying
in the size range of 1.57 nm to 4.76 nm with an average particle
size of 2.83 £+ 0.83 nm (Fig. 4b). The CG-SOV particles also
appear to be mostly spherical in shape. The inset of Fig. 4b
clearly shows the lattice fringes of a particle, and the calculated
d-spacing was found to be 0.241 nm. An HR-TEM image of CG-
SOV is shown in Fig. S7 (ESIt). The particles of CG-MW are
quite different than the other two. The individual particles are
mostly arranged in small colonies of 10-15 each (Fig. 4c). The
particles are mostly spherical but are present in other 3-D
shapes also. The general size of the QD lies in the range from
1.99 nm to 4.91 nm with an average size of 3.44 £+ 0.73 nm. The
inset of Fig. 4c shows the close-up view of a particle with clearly
visible lattice fringes having a d-spacing of 0.223 nm. Further,
the high-resolution image of CG-MW is shown in Fig. S8 (ESIf).

Mater. Adv, 2024, 5, 685-694 | 687
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Fig. 4 HR-TEM images of (a) CG and (inset) SAED pattern, (b) CG-SOV and (inset) the close-up view of a single particle and (c) CG-MW and (inset) the

close-up view of a single particle.

Thus, the HR-TEM images show a narrow size distribution of
the three CD, thereby confirming the suitability of the
employed reaction mechanisms.

The size distribution of the three CD was further analyzed
through dynamic light scattering (DLS) measurement, which
revealed an average size of lower than 10 nm with few particle
sizes up to 100 nm (Fig. 5a). They were later subjected to
another round of filtration. The average sizes of the CD are
presented in Table 1. The obtained average sizes vary in
comparison to that obtained from TEM since all the formed
particles are not in a perfect spherical shape.

The zeta potential of the CD was more than £30 mV, which
suggests that the prepared QDs are stable and free from
agglomeration (Fig. 5b). However, the zeta potential of only
CG-MW holds a net negative charge, signifying the prominence of
donor species, while CG and CG-SOV have a net positive zeta
potential (excess of acceptor species). Since we require the dom-
inance of n-type species in photovoltaic application, only CG-MW
was chosen as the sensitizer. This is also supported by the
absorption spectrum (CG-MW shows wider spectrum coverage)
and electron lifetime measurements (longer electron lifetime).

3.3. Device measurements

3.3.1. One sun condition. The photovoltaic parameters of
the co-sensitized device (CS1) having an active area of 0.30 cm®
were initially measured under a constant light irradiation
of 100 mW cm™? obtained from a solar simulator. A J,. of
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Fig. 5 (a) DLS measurement and (b) zeta potential of the CD.

688 | Mater. Adv,, 2024, 5, 685-694

Table 1 The size distribution and zeta potential values of the CD

CD Size distribution (nm) Zeta potential (mV)
CG 3.5 +86.9
CG-SOV 9.7 +98.2
CG-MW 4.7 —42.4

0.15 mA cm™? was obtained with a V,. of 0.62 V for the initial
measurement of the device, given as 0 min (Fig. 6a). A slight
effect of electrolyte polarization can be seen in the j-V char-
acteristics around 0.4 V, wherein the value of maximum current
density (Jmax) is more than Js. The effect is greatly reduced
upon continuous light irradiation since the polarization cloud
formed over the polymer electrolyte gets sufficient time to
redistribute and regain its natural state.>® The measurement
after 150 min clearly shows an improvement in the PV para-
meters, which showed further enhancement after 200 min of
continuous light irradiation. The enhancement in the FF of the
device (Table 2) with no effect of polarization reveals the proper
formation of the intermittent junction and distribution of the
redox charge cloud across the electrode. A minor improvement
in the V. is also observed, which is expected with the improve-
ment in the FF of the device.

To further understand the above observation, impedance
analysis was also undertaken after each I-V measurement
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Fig. 6 (a) The J-V characteristics and (b) EIS analysis of CS1 under 1 sun

(equivalent to 683 000 lux). The time O min denotes the first measurement
of the device.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The photovoltaic parameters and impedance analysis values of
CS1 measured under 1 sun

Time Voo Jse

(min) (V) (mAcm™?) FF 7 (%) Rs(Q) Rer(Q) R (Q) Cc (nC)
0 0.62 0.15 0.60 0.05 20.00 121.0 14500 36.38
150 0.64 0.44 0.72 0.20 18.93 135.3 2823 85.44
200 0.66 0.66 0.85 0.37 19.33 167.1 1155 126.20

¢ First measurement.

(Fig. 6b) under illuminated condition. There was almost no
change in Rs (series resistance) overtime, which is expected
(inset Fig. 6b). A major shift in R (junction resistance between
the photoanode and electrolyte) values toward the lower side
can be observed, which perfectly aligns with the increase in the
current over time upon light exposure. The reduction in junc-
tion resistance suggests that an increment in the number of
photogenerated excitons increases over time, thereby resulting
in improved J,. values; however, this needs further investiga-
tion. Moreover, it can be observed from Table 2 that the
junction capacitance (C¢) also improves by almost four times,
which could be a contributing factor toward the rise in gener-
ated current under continuous irradiation.

3.3.2. White light LED. Alternatively, the impedance ana-
lysis of the device was also performed after a period of ten days
under an LED lamp for various intervals of exposure. Fig. 7a
shows the obtained impedance analysis at various time inter-
vals, wherein TO denotes the first measurement after keeping
the device in dark overnight, T5 denotes 5 min of light
exposure, T10 denotes 10 min of light exposure, and so on.
As observed from Fig. 7a, the value of R¢ is reduced to less than
half its initial value after 6 h of continuous exposure. This
demonstrates that the power generating capability of the device
is gradually improved with light exposure as the junction
impedance is reduced. The gradual fall in the R¢ value further
justifies the constant rise in current, as observed in our
previous results, thus confirming that it was not a one-time
event. Since the measurement was performed after several days
of device fabrication, the notion of electrode formation low-
ering the R¢ value would be eliminated. At this juncture, it can
only be understood that with extended duration of light expo-
sure, greater number of excitons are generated; thus, enabling
more current flow and consequent reduction in junction
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Fig. 7 Device exposed to LED lamp at 40 mW cm™2. (a) Impedance
analysis at various time intervals; (inset) expanded initial region. (b) Bode

plot derived from impedance analysis.
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impedance. The Bode plot (details in ESI,t device characteriza-
tion) was derived from the EIS measurement to analyze the
effective change in electron lifetime.® A gradual decline in the
lifetime is clearly visible from Fig. 7b, wherein it decreases from
25.19 ms (T0) to 10.03 ms (T360). Essentially, as the time taken
by the electron-hole pairs to recombine decreases, the genera-
tion of charges naturally increases, thus leading to enhanced
current over time.

The device characteristics of only CG-MW-sensitized solar
cell (CS2) and only N719-sensitized solar cell (CS3) is shown in
the ESIt (device characterization, Fig. S9 and $10). Both the
devices do not follow the characteristics of CS1. For further
assessment, CS1 was kept under low intensity white LED light,
radiating a power density of 30 mW c¢cm 2. It can be speculated
that owing to the long duration of light exposure, temperature
may have a role to play; thus, a temperature sensor probe was
also kept in contact with the device. Time-dependent current
analysis was performed for 100 min, and the obtained result is
shown in Fig. 8a. A sharp rise in current occurred upon turning
the lamp ON with an almost linear rise in temperature. The
current increased sharply from 1 pA to 50 pA within 100 s while
the temperature increased by only 1 °C during this period.
Beyond generating 55 pA current, the increment slowed down
and the temperature stayed in the range of 33-34 °C. Further-
more, beyond 60 min, the temperature varied by only +0.5 °C
while the current kept rising slowly with no sign of saturation.
The observation suggests that temperature may not have a role
in the gradual rise in the current of the device, even under low-
light intensity.

To explore the rise in current further, the device was kept in
the dark for some time and again subjected to the same LED
lamp for measuring the time-dependent current of the device.
Even though the device was under constant illumination for
5 h, a similar result was obtained, as shown in Fig. 8b.
Comparing Fig. 8a and b, it can be deduced that increasing
the light intensity certainly changed the slope of the rising
current. It must be noted that room temperature (RT) was kept
at 25 °C throughout the measurement; hence, there was negli-
gible fluctuation. Even after 5 h of constant light exposure,
no saturation in current was observed, and the current rose to
more than twice its initial value. This resulted in a Jy of
0.40 mA cm™?, a V. of 0.64 V, and a 5 of 0.40% after 5 h of
light irradiation (inset Fig. 8b). This affirms that the device

(b)

s g
g
h

H
I

urrent (A)

c
o
5
T

Temperature (°C)

N
8
h

‘Current Denity (mA cmi?)

of{ LampON

vousge
05 07 0z 03 04 05 06 o7
T
120 150 180 210 240 270 300
Time (min)

O 10 2 30 40 5 60 70 8 s 100 0 6 %0
Time (min)
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characteristics after 300 min of illumination.
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functions perfectly under low-light conditions and responds in
a better way than under 1 sun condition. Since the temperature
factor is eliminated, it is speculated that the device might be
harvesting the surrounding IR radiation, which causes this
unprecedented behaviour.

For the purpose of practical demonstration, a white LED
lamp giving an input power of 40 mW cm > was used to
illuminate four CS1 devices, which were connected in series
(generating over 2.3 V shown in movie SV1) and were able to
power a digital clock (movie SV2) and a red LED (movie SV3).

3.3.3. IPCE measurement. The incident photon-to-current
conversion efficiency (IPCE) of the three devices were measured
in the spectral range from 400 to 1100 nm for assessing the
wavelength-dependent performance of the devices (Fig. 9). The
conventional N719 device CS3 showed a maximum external
quantum efficiency (EQE) of 46% at ~ 500 nm. Owing to the use
of quasi-solid polymer electrolyte, low EQE was expected in
comparison to the gel or liquid electrolyte.'**> The wavelength
trend matches well with that of the absorption of the N719
dye.*® On the other hand, the signature of both CG-MW and
N719 is distinctly visible in the characteristics of CS1, wherein
absorption in the visible and near-IR region can be observed.
Although, the improvement in EQE is only marginal (47%
at ~500 nm), the device is able to convert a wide range of
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T T T T T T T
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Fig. 9 IPCE spectra of the devices.
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wavelengths. The low performance of CS2 was expected, and
the device generated a maximum EQE of 7% at ~415 nm,
which lies around the maximum absorption of CG-MW with
other peaks in the near-IR region similar to that of CS1. The
IPCE spectra of CS1 is indicative of a possible synergetic
interaction between CG-MW and the N719 dye with an influ-
ence of near-IR energy in the device characteristics, which are
explored in later sections.

3.3.4. Assessing the NIR role and synergetic effect. To
address the possibility of surrounding IR radiation being
harvested, the device was subjected to assessment under dark
condition with measures to create localized IR-free environ-
ment. The objective was to restrict the vibrations in the space
surrounding the device by lowering its temperature below RT
(from 30 °C to 4 °C). Hence, to create a localized IR-free zone,
the device was placed on a metal sheet with an ice-filled beaker
underneath it. Since the device was kept between two binder
clips, it ensured that the temperature of the device would
decrease without the formation of any precipitation on its
surface. Initially, the OCVD of the device was measured with
light irradiation for 10 s, which portrayed perfect potential
decay characteristics (Fig. 10a). Subsequently, the device was
subjected to extended period of potential decay under dark
condition, wherein no abnormality was observed as the device
showed perfect logarithmic behaviour (Fig. 10b).

The I vs. T characteristics showed an initial swift decline,
followed by multiple slope changes at various time intervals
(Fig. 10c). The gradual melting of ice in room ambient condi-
tion led to a rise in the temperature from 4 °C to 15 °C, resulting
in a slow decline of current. Thus, after approximately 900 s,
the device was able to overcome the surrounding IR resilient
condition (cold wave), and a distinct rise in current was
observed. Since there was no light source shining on the device
(directly or indirectly) and the temperature was well below RT,
the most plausible source available for the device was the
surrounding IR radiation. As the localized temperature slowly
reached the room ambient condition, the possibility of avail-
able IR radiation increased. Thus, the results obtained till now
certainly point toward the involvement of IR energy in the
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Fig. 10 Time-dependent analysis of CS1 (a) OCVD with 10 s of light illumination; (b) OCVD under dark condition; (c) current under dark and IR-free

condition.
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device’s power generation. The performance of CS1 under room
ambient light of 30 lux is shown in the ESI} (Fig. S11).

At this juncture, it has become imperative to conclusively
explore the reason behind the device’s unusual performance.
Hence, to ascertain the same, four TiO,-coated electrodes were
prepared following the usual protocol described earlier. Three
of the electrodes were prepared as per the working electrodes of
CS1, CS2, and CS3, i.e., TiO, sensitized with CG-MW and N719
dye, CG-MW, and N719 dye, respectively. The electrodes were
subjected to UV-Vis absorption in the range of 400-1100 nm,
and their response was recorded (Fig. 11a). The electrode
sensitized with CG-MW showed the maximum absorbance in
the range of 600-1100 nm amongst all the electrodes, thereby
absorbing lower energy radiation in the visible region along
with part of the near-IR (NIR) radiation. Its absorption was not
amplified in the visible region; hence, it supports the poor I-V
characteristics of CS2 (as shown in Fig. S9, ESIT).

The N719-sensitized electrode, as expected, showed com-
paratively weak characteristics in the NIR region but absorbed
greatly in the visible region. On the other hand, the co-
sensitized electrode showed relatively enhanced absorbance
in the NIR region with slightly reduced characteristics in the
visible region in comparison to the only N719 dye-sensitized
electrode. Essentially, sensitization with CG-MW aids in
absorbing the NIR radiation while the N719 dye absorbs the
visible radiation effectively. In an earlier report by Watson et al.,
it was established that FTO absorbs near-IR (NIR) radiation
owing to its large-scale availability of free carriers. This property
of FTO aided in the rapid processing of TiO, and perovskite
layer.>”® Hence, the oscillating absorption nature of the elec-
trodes in the NIR region would also be attributed to the FTO-
coated glass. Moreover, as per the UV-Vis absorption, apart
from FTO, only CG-MW harvests the NIR radiation. Hence, it is
possible that the NIR radiation absorbed by FTO are in turn
transmitted to CG-MW.

This effectively confirms the continuously increasing gen-
eration of current by CS1 even under dim light or room ambient
condition. The observations can be correlated with the rise in
Cc over time (Table 2). For instance, it is known that various
kinds of trap states exist in zero-dimensional quantum dots
owing to their small size and discrete energy levels.***° It is
expected that the NIR radiation are absorbed or trapped in
these deep and shallow states, which account for the increasing
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{ \;\.';o, +CGMW(CS2)
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Fig. 11 Working electrodes of CS1, CS2 and CS3 along with a TiO;
reference electrode for (a) UV-vis absorption and (b) electron lifetime
analysis; (inset) expanded x-axis scale.
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value of C¢ with time. Once these accumulated NIR radiation
generate enough energy, as per the required energy gap,
electron-hole pairs are created, thereby generating current.
This phenomenon triggers a series of NIR photons to exciton
generation cycle, which may or may not show any signs of
attaining saturation, thus resulting in an ever-rising current.
Moreover, the UV-Vis observations also suggest that a synergis-
tic interaction could occur between the N719 dye and CG-MW,
thereby allowing the device to generate power even under dim
light conditions.

The synergistic interaction was confirmed through the elec-
tron lifetime measurement wherein the electrodes prepared for
UV-Vis measurement were scrapped off from the glass surface
and dispersed in equal volume of ethanol. The PL decay/
electron lifetimes were measured at an emission wavelength
of 650 nm. The obtained electron lifetimes of the working
electrodes of CS1, CS2, and CS3 were 2.01 ns, 3.71 ns, and
1.86 ns, respectively. As observed from Fig. 11b, the electron
lifetime of CS2 is the highest, which correlates with the UV-Vis
observation. On the other hand, the electron lifetime of CS3 is
the lowest, which is enhanced in CS1, i.e. upon the presence of
N719. This shows that the CD and dye are working in synergy,
thus aiding in better power generation and overall device
performance.

3.3.5. Device performance under IR radiation. Finally, to
assess the role of IR radiation in the device performance, CS1
was subjected to illumination under IR lamp (150 W, Murphy)
for varying durations, and the corresponding change in current
with time was recorded. Since the IR lamp would produce
significant heating, a cooling setup of icepacks was created
around the device to maintain the temperature at about 33 °C.
Upon turning the lamp ON, the current declines slightly before
rising by almost ten times compared to the lamp OFF state.
After keeping the device illuminated for 30 s, allowing the
current to reach a stable value, the IR lamp was turned OFF,
which resulted in an instant decline of the current. The fast
decline was followed by a slow rise, which was again allowed to
attain a stable current value. The measurement was performed
multiple times, each resulting in a similar observation.
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Fig. 12 Time-dependent current analysis of CS1 performed under
IR lamp.
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Moreover, the temperature stayed within the designated limits,
as shown in Fig. 12.

This conclusively shows that the device is capable of harvest-
ing IR energy for generating power, and the constant rise in the
current of the device was influenced by the IR absorbing
capability of CG-MW. The influence of IR radiation on CS2 is
also shown in the ESIf (Fig. S12).

3.3.6. Mini-module performance. The fabricated mini-
module (CS1.5) was initially tested under 1 sun illumination,
which resulted in a y of 1.45%. The device generated a decent
Voo 0f 0.72 V and a J,. of 3.02 mA cm ™2, which compliments the
characteristics of CS1. The obtained j-V curve is shown in
Fig. S13 (ESIT). The outdoor performance of the device CS1.5
was assessed under natural sunlight by measuring the output
current at various intervals using a high-performance multi-
meter (Rish Multi 18S) and an analog photometer (Fig. 13).
These measurements were performed after a week of device
preparation, which would have allowed enough time for the
proper formation of the junctions. As observed in Fig. 13a, the
intensity of sunlight varied throughout the period of observa-
tion; however, the generation of current kept increasing almost
linearly. The drop in intensity produced a corresponding
change in the generated current, but the overall trend remained
linear. The effect was further pronounced on a cloudy day,
wherein the sunlight intensity showed greater variation over
time (Fig. 13b). Despite the drop in current during periods of
low light availability, the current generated from the device
increased to ~750 pA from only few pA.

Furthermore, measurements were also performed on a day
with limited clouds and almost constant sunlight intensity (90—
100 mW cm ™ ?) for a considerable duration. This led to a perfect
assessment of the device behaviour, as shown in Fig. 13c. In a
period of one hour, the generated current increased gradually
from few microamperes to over 1.2 mA. Therefore, the perfor-
mance of CS1.5 under sunlight effectively supplements the two
major observations; there is a synergistic interaction between
the N719 dye and the prepared CD, and the device is capable of
harvesting the surrounding NIR radiation. Both aspects enable
the device to perform under room ambient as well as outdoor
conditions efficiently.

Finally, the performance of CS1 and CS1.5 was measured
under room ambient conditions, and their corresponding J-V
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Fig. 14 J-V characteristics of CS1 and CS1.5 device under faint

illumination.

characteristics are depicted in Fig. 14. Both the devices showed
decent photovoltaic characteristics with CS1.5 generating
greater current (almost five times) than CS1 owing to larger
area. The equivalent value of 1 lux in W em 2 is 1.46413 x
107.** Thus, the obtained PCE of CS1 and CS1.5 at 50 lux
(7.32 x 107°* W em™?) and 100 lux (14.64 x 10°°® W cm?) is
80.3% and 229.5%, respectively, which is unprecedently high as
the formula considers only visible light intensity and there is no
provision for inclusion of IR radiation. Moreover, even if the
dark current generated by both the devices is eliminated from
the J,. values (measured by keeping the devices in controlled
environment overnight), the resultant PCE of CS1 and CS1.5
will be 58.5% and 194.5%, respectively. However, if a factor
could be included in the formula to eliminate the IR factor, the
actual current conversion through the low-intensity visible light
could be calculated.

Owing to the growing number of indoor photovoltaics
employing various kind of light sources, the concerns of
determining reliable conversion efficiency and standardization
of testing protocols were raised in a review authored by Hag-
feldt et al.** Keeping the extraordinarily high efficiency aside,
the devices are able to generate exceptional current under dark
condition, which could be applied for practical application by
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Fig. 13 (a)-(c) Current measurement of the CS1.5 mini-module under sunlight on different days.
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scaling up the available photon capturing area. Furthermore, it
should be noted that the reports available on near-IR light
utilizing materials/devices deal with up-conversion or down-
conversion phenomenon**™*° while others have reported the
synthesis of specifically IR-absorbing dyes for DSSC.*°™*® The
CD utilized in this work fall in neither category as they directly
utilize the IR radiation available in the surroundings and those
absorbed by FTO for current conversion.

4. Conclusions

The possibilities of developing a photovoltaic device capable of
harnessing low energy radiation such as IR energy and room
ambient light should be explored rigorously. Such devices
retain the advantage of fast commercialization and large-scale
usage. Materials that can show synergistic interaction should
be preferred in order to obtain better spectrum coverage and
device performance. In the current work, we have been able to
synthesize blue, green, and red emissive CD from a green
precursor, collard green. All the CD were below 5 nm in size,
with the red emissive CD having a net negative zeta potential,
which asserted their application in DSSC. The employed combi-
nation of red emissive CD and N719 dye showed promising
photovoltaic characteristics by generating current in a wide
range of conditions. The co-sensitized device performed better
than the devices sensitized with only CD or only N719 dye. The
efficiency of the device improved from 0.05% to 0.37% with
continuous light illumination. Owing to the gradual rise in the
generated current, the mini-module was able to deliver over
1.2 mA current under natural sunlight. Moreover, a series
combination of four such devices was able to power a red
LED and a digital clock under low intensity white light LED
(40 mW cm ™). It was concluded that the CD and N719 dye were
functioning in synergy while the CD was also able to harvest
surrounding IR radiation, thus allowing the device to function
even under faint lighting. Owing to the power generation
through IR radiation harvesting, the conventional formula used
for calculating the efficiency is ineffective and an IR compen-
sating factor should be introduced. In the absence of such a
factor, the co-sensitized device CS1 showed an efficiency of
58.52% under 50 lux illumination while the mini-module CS1.5
showed 194.53% efficiency. Owing to its low energy, as of now,
the IR radiation can only assist in enhancing the generated
current and cannot become the primary source. However, using
the CD with another type of IR-responsive dye or quantum dot
or increasing the device area could aid in generating enough
power to operate IoT devices.
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