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Abstract: Biomass waste is a renewable, low-cost and green feedstock for the production of 

carbon quantum dots (CQDs), but its high-efficiency utilization remains a challenge. Here, we 

report a mild acidolysis-assisted hydrothermal strategy toward the simultaneous preparation of 

green and blue fluorescent CQDs from lignin. The synthetic processes involve the acid 

hydrolysis of lignin followed by the hydrothermal carbonization of its supernatant and solid 

residue, respectively. The fluorescence mechanism of the two CQDs is elucidated through the 

investigation of their structure, chemical composition and optical properties combined with 

quantum chemistry calculations. Their formation mechanism is also explored, nuclear magnetic 

resonance (NMR) data demonstrates that green CQDs are derived from the side chain scission 

of lignin by the bottom-up method, while blue CQDs inherit the aromatic bulk of lignin via the 

top-down method. The optimal yield of two CQDs can be achieved as 30.6% for green CQDs 

and 15.2% for blue CQDs by adjusting the acidolysis temperatures from 30 to 110 �. This 

comprehensive strategy promotes the high-efficiency conversation of biomass into CQDs and 
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provides a theoretical basis for exploring the fluorescence mechanism and formation 

mechanism of CQDs.

Keywords: Lignin, Acidolysis, Hydrothermal carbonization, Simultaneous preparation, Carbon 

quantum dots, Mechanism

1. Introduction

Energy crisis, overconsumption of non-renewable resources along with the rapid 

deterioration of the natural environment are global challenges that humanity is confronted with 

1, 2. In this case, the conversion of biomass waste (agricultural residues, food waste, municipal 

solid waste, etc.) into high-value materials takes great potential to alleviate these issues due to 

its clean, abundant, renewable, and environmentally friendly raw material 3, 4. Biomass waste 

with a high carbon content of 45-55 wt% has been utilized to produce novel carbon-based 

materials such as graphene 5, carbon nanotubes (CNTs) 6, carbon nanofiber (CNFs) 7, carbon 

nano onion (CNOs) 8, porous carbon (PCs) 9 and carbon quantum dots (CQDs) 10. 

Thermochemical conversion of biomass has been intensively researched and several techniques 

are developed, such as pyrolysis, gasification, liquefaction, and hydrothermal carbonization 11, 

12. Among them, hydrothermal carbonization is a widely used technique for the thermochemical 

decomposition of biomass with water as the medium. The epoxy bonds in carbon-containing 

raw materials are easily broken under high temperature and high pressure, so the bulk carbon 

materials are cut into small particles to acquire target products 13, 14. Hydrothermal 

carbonization has superior characteristics of mild heating temperature (around 200 �), low 

energy consumption, cost-effectivity, and flexible operation 15, 16. To date, biomass-derived 

carbon nanomaterials via hydrothermal carbonization have been a hot topic in materials science 
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and engineering.

CQDs, as a rising star of carbon nanomaterial, have gained tremendous attention due to 

their unique physicochemical properties including tunable fluorescence emission, good water 

solubility, excellent chemical stability, low toxicity, and high conductivity 17, 18. For their low 

cost, renewability, and environmental friendliness, biomass-derived CQDs prepared by 

hydrothermal carbonization show great promise for the sustainable development of applications 

in bioimaging, sensing, catalysis, and drug delivery, light-emitting diodes, and anti-

counterfeiting 10, 19. Currently, a variety of natural biomasses such as microalgae 20, fresh grass 

21, cabbage 22, chia seeds 23, chitosan 24, etc. are used to prepare CQDs by a simple one-step 

hydrothermal method. Unfortunately, most biomass-derived CQDs are produced in extremely 

low yields (less than 10%), severely limiting their commercial applications. Since the one-step 

hydrothermal reaction is uncontrollable, a large number of hydrochar are often produced during 

the process of CQDs formation. As a kind of macroscopic carbon material, hydrochar has great 

potential for the further synthesis of CQDs 20, 25, 26. Zhou et al. 27 used hydrochar from food 

waste via hydrothermal carbonization as a carbon-rich precursor and successfully prepared 

multicolour CQDs by refluxing HNO3 and H2SO4. Zhao et al. 28 prepared CQDs from 

hemicellulose-based hydrochar and NaOH/O2 by a hydrothermal method, and obtained yields 

of 19.6% ~ 29.1% by adjusting different hydrothermal temperatures. Jing et al. 13 obtained an 

ultrahigh CQDs yield of 40.1% from glucose-based hydrochar through NaOH/H2O2 treatment. 

The formation mechanism of biomass-derived CQDs was preliminarily speculated to involve 

hydrolysis, dehydration, decarboxylation, aromatization, and recondensation based on the 

literature and limited characterization. It can be found that using hydrochar to prepare CQDs is 
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obviously beneficial to improve the efficiency of biomass conversion. However, the use of 

strongly corrosive acids or alkalis adds risk to the environment and human health. In addition, 

the fluorescence mechanism is unclear and formation mechanism of CQDs from biomass is 

rarely investigated. Herein, more work is required for the highly efficient conversion of whole 

biomass into carbon materials by a green and facile method, as well as the exploration of the 

fluorescence mechanism and formation mechanism.

In this work, a facile and efficient strategy is proposed to simultaneously produce green 

and blue CQDs from lignin and mild organic acid (o-aminobenzenesulfonic acid) by acidolysis-

assisted hydrothermal carbonization (Figure 1). Two kinds of CQDs are obtained from the 

supernatant and solid residue of acid hydrolyzed lignin, respectively, and their physicochemical 

properties are investigated. The fluorescence mechanism is clearly revealed according to their 

different structure, composition and optical properties combined with quantum chemistry 

calculations. The formation mechanism of two CQDs from lignin in the synthetic process is 

discussed in-depth through a systematic characterization analysis of raw materials, 

intermediates, and target products. It hopes to promote the large-scale and green production of 

carbon nanomaterials from biomass and offer new insight into the comprehensive utilization 

strategy of biomass.
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30 mL of DI water were transferred into a 50 mL Teflon-lined stainless autoclave and kept at 

200 °C for 12 h, respectively. After naturally cooling to room temperature, the obtained 

products containing water-soluble CQDs were filtrated by vacuum microporous suction 

filtration (microporous fiber membrane of 0.10 I�7- The filtrate was further dialyzed in a 

dialysis bag (1000 Da) for 2 days and then freeze-dried at -60 °C into CQDs powder. The CQDs 

prepared from the supernatant and solid residue were denoted as G-CQDs and B-CQDs, 

respectively. The yield of G-CQDs and B-CQDs was determined by using the following 

Equations (1) and (2):

(1)Y� � ��	
(�
�) = (�� � ��	
/��) × 100%

(2)Y� � ��	
(�
�) = (�� � ��	
/��) × 100%

where  and represent the yield of B-CQDs and B-CQDs,  and Y� � ��	
 Y� � ��	
 �� � ��	


 represent the weight of B-CQDs and B-CQDs,  represents the weight of raw �� � ��	
 ��

materials (AL and o-aminobenzenesulfonic acid).

2.3 Characterization of lignin-derived CQDs

The detailed morphology was observed using a high-resolution transmission electron 

microscope (HR-TEM, Tecnai G2 F20, FEI, USA). The graphitized structure was recorded by 

a Micro-Raman spectrometer with InGaN laser excitation at 532 nm (DXR 2xi, ThermoFisher, 

USA). The chemical composition was characterized by a Fourier transform infrared 

spectrometer (FT-IR, Nicolet Is5, ThermoFisher, USA) and an X-ray photoelectron 

spectrometer (XPS, K-Alpha, ThermoFisher, USA). The 13C-1H chemical environment was 

measured by the two-dimensional heteronuclear singular quantum correlation nuclear magnetic 

resonance spectrometer (2D-HSQC NMR, Avance III 600 MHz, Bruker, Germany) with the 
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dispersant of dimethyl sulfoxide-d6 (DMSO) for AL and deuterium oxide (D2O) for LNPs and 

CQDs. The optical properties were measured by an 
����������M������� spectrophotometer (UV-

vis, UV-5200, Yuanxi, China) and a fluorescence spectrophotometer (Cary Eclipse, Agilent, 

USA). The time-resolved PL spectra were acquired from a steady/transient state fluorescence 

spectrophotometer (TRPL, FLS1000, Edinburgh, UK). 

3. Results and discussion

3.1 Morphology and structure of G-CQDs and B-CQDs

The CQDs obtained at the acidolysis temperature of 90 °C are selected as typical for the 

investigation and characterization. The TEM and HR-TEM images in Figure 2a-d clearly show 

the micromorphology of resultant G-CQDs and B-CQDs. They are both uniformly dispersed in 

aqueous solution with an average particle size of 4.76 and 5.55 nm, and G-CQDs are more 

densely dispersed than B-CQDs. The HR-TEM images of the two CQDs show high crystallinity 

and the same lattice fringe with a spacing of 0.34 nm corresponding to the graphene (002) 29, 30. 

The graphitization of the two CQDs is further confirmed by Raman spectra (Figure 2e). There 

are two distinct peaks at 1350/1377 cm-1 (D peak) and 1583/1587 cm-1 (G peak), representing 

the vibrations of disordered sp3 and graphitized sp2 carbon 31. The intensity ratios (ID/IG) of G-

CQDs and B-CQDs are 2.63 and 1.85, respectively, indicating that the degree of graphitization 

of B-CQDs is higher than that of G-CQDs 18, 32. This confirms that there is a more conjugated 

graphene structure in B-CQDs in comparison with G-CQDs 4, 33.

The chemical composition and surface functional groups of CQDs are characterized by FTIR 

and XPS. As shown in Figure 2f, the broad peaks in the range of 3000-3600 cm-1 in FTIR 

spectra are assigned to O-H/N-H stretching vibrations. The peaks located at 2879, 1732, 1515-
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1595, and 1349 cm-1 represent the saturated C-H, C=O, C=C, and C-O functional groups, 

respectively 34. The peaks observed at 1300, 885 and 614 cm-1 reveal the presence of C-N, N-

H, and C-S functional groups 35, 36. These results suggest the successful co-doping of N and S 

both in G-CQDs and B-CQDs, which can be further confirmed by XPS analysis. The XPS 

survey spectra show the two CQDs have four prominent peaks at 284.8, 532.1, 400.1, and 168.1 

eV corresponding to C 1s, O 1s, N 1s, and S 2p respectively (Figure 2g). The high-resolution 

XPS spectra of C 1s, O 1s, N 1s, and S 2p are displayed in Figure 2h-k. The C 1s spectra can 

be fitted with three peaks at 284.8, 286.2, and 287.8 eV, corresponding to sp2 carbon (C-C/C=C), 

and sp3 carbon (C-O/C-N), and carbonyl groups (C=O). The O 1s spectra can be deconvoluted 

into two peaks at 532.4 and 533.3 eV for C=O and �MD:�E�:D�- The N 1s spectra show two 

peaks at 400.2 and 402.3 eV for amide N and graphic N groups. The S 2p spectra have two 

peaks at 164.3, 169.2, and 170.1 eV corresponding to C-S and C-SOx groups 34-36. Furthermore, 

the quantitative analysis data of XPS for G-CQDs and B-CQDs demonstrates that the total 

content of N and S doped in G-CQDs is much higher than that in B-CQDs, while B-CQDs 

possess a higher C content of 51.84%. According to the above structural analysis of Raman, 

FT-IR, and XPS, it can be concluded that the two lignin-derived CQDs have extensive 

conjugated sp2 domains in the carbon core along with some heteroatoms (O, N and S) doping 

on the surface. It is worth noting that B-CQDs have a higher degree of graphitization, while G-

CQDs have more surface defects.
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results of Raman, FTIR, and XPS 18. As for the photoluminescence (PL) performance of CQDs, 

the PL emission spectra of G-CQDs and B-CQDs present the up-conversion and excitation-

dependent behavior excited in the range of 280-500 nm. It can be attributed to the differences 

in surface heteroatom functional groups and sizes. The excitation-emission matrix spectra in 

Figure 3c, d show that the maximum excitation-emission of G-CQDs and B-CQDs are centered 

at (350, 475) and (325, 400) nm, which are corresponding to green and blue fluorescence color, 

respectively. 
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Figure 3. Optical properties of CQDs. (a, b) UV-vis absorption spectra and PL emission 

spectra excited by various incident lights progressively from 280 to 500 nm with a 10 nm 

increment (inset: photograph under UV irradiation). (c, d) Excitation-emission matrix spectra. 

(e, f) Time-resolved PL decay curves of G-CQDs and B-CQDs.

3.3 Fluorescence mechanism of G-CQDs and B-CQDs

As well known, the PL behavior of CQDs depends on the comprehensive effect of carbon 

core and surface defects state. The fluorescence mechanism of G-CQDs and B-CQDs is 

proposed in Figure 4a, b, various energy levels are associated with the incorporation of the 
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oxygen, nitrogen, and/or sulfur-containing functional groups of CQDs. These defects produced 

by oxidation, nitration, and/or sulfonation as capture centers of excitons give rise to the surface-

state-related fluorescence 34, 38. In this study, several distinct defect states induced by oxygen, 

nitrogen, and sulfur-containing functional groups are generated in G-CQDs and B-CQDs, 

leading to the additional energy levels 6�:P� transitions) between P and P� transition 10. The O-

related functional groups, especially C=O with the strong electron-accepting property are 

considered to be chromophores 39, 40. The N, S related groups are identified as auxochrome 

groups, the isolated n electrons of which and P electrons of the carbon ring are almost coplanar 

41-43. The efficient separation of electrons and holes within the �:P� gap can be adjusted by 

varying the content of O, N, and S doping 34, 35, 44, 45. The additional �:P� transitions result in 

multiple radiation recombination paths back to the ground state, thereby leading to the red-shift 

of the emission wavelength from B-CQDs to G-CQDs 18, 46. In addition, the related PL quantum 

yield (QYs) of G-CQDs (23.7%) is superior to that of B-CQDs (5.2%), which is considered to 

be attributed to the increased doping content of nitrogen 10, 31, 47.

The complicated fluorescence mechanism of CQDs is explored in depth by theoretical 

calculations. To investigate the size-dependent effect, four CQDs models with increasing 

benzene ring numbers are designed and their highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) energy levels and bandgaps are calculated. As 

shown in Figure 5a, the bandgap narrows significantly from 4.03 to 0.82 eV as the number of 

benzene rings increases from 7 to 24, which indicates that the larger sp2 conjugated structure 

of CQDs contributes to the gradual red-shift of fluorescence emission 18, 48. CQDs models 

composed of seven benzene rings and different oxygen-containing, nitrogen-containing and 

sulfur -containing functional groups are also designed. According to Figure 5b, the bandgap 

slightly decreases from 3.83 to 3.55 eV as the number of hydroxyl groups (-OH) increases from 

3 to 6, 10, while the bandgap sharply decreases from 3.77 to 2.78 eV in the addition of carboxyl 

groups (-COOH). The n electrons of -C=O lower both HOMO and LUMO energy levels, 

leading to a reduction in the bandgap and a red shift of fluorescence emission 33, 37. As presented 

in Figure 5c and 5d, although the bandgap does not change in the addition of amine groups (-

NH2) or sulfonic groups (-SO3H), which is narrower than that without substituents. The 

bandgap increases in the addition of -C-N groups and gradually decreases in the addition of –
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Figure 5. Theoretical simulation results for the different number of (a) conjugated rings, 

(b) oxygen-containing functional groups, (c) nitrogen-containing functional groups and (d) 

sulfur -containing functional groups.
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3.4 Formation mechanism of G-CQDs and B-CQDs

The Raman, FT-IR, and XPS characterization are employed to investigate the evolution 

of surface structure and chemical composition from AL to CQDs in the synthetic route. 

According to the Raman spectra of Figure 6a, it can be seen that the D peak of the disordered 

sp3 carbon of AL is stronger than the G peak of the graphitized sp2 carbon, while the SLs almost 

contain all amorphous carbon, and the graphitic carbon in AL is mostly retained in SRs after 

acid hydrolysis. The degree of graphitization is significantly enhanced after hydrothermal 

carbonization according to the increased intensity ratios (IG/ID) from ~ 0 of SLs to 0.38 of G-

CQDs, and from 0.39 of SRs to 0.58 of B-CQDs. The FT-IR spectra (Figure 6b) show that AL 

is mainly composed of O-H, C-H, C=C, and C-O functional groups on the surface. The 

vibration strength of C-O groups decrease markedly, while that of C=O groups increase on the 

surface of SLs and SRs after acid hydrolysis of AL. Meanwhile, a large number of abundant 

N-H, C-N, and C-S functional groups appear on the surface of SLs, while SRs retain most of 

the surface structure of AL in addition to a small amount of N- and S-containing groups. The 

vibration strengths of O-H, N-H, C-O, C-N, and C-S groups are decreased from SLs to G-CQDs, 

and SRs to B-CQDs, while those of C=O and C=C groups are increased after the hydrothermal 

carbonization. The N, S-containing functional groups on the surface of G-CQDs are 

significantly more abundant than that of B-CQDs. These results can be also evidenced by the 

high-resolution XPS spectra of AL, SLs and SRs. As displayed in the C 1s and O 1s spectra 

(Figure 6c and 6d), the content of C-O groups decrease, while the content of C=O groups 

increase from AL to SLs and SRs during acidolysis. The N 1s spectra in Figure 6e show that 

the N element is introduced into SLs mainly in the form of amide N groups through the addition 
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Table 1. The quantitative analysis results of XPS.

sample C (%) O (%) N (%) S (%) O/C (%) N/C (%) S/C (%)

AL 62.65 35.83 / 1.52 0.57 / 0.02

SLs 40.68 36.92 10.60 11.71 0.91 0.26 0.29

SRs 48.29 42.66 2.95 6.10 0.88 0.06 0.12

G-CQDs 44.75 37.77 7.41 10.07 0.84 0.17 0.23

B-CQDs 51.84 40.11 2.56 5.49 0.77 0.11 0.05

To obtain further comprehensive structural insights on the transformation of lignin during 

acid hydrolysis and hydrothermal carbonization, AL, SLs, SRs, G-CQDs, and B-CQDs are 

subjected to 2D- HSQC NMR analysis. Biomass lignin, an aromatic polymer containing a 

structural unit of phenylpropane connected by ether bonds or C-C bonds, is the most abundant 

natural macromolecular organic material in the world 49, 50. The HSQC NMR spectra of the 

samples exhibit two regions, which are the aliphatic region (�C/�H: 50–90/3.2–5.0 ppm) (Figure 

7a) and the aromatic 13C–1H correlations region (�C/�H: 100–135/6.0–7.8 ppm) (Figure 7b). The 

HSQC spectra of AL show plentiful signals at �C/�H 55.6/3.7, 60.5-82.5/3.3-4.8, 54.1-56.2/3.4-

3.6, and 55.4-84.9/3.4-4.3 ppm in the aliphatic region, assigned to the native structure of lignin 

including methoxyls (OCH3), R:����:��	�� linkages (A), phenylcoumarane structures (B) and 

resinol linkages (C), respectively 51. The signals of ferulate (FA), p-coumarate (pCA), p-

hydroxyphenyl (H), guaiacyl units (G) and oxidized guaiacyl units (G’) can be apparently 

observed in the aromatic region at �C/�H 110.2-126.7/7.1, 126.1/7.1, 132.9/7.1, 114.9-120.9/6.7, 

and 120.9/7.5 ppm, respectively 52, 53. The aliphatic signals of A, B, and C structure units are 

sharply reduced in the HSQC spectra of SLs and almost vanish in that of SRs. This indicates 

that AL undergoes a strong de-etherification reaction through the cleavage of A, B, and C 
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oxidized guaiacyl unit bearing a carbonyl group at �T-

Based on the experimental evidence above, the possible formation pathway of CQDs by 

acid hydrolysis-assisted hydrothermal carbonization of AL is proposed in Figure 8a. AL first 

undergoes deetherization and depolymerization reaction to form SLs and SRs under the action 

of o-aminobenzenesulfonic acid. The intricate and diverse intermediates formed in the acid 

hydrolysis. Overall, the water-soluble SLs are mainly composed of small molecular fragments 

obtained by acid-catalyzed cleavage of ether bonds from AL polymers, while the bulk of AL 

remains in insoluble SRs. Meanwhile, the N and S atoms from the acid are incorporated on the 

surfaces of SLs via covalent conjugation, while a relatively small amount of N, S groups exist 

on the surface of SRs 54. Notably, o-aminobenzenesulfonic acid acts a triple role as a “top-down” 

scissor, N, S dopant as well as surfactant during the acidolysis process 55, 56. It contributes to 

abundant active sites including –OH, -COOH, and -NH2 functional groups exposed on the 

surface of SLs and SRs. In the next step of hydrothermal carbonization, the SLs and SRs serve 

as precursors for the preparation of G-CQDs and B-CQDs, respectively. The functionalized 

SLs undergo intermolecular and intramolecular dehydration and condensation among the active 

-COOH, -OH, and -NH2 groups. The conjugated molecules are further polymerized, 

crosslinked, and carbonized under the hydrothermal treatment 57. With the prolongation of 

hydrothermal carbonization, the prompt P:P stacking and increased sp2 hybridization result in 

the growth of the carbon nucleus 58, 59. N and S atoms are simultaneously incorporated as C-N, 

N-H, and C-S groups into the heterocyclic ring systems, resulting in the final formation of the 

G-CQDs 13. Different from the bottom-up synthesis of G-CQDs from SLs, SRs are inclined to 

synthesize B-CQDs via the top-down method due to the fewer active groups on the surface and 
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large carbon domains inherited from AL. These large carbon domains are reacted with 

oxidizing reagents (o-aminobenzenesulfonic acid) for introducing epoxy groups on basal planes 

in the acidolysis step. Then the SRs undergo exfoliation and cutting of large carbon domains 

followed by deoxidization into small pieces (B-CQDs) in the hydrothermal treatment 2, 60, 61. In 

addition, the effect of the key factor (acidolysis temperature) on production yields of SLs, SRs, 

and CQDs is investigated. As shown in Figure 8b and 8c, the yield of SLs increases with 

increasing acid hydrolysis temperature from 30 to 110 �, while the opposite for that of SRs. It 

may be attributed to the enhancement of the acidolysis reaction at a higher temperature. The 

total production yields of G-CQDs and B-CQDs first increase and then decrease with increasing 

acidolysis temperature. The optimal production yield of 45.8% is obtained at the acidolysis 

temperature of 90 °C, which is superior to most reported biomass-based CQDs 20-22, 56.
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self-assembly of small organic molecules through a bottom-up process, while that of B-CQDs 

involves the exfoliation and cutting of large carbon domains via a top-down approach. The total 

production yield of CQDs is achieved as high as 45.8% by adjusting the acidolysis temperature, 

which outperforms that of most reported biomass-derived CQDs. This sustainable approach 

offers enlightening insights for mass production of value-added carbon materials from biomass, 

and also paves the way for the rational design of complete lignin valorization for “waste-to-

wealth”.
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