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Abstract

Perovskite solar cells (PSCs) are promising candidates for solar energy harvesting, but their 

poor UV stability poses a significant challenge. In this work, we developed lignin carbon dots (L-

CD) embedded in nanocellulose (CNF) films to improve both the UV stability and efficiency of 

PSCs. The nanoscale CNF fibers provide high transparency to the films, allowing the transmission 

of visible (VIS) and most infrared (IR) light. Meanwhile, the aromatic structure of L-CD enables 

effective light absorption, blocking harmful UV and a portion of IR light. This combination 

ensures sufficient solar radiation while suppressing UV-induced degradation, increasing the 

retained efficiency of PSCs from 35% to 58%. Notably, the blocked UV and IR light were 

converted into VIS light, further boosting device performance. Key parameters, including short-

circuit current density (Jsc), fill factor (FF), external quantum efficiency (EQE), and power 

conversion efficiency (PCE), were significantly enhanced. With the unique effects of optimal light 

transmission, blocking, and conversion, the L-CD/CNF films effectively mitigate UV exposure 

and broaden the range of solar light utilization, offering a green, cost-effective, and efficient 

strategy for fabricating high-performance PSCs.
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1. Introduction

Perovskite solar cells (PSCs) have attracted significant attention for their exceptional light-

harvesting capabilities, especially in the visible spectrum.1 But PSCs are inherently unstable and 

prone to degradation under ultraviolet (UV) light, mainly due to the photocatalytic properties of 

the metal oxide-based electron transport layers. 2 Prolonged UV exposure can significantly reduce 

PSC performance, with studies reporting a 65% decrease in power conversion efficiency (PCE) 

after 1,000 hours of continuous UV irradiation.3,4 This poor UV stability is a major barrier to PSC 

commercialization, making the improvement of UV stability crucial for their further development 

and practical application.

Significant efforts have been made to improve the UV stability of PSCs, and they generally 

fall into three categories: encapsulation of cells, UV filter layers, and down-conversion materials. 

(1) Encapsulation: Traditional encapsulation using polymers such as polyethylene terephthalate 

(PET) 5, polydimethylsiloxane (PDMS) 6, and ethylene vinyl acetate (EVA) 7 has been applied to 

improve UV stability, but these methods are not fully effective in blocking UV radiation.8 (2) UV 

Filter Layers: Another approach involves adding UV filter layers, such as coating photocurable 

fluoropolymers on photoanode,9 or adding cerium ions (Ce) in photoanode glass.10 While effective 

at blocking UV light, these methods often reduce light transmittance, decreasing photocurrent. 

Additionally, rare earth elements like Ce are expensive and complex to process. Moreover, both 

encapsulation and UV filter layers only block UV light without reusing it. (3) Energy Conversion 

Materials: Down-conversion materials offer a more promising solution by converting UV light 

into visible light, which can be harvested by the PSCs, thereby enhancing photocurrents. Common 

materials include cadmium sulfide (CdS), cesium bromide (CsBr) 1, and carbon dots derived from 

organic sources like citric acid11,12, glucose13,14, dextrose15, corn flour16, and soybeans17. While 
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these materials containing heavy metals are expensive and harmful to the environment, and organic 

carbon dots often have weak UV absorption and fluorescence, limiting their effectiveness. In 

summary, each strategy above has merits, but none fully addresses the challenge of improving UV 

stability in PSCs. Encapsulation is incomplete, filter materials block UV without reusing them, 

and energy conversion materials can be costly, toxic, or lack sufficient efficiency. Therefore, the 

development of a green, cost-effective, and efficient solution for blocking UV light and improving 

UV stability of PSCs remains a challenge.

Lignin and its carbon dot derivatives and nanocellulose may offer a promising solution to the 

UV stability challenges in PSCs. Lignin, a major component of wood, is typically treated as waste 

in the papermaking industry and burned for energy. As the second most abundant natural aromatic 

polymer, lignin is rich in carbon and has a unique aromatic structure, making it an ideal precursor 

for carbon dot synthesis through hydrothermal methods. 18,19,20 Lignin-derived carbon dots (L-CDs) 

have several advantages: (i) they are nanoscale particles composed of sp2/sp3 carbon cores with 

diverse surface functional groups, providing excellent optical properties; (ii) they are low-cost, 

non-toxic, and environmentally friendly; (iii) their fabrication process is simple, green, and 

sustainable; (iv) they disperse uniformly in water; (v) they can absorb high-energy UV light and 

re-emit it as visible light; and (vi) their UV absorption properties can be tuned by modifying their 

structure and surface functional groups through oxidation, doping, or reduction. 21,22 On the other 

hand, cellulose nanofibers (CNFs), also derived from wood, provide further benefits. CNF surface 

is rich in hydroxyl and carboxyl groups, 20 which allow them to form a network-like structure to 

support other nanomaterials. CNFs are nanoscale and are easily dispersed in water, and can form 

highly transparent and mechanically strong films. 23,24,25 Given these properties, CNFs could be an 
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ideal substrate for L-CDs to create a transparent L-CD/CNF film to block UV light and enhance 

the UV stability of PSCs.

In this study, lignin was used as a raw material to synthesize lignin carbon dots (L-CDs) and 

develop L-CD/CNF films to block UV light to improve both the UV stability and efficiency of 

PSCs. The L-CDs were synthesized via hydrothermal methods, followed by doping and reduction 

treatments. The L-CDs were then incorporated into CNFs to create a transparent L-CD/CNF hybrid 

film. The film exhibits selective light transmission, blocking, and conversion properties, allowing 

visible (VIS) and most infrared (IR) light to pass through while blocking UV and partial IR 

radiation. The blocked UV and IR light is converted into visible light, which not only improves 

UV stability but also further boosts efficiency. This work offers a promising strategy for 

fabricating stable and efficient PSC devices.
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Results and Discussion

2.1 Preparation and Application of Lignin Carbon Dot (L-CD) in PSCs

The preparation of lignin carbon dots (L-CD), cellulose nanofiber (CNF), and L-CD/CNF 

films and their application on PSCs are presented in Figure 1. Natural wood (Figure 1a) was used 

as the starting material to produce regular pulp fibers (Figure 1b) through pulp cooking processes. 

With the obtained pulp fibers, CNF (Figure 1c) can be separated through chemical and physical 

treatments. During pulp cooking processes, lignin with a natural aromatic structure and high 

carbon content (Figure 1d) can be obtained simultaneously. Through a hydrothermal method 

followed by pre-oxidation with H2O2, doping with NH3·H2O, or reduction with NaHB4 (Table 1), 

lignin can be carbonized into different kinds of L-CD (Figure 1e) with abundant surface functional 

groups. 26,27,28 The prepared L-CD has excellent compatibility with CNF, and it can be embedded 

in CNF and form a uniform and transparent L-CD/CNF film (Figure 1f) that has outstanding 

mechanical properties and selective light transmission, blocking, and conversion performance. The 

L-CD/CNF films can also be formed on the ITO glass of the PSC photoanode by spray-coating 

processes. When the photoanode was coated with L-CD/CNF films, visible (VIS) and most 

infrared (IR) light can pass through, and UV and partial IR light (Near IR, NIR) was absorbed and 

blocked, and the UV light-induced degradation of PSCs was alleviated. And the UV stability of 

the device was improved. Meanwhile, the absorbed UV and NIR light were converted into visible 

light due to the energy conversion properties L-CD. As a result, the efficiency of PSCs was 

enhanced, too. The improvement of UV stability and efficiency is attributed to the low-cost, green, 

and effective L-CD/CNF films with unique optical effects. 

Table 1 Preparation of L-CD through different treatments

Treatments
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Symbols H2O2 NH3·H2O NaBH4

L-CD0 No No No

L-CDN Yes Yes No

L-CDR Yes Yes Yes

2.2 Characterization of Lignin Carbon Dots and CNF

The structure and morphology of L-CD and CNF have a crucial influence on UV blocking 

and converting performance. Figure 2a presents the SEM image of reduced and N-doped L-CD 

(L-CDR), showing L-CDR has a nanoscale size of about 20 nm. Figures 2b and c illustrate the AFM 

images of L-CDR, demonstrating that the prepared L-CDR has a relatively uniform size and 

excellent dispersibility. And no obvious aggregation can be observed. Figure 2d plots the detailed 

size distribution of L-CDR, demonstrating that the prepared L-CDR mostly falls in the diameter 

range of 15-25 nm. Figure 2e presents the XRD pattern of L-CDR. A broad low-intensity 

diffraction peak at 2θ=23.1°can be observed that corresponds to the (002) crystal plane of carbon 

(JCPDS card number 41-1487, main peak 23.1 ° ), indicating the prepared L-CDR has an 

amorphous carbon structure. The interlayer spacing can be calculated with the Bragg equation, and 

it is 0.386 nm, which is larger than that of natural graphite (0.335 nm). This data is consistent with 

the previously reported results,29 implying carbon dots have been prepared successfully, and they 

are amorphous carbon similar to graphene. Figures 2f and g present the AFM and SEM images of 

CNF, showing that the prepared CNF has a uniform morphology with a diameter of about 20 nm 

and a length of about 200 nm. The nanosized L-CD and CNF are beneficial to obtain high optical 

transparency hybrid films without loss of incident light.

2.3 Surface State Characterization of Lignin Carbon Dots
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The UV absorption ability and fluorescence performance of L-CD are dependent on its 

structure and surface state. The infrared spectra of the synthesized lignin carbon dots of L-CDR are 

presented in Figure 3a. The strong peak at 3423 cm-1 is ascribed to hydroxyl groups (O-H) 

stretching vibrations,30 indicating there are abundant hydroxyl groups (O-H) on the surface of L-

CDR, which is beneficial for the improvement of UV absorption and fluorescence 

performance.22The peak at 3236 cm-1 corresponds to N-H stretching vibrations. The peak at 1620 

cm-1 corresponds to the C=O stretching vibration. The peaks at 1041, 1120, and 1170 cm-1 

correspond to the vibrations of aromatic rings.31 The absorption peaks in the range of 600~900 cm-

1 correspond to C-H and C-O substituents on benzene rings. The results of infrared spectra show 

that the prepared L-CDR has a similar structure and surface state to the original lignin. But the 

strong absorption peak of the hydroxyl group(O-H) should be ascribed to the reduction of NaBH4. 

The elements contained in carbon dots are also important for their UV absorption and 

fluorescence emission performance. To determine the elements in the carbon dots, we performed 

X-ray photoelectron spectroscopy (XPS) tests for L-CDR (Figure 3b). C1s, O1s, and N1s peaks 

can be observed, indicating that the prepared L-CDR contains C, O, and N, which also indicates N 

elements have been doped into carbon dots. Figures 3c-f present the C 1s, O 1s, N 1s and S 2p 

XPS spectra of L-CDR. The peaks that appear at 284.8, 285.4 and 288.2 eV in Figure 3c of C 1s 

spectra correspond to C=C, C-N, and C=O groups. The peaks that appear at 532.1, 532.9 and 536.8 

eV in Figure 3d of O1s spectra correspond to C=O, C-O and S=O groups. The appearance of C-O 

and C=O shows the carbon dots contain oxygen-containing polar groups such as hydroxyl (OH), 

carbonyl (C=O), carboxyl (COOH) and so on. The peak that appears at 400.4 eV in Figure 3e of 

N1s spectra corresponds to the N-H group, implying N has been doped in carbon dots successfully. 

The peaks appearing at 169.3eV(C-SO2), 170.1eV(C-SO3), 171.8eV(SO4), 168.4eV(S=O) indicate 

Page 8 of 33Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
5:

31
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D5TC02544C

https://doi.org/10.1039/d5tc02544c


9

that S element is mainly introduced into carbon dots in the form of sulfonate (Figure 3f). The 

results of the XPS test are consistent with those of the infrared spectra tests. These results show 

the prepared carbon dots of L-CDR contain a large number of C=C groups and oxygen-containing 

groups such as hydroxyl groups (O-H). The results also show N was doped into carbon dots 

successfully. These surface groups and elements are crucial for the UV absorption and 

fluorescence emission of carbon dots. 

2.4 UV Absorption, Conversion, and Fluorescence Performance of L-CDs

The absorption of visible light is crucial for the improvement of PSC performance. The more 

visible light absorbed, the higher efficiency of the PSC device will be. Because of their unique 

structure, carbon dots have the properties of converting the light beyond the visible light band into 

visible light, which can extend the unitization range of sunlight. Therefore, we characterized the 

photoluminescence, and up- and down-conversion properties of the prepared lignin carbon dots.

    Figure 4a shows the fluorescence emission spectra of L-CD0, L-CDN, and L-CDR with the 

same concentration under the excitation wavelength of 360 nm. It can be observed that the 

fluorescence intensity of L-CD0 without H2O2 and NH3·H2O treatments is weak, while the 

fluorescence intensity of L-CDN and L-CDR is significantly increased due to the doping of N, 

which should be attributed to the formation of more polycyclic aromatic hydrocarbon structures 

with pyridine as a unit that contains N elements. 21,32 In addition, the fluorescence intensity of L-

CDR was higher than that of L-CDN, which should be attributed to the addition of NaBH4 that 

reduces some of the carbonyl groups (-COOH) to hydroxyl groups (-OH). The increase of hydroxyl 

groups on the surface of carbon dots can increase the recombination efficiency of carriers, thereby 

increasing the fluorescence intensity.33 Meanwhile, the doping of N elements of L-CDN and L-

CDR causes the fluorescence spectra to red shift compared with that of L-CD0, which should be 
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ascribed to the size effect of carbon dots. The introduction of N elements leads to a slight increase 

in the size of carbon dots,34 while the fluorescence emission wavelength of carbon dots will 

undergo a red shift with the increase in size. 35 However, the fluorescence emission spectrum of 

L-CDR undergoes a blue shift compared with L-CDN, which should be attributed to the surface 

state change because of the reduction by NaBH4.36

In order to explore the fluorescent properties of L-CDR, we further performed 3D 

fluorescence spectroscopy tests (Figures 4b and c). It can be seen that the L-CDR demonstrates 

excitation wavelength-dependent down-conversion properties. When the L-CDR is excited by the 

light in the UV band with a wavelength from 300 to 400 nm, the fluorescence emission is 

concentrated in the visible light range with a wavelength from 400 to 600 nm, showing the L-CDR 

has outstanding energy down-conversion properties. With the increase of excitation wavelength, 

the fluorescence emission peak gradually red-shifts, and the fluorescence intensity increases first 

and then decreases. The fluorescence intensity reaches the maximum value of 111000 at the 

emission wavelength of 452 nm under the excitation wavelength of 350 nm. The results indicate 

the L-CDR has outstanding energy down-conversion and fluorescence emission properties in the 

range of UV band, which should be related to the electron transition at different energy levels in 

UV band. 37 

Meanwhile, we also performed fluorescence spectrum tests for up-conversion properties. 

Figure 4d presents the fluorescence emission spectra of L-CD0, L-CDN, and L-CDR with the same 

concentration under the excitation wavelength of 800 nm. It can be seen that the fluorescence 

intensity of L-CDR and L-CDN is much higher than that of L-CD0, which is attributed to the doping 

of N and S elements. The sharp peak near 400 nm in the PL spectra of L-CD0, L-CDN, and L-CDR 

should originate from excitation light leakage or Rayleigh scattering. The 3D fluorescence spectra 

Page 10 of 33Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
5:

31
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D5TC02544C

https://doi.org/10.1039/d5tc02544c


11

of L-CDR that were excited by near-infrared (NIR) wavelength ranging from 700 to 900 nm are 

shown in Figures 4e and f. Tiny fluorescence emission peaks in the visible light range of 400-600 

nm can be observed, and the peaks gradually blue-shift with the increase of the excitation 

wavelength. And the maximum fluorescence intensity excited by NIR wavelength is about 2000, 

which is far lower than 111000 obtained by the UV light excitation. The results indicate the 

prepared L-CDR has weak energy up-conversion ability, which is likely ascribed to the 

contribution of the stray light caused by second-order diffraction of the monochromator.

The fluorescence quantum yield of L-CD0, L-CDN, and L-CDR is shown in Figure 4g. L-CDR 

treated with H2O2, NH3·H2O and NaBH4 demonstrates the highest fluorescence quantum yield of 

32.57%. L-CDN treated with H2O2, and NH3·H2O has a fluorescence quantum yield of 25.43%. L-

CD0 without any treatments has the lowest fluorescence quantum yield of 5.44%. Figures 4h and i 

present the digital photo images of the aqueous solution of L-CD0, L-CDN, and L-CDR with the 

same concentration under daylight and UV light excitation. It can be found that L-CDR emits the 

strongest fluorescence than L-CDN and L-CD0. The image results are consistent with the results of 

their quantum yield. 

2.5 UV Absorptivity of L-CD Aqueous Dispersion and L-CD/CNF Films

The UV absorptivity of lignin carbon dots is crucial for the UV stability of PSCs. We tested 

the UV absorption performance of various L-CD aqueous dispersion for proper L-CD/CNF film 

fabrication. Figure 5a presents the ultraviolet-visible absorption spectra of L-CD0, L-CDN, and L-

CDR dispersion. Three kinds of carbon dots have obvious absorption in UV band. And L-CDR 

shows the strongest absorption performance, followed by L-CDN and L-CD0. Usually, strong UV 

absorption will lead to strong fluorescence emission.38 Strong UV absorption is beneficial for the 

improvement of PSC’s stability, and strong fluorescence emission is good for the enhancement of 
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PSC’s efficiency. Three kinds of carbon dots have an absorption peak at 285 nm, which could 

correspond to the π→π* electron transition of the aromatic structure of the benzene rings of lignin. 

In addition, L-CDR and L-CDN have a strong absorption peak at 224 nm, which should be ascribed 

to the n→π* electron transition of the p-π conjugated structure of lignin carbon dots. The existence 

of p-π conjugated structure implies the existence of unsaturated aliphatic structures such as C=C-

OH and C=C-OR in L-CDN and L-CDR. 

We further investigated the effect of some parameters on the UV absorption ability of carbon 

dots such as concentration, pH value, and the amount of H2O2. Figure 5b presents the effect of L-

CDR concentration on its UV absorptivity. When the concentration is below 100mg/L, the UV 

absorptivity of L-CDR dispersion increases with the increase of its concentration. Figure 5c 

presents the effect of pH value on UV absorptivity. When the pH increases from 0 to 14, the UV 

absorptivity of the L-CDR dispersion remains stable, showing that the pH of the L-CDR dispersion 

has no obvious impact on the UV absorptivity. In the preparation of L-CDR, we pre-treated lignin 

with H2O2, which not only oxidized the surface functional group of lignin, but also helped to cut 

the large molecules into small fragments. Figure 5d presents the effect of the amount of H2O2 on 

the UV absorptivity of L-CDR. When the amount of H2O2 increases from 2 to 6 ml, the UV 

absorptivity of L-CDR decreases gradually. When the amount of H2O2 exceeds 6 ml, the UV 

absorptivity of L-CDR decreases greatly. Too much H2O2 likely has an adverse effect on conjugated 

structures, which determine the UV absorptivity of L-CDR. 32 Therefore, it is necessary to strictly 

control the dosage of H2O2 to prevent conjugated structures from being destroyed. 41

The lignin carbon dots are finally blended with CNF and coated on the ITO glass to form L-

CD/CNF hybrid films; thus, the performance of the films was also investigated. Figure 5e is the 

UV absorption spectra of the hybrid films of L-CD0, L-CDN, and L-CDR with CNF. It can be seen 
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that L-CDR/CNF films have the strongest UV absorption. Figure 5f presents the UV absorption 

spectra of the L-CDR/CNF hybrid films with different volumes of L-CDR. With the increase in the 

volume amount of L-CDR in the hybrid films, the UV absorptivity increases gradually. Figure 5g 

shows the effects of the amount of H2O2 during the preparation of carbon dots on the UV 

absorptivity of the final L-CDR/CNF films. The UV absorptivity of the L-CDR/CNF films 

decreases with the increase in the amount of H2O2. The results are roughly consistent with those 

shown in Figure 5d. 

The effects of the hybrid films coated on ITO glass on the optical transmittance were also 

investigated (Figure 5h). The transmittance of the ITO glass with and without L-CDR/CNF films 

was measured. The results show that the ITO glass coated with L-CDR/CNF films demonstrates a 

close transmittance to that of bare ITO glass. Their transmittance is all higher than 85% during 

visible light wavelength of 400~800 nm, showing L-CDR/CNF films have a high optical 

transmittance. And L-CDR/CNF coating has almost not caused the incident light loss for ITO glass. 

The high transmittance of L-CDR/CNF should be ascribed to the nanometer size of L-CDR, the 

high transparency of CNF, and the outstanding dispersion of L-CDR in CNF. The inset picture in 

Figure 5h is the digital photo image of ITO glass coated with and without L-CDR/CNF films. They 

all show outstanding transparency with no obvious difference. The fluorescence quantum 

efficiency of the L-CDR/CNF film was measured and it is 10%, which is lower than that of the L-

CDR/CNF solution (32.57%) due to matrix interference or reabsorption effects. Meanwhile, the L-

CDR/CNF film demonstrates relatively stable photostability under continuous illumination from a 

solar simulator. Based on the results, L-CDR/CNF films can be covered on the photoanode glass 

to conduct further device tests. 

2.6 Effects of the L-CDR/CNF Films on PSC Device Performance 
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To investigate the effects of L-CD films on the PSC performance, we fabricated PSC devices 

based on the ITO glass coated with L-CDR/CNF with the device structure ITO/ 

SnO2/perovskite/spiro-OMeTAD/MoO3/Ag (Figure 6a). The inset picture is a digital photo image 

of the top and back sides of the device. Meanwhile, we fabricated the devices without L-CDR/CNF 

as control samples to conduct a comparison analysis.

Figure 6b presents the J-V curves of the devices with and without L-CDR/CNF films. The 

short-circuit photocurrent (JSC) of the devices coated with L-CDR/CNF is slightly improved 

compared with that of those without L-CDR/CNF. The improved JSC leads to a slight increase in 

fill factor (FF) and power conversion efficiency (PCE), with the FF increasing from 74.00 to 74.88, 

and the PCE increased from 18.25 to 18.60. The detailed photovoltaic parameters of the devices 

are listed in the inset table in Figure 6b. Figure 6c presents the external quantum efficiency (EQE) 

spectra of the devices with and without L-CDR/CNF with their integrated current density (JSC) 

plots. In the visible light band, the EQE and JSC of the PSCs with L-CDR/CNF are roughly all 

enhanced, which is attributed to the energy conversion properties of L-CDR in the UV and NIR 

wavelength region. 39 

We investigated the effects of L-CDR/CNF films on the stability of PSC devices under 

continuous irradiation of sunlight (AM 1.5G) in air (Figure 6d). The devices coated with L-

CDR/CNF films still retain more than 58% of the initial PCE after continuous irradiation for 300 

hours, while the device without L-CDR/CNF films (control sample) only maintained 35% of the 

initial PCE after exposure to the same conditions, which shows that the L-CDR/CNF films can 

significantly improve the stability of PSC devices. The inset pictures in Figure 6d present the 

digital photo images of the devices before and after continuous irradiation. It can be seen that the 

device with L-CDR/CNF films demonstrates no obvious degradation. However, the device without 
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L-CDR/CNF (control sample) demonstrates obvious degradation. It should be attributed to the L-

CDR/CNF films that can block the UV light and impede UV-induced degradation. Therefore, the 

results show that the coated L-CDR/CNF films can elongate the lifetime of PSCs, enabling PSCs 

to take a small step toward commercialization. 

Finally, we have demonstrated that the L-CDR/CNF films possess excellent UV light 

blocking and conversion properties, which can enhance the efficiency and stability of PSC devices. 

Compared to other CD-based composite films, L-CDR/CNF films also stand out due to their green 

origin, mechanical robustness, optical clarity, and biodegradability, making them particularly 

suitable for sustainable optoelectronic and light-filtering applications. With these environmental 

and functional advantages, L-CDR/CNF films are highly competitive for eco-friendly photovoltaic 

material fabrication.
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4. Conclusions

In summary, we have developed an efficient method to block UV light and improve both the 

stability and efficiency of PSCs using lignin carbon dots/nanocellulose (L-CD/CNF) films. The 

high transparency of CNF films ensures optimal light transmission, while the excellent optical 

absorption properties of L-CDs selectively block harmful UV and partial IR radiation, significantly 

improving device stability from 35% to 58%. Additionally, the strong light conversion capabilities 

of L-CDs enable the conversion of blocked UV and IR light into visible light, further enhancing 

the PCE from 18.25% to 18.60% and broadening the usable solar spectrum. This green, cost-

effective approach offers a promising pathway for fabricating PSCs with enhanced stability and 

efficiency, contributing to more sustainable solar energy harvesting.
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4. Experimental section

4.1 Preparation of Lignin Carbon Dots: Lignin (1g) was dissolved in deionized water (40 mL). 

Hydrogen peroxide (6 mL) was added and kept stirring for 12 hours at 25°C in a dark room. 

Ammonia liquor (10 mL) was added and the mixed solution was transferred to a Teflon-lined 

stainless-steel autoclave. The autoclave was kept in an oven to conduct carbonization at 180°C for 

12 h. Then the autoclave was cooled down to room temperature. The obtained solution was 

centrifuged at 12000 rpm for 20 min to remove large particles and the light brown supernatant was 

collected. The supernatant solution was filtered with a syringe filter with a 0.22 µm nylon 

membrane and the filtered solution was collected. NaBH4(0.5 g) was added to the filtered solution 

and stirred at room temperature for 12 h to reduce the carbon dots. Then the solution was dialyzed 

for 24 h to remove excess NaBH4. The obtained reduced solution was freeze-dried into powder. 

And the freeze-dried powder was stored in a refrigerator at 4 °C. And the L-CD was named L-

CDR. Meanwhile, L-CDN was prepared in a similar way to L-CDR fabrication processes, but not 

add NaBH4 (0.5 g). And L-CD0 was prepared too but not adding H2O2(6 mL), NH3·H2O (10 mL) 

and NaBH4 (0.5 g) (Table 1).

4.2 Preparation of L-CD/CNF Films: The free-dried carbon dot powder was dissolved in 

deionized water to prepare a dispersion with a certain concentration. Then the carbon dot 

dispersion was added to CNF dispersion (0.51 wt.%) with different proportions to prepare L-

CD/CNF solution. The L-CD/CNF solution was placed in a high-frequency ultrasonic cell 

disruptor for 20 minutes to generate a homogeneous dispersion. The homogeneous dispersion was 

poured into a Petri dish, then transferred to an oven and kept there at 40 °C for 24 h to obtain a 

transparent hybrid film.

Page 17 of 33 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
5:

31
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D5TC02544C

https://doi.org/10.1039/d5tc02544c


18

4.3 Manufacturing of PSCs: The traditional n-i-p type perovskite solar cells with a structure of 

ITO/SnO2/ Perovskite/Spiro-OMeTAD/MoO3/Ag) were fabricated. The ITO glass (1.5cm×1.5cm) 

was ultrasonically cleaned for 30 min with ethanol and ultrabare water, and then dried in an oven 

for 10~15 min at 70℃. The nanosized SnO2 solution was spin-coated on the cleaned ITO glass 

substrate at 3000rpm for 30 s and then annealed for 20 min at 150℃ to prepare ETLs with a 

thickness of 30nm. The prepared perovskite precursor solution (1.5 M) was uniformly spin-coated 

on SnO2 ETLs (the spin-coating processes were divided into two stages: first stage, 1000 RPM, 10 

s; second stage, 4000 RPM, 40 s). Then the coated perovskite layers were annealed for 30 minutes 

at 110℃ to prepare the perovskite light absorption layers with a thickness of 700nm. After the 

layers were cooled down to room temperature, the Spiro-OMeTAD solution was spin-coated on 

the perovskite light absorption layers at 5000 rpm for 30 seconds to prepare hole transport layers 

with a thickness of 150 nm. MoO3 (12nm) and Ag electrode (80nm) were deposited in an 

evaporation chamber with a thermal evaporation method. The active area of each device was 0.05 

cm2. A MoO3 buffer layer (12nm) and an Ag electrode (80nm) were deposited on the hole transport 

layers in an evaporation chamber by thermal evaporation. And the PSC devices were obtained. 

The prepared L-CDR/CNF dispersion was spin-coated on the photoanode ITO glass of the obtained 

PSC devices and annealed at 100°C, L-CDR/CNF films were formed on the ITO glass of PSC 

devices. To quantify the effect of the L-CDR/CNF films on the overall device performance, forty   

PSC devices with L-CDR/CNF films were tested.

4.3 Photovoltaic performance testing of PSCs: The photovoltaic performance of the perovskite 

solar cells was tested by a solar simulator system. The short-circuit current density (JSC), open-

circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) were measured under 

the simulated solar radiation intensity of 100 mW/cm2. The scanning rate is 0.3V s-1, the delay 
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time is 10-50ms, and the width of the scanning step is 0.02V. Before testing, the device was 

calibrated with a single-crystal silicon cell for light intensity. The EQE was measured by a quantum 

efficiency measuring instrument. The J-V curves of the devices in the dark state were measured 

by a KEITHLEY 2400 digital source meter. 

4.4 Characterizations: The L-CD solution and L-CD/CNF films were characterized by SEM 

(Zeiss, EVO 18, Germany) and AFM (Bruker, Multimode, Germany). The crystal structure of L-

CD was measured by a D8 advanced X-ray diffractometer (Bruker, Germany) with a testing range 

of 10-60°. The functional groups of L-CD were characterized by an infrared spectrometer (Bruker, 

Tensor27/Hyperion, Germany) with a testing range of 500-3800 cm-1 and under total reflection 

testing mode. The element composition and element valence of L-CD were measured by an X-ray 

photoelectron spectrometer with a testing range of 0-800eV. The fluorescence properties of the L-

CD were measured by a fluorescence spectrometer (FluoroMax-4, Horiba, American). The 

absolute quantum yield (QY) of the films and L-CD solutions was measured under ambient 

conditions using a Hamamatsu C9920-02G integrating sphere system, coupled with a 150 W xenon 

lamp and a PMA-12 photonic multichannel analyzer. The UV absorption properties were measured 

by an Ultraviolet-visible infrared spectrophotometer (Lambda 950, PerkinElmer, American) in the 

range of 200-900 nm. 
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Figure 1. Preparation of lignin carbon dots(L-CD)/nanocellulose (CNF) films and their application 

on perovskite solar cells (PSCs). (a) Starting material of natural wood. (b) Pulp fibers. (c) Cellulose 

nanofiber (CNF) isolated from natural wood. (d) Lignin separated from natural wood. (e) L-CD 

aqueous solution with low cost, non-toxicity, and excellent dispersibility. (f) L-CD/CNF films. (g) 

PSCs with improved UV stability and efficiency. The improvement of stability and efficiency of 

PSCs is attributed to the L-CD/CNF films with selective light transmission, blocking, and 

conversion properties.

图表 1
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Figure 2. Characterization of L-CD and CNF. (a) SEM image of L-CD. (b) Surface and (c) 3D 

AFM images of L-CD. (d) Particle size distribution of L-CD, showing fabricated L-CD has a 

diameter of around 20 to 30 nm. (e) XRD pattern of L-CD. (f) AFM and (g) SEM images of CNF, 

demonstrating that CNF has a nanoscale size. The nanosized L-CD and CNF are beneficial to 

obtain high optical transparency hybrid films without loss of incident solar light for PSC devices.
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Figure 3. Infrared spectra and XPS spectra of L-CDR. (a) Infrared spectra of the L-CDR. (b) XPS 

spectra of L-CD. (c) C1s, (d) O1s, (e) N1s, and (f) S2p XPS spectra of L-CDR. The results show 

the prepared L-CDR has surface functional groups of -OH, C=O, and NH, etc.   

Figure 1

Page 27 of 33 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
5:

31
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D5TC02544C

https://doi.org/10.1039/d5tc02544c


28

Figure 4. UV absorption, conversion, and fluorescence performance of lignin carbon dots. (a) 

Emission spectra of L-CD0, L-CDN, and L-CDR with the excitation wavelength of 360 nm (λex=360 

nm), implying the reduced L-CD of L-CDR has the best emission intensity. (b) 3D 

photoluminescence spectra and (c) the top view image of L-CDR excited with the light in UV band, 

showing L-CDR has excellent energy down-conversion properties and can convert UV light into 

visible light. (d) Emission spectra of L-CD0, L-CDN, and L-CDR under the excitation wavelength 

of 800 nm (λex=800 nm), demonstrating L-CDN and L-CDR have similar emission intensity over 

L-CD0. (e) 3D photoluminescence spectra and (f) the top view image of L-CDR excited with the 

图表 2
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light in the NIR band, showing the L-CDR has tiny up-conversion properties and can convert NIR 

into visible light. (g) Quantum yield of L-CD0, L-CDN, and L-CDR. Digital photo images of lignin 

carbon dots under daylight (h) and UV light (i). The results show L-CDR has strong energy down-

conversion properties and weak energy up-conversion properties. 
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Figure 5. UV absorption optimization of different L-CD water solutions for L-CD/CNF film 

fabrication. (a) UV absorption spectra of L-CDR, L-CDN, and L-CD0 solution. (b) UV absorption 

spectra of L-CDR solution with different concentrations. (c) UV absorption spectra of L-CDR with 

different pH values. (d) UV absorption spectra of L-CDR produced with different amounts of H2O2. 

(e) UV absorption spectra of L-CDR /CNF, L-CDN /CNF, and L-CD0 /CNF films. (f) UV 

absorption spectra of L-CDR/CNF films with different volumes of L-CDR addition. (g) UV 

absorption spectra of L-CDR/CNF films with the L-CDR treated with different amounts of H2O2. 

(h) Transmittance of ITO glass with and without L-CDR/CNF films. 
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Figure 6. Effects of the L-CDR/CNF films on PSC device performance. (a) Device structure based 

on L-CDR/CNF films. (b) J-V curves of PSCs with and without L-CDR/CNF films. (c) EQE spectra 

of the devices with and without L-CDR/CNF films. (d) Stability of the PSC devices with and 

without L-CD/CNF films. The device performance is all improved which is attributed to the 

contribution of L-CDR/CNF films. 
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