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a b s t r a c t

Boron (B) doping serves as a promising strategy to enhance the quantum yield, photostability and en-

vironmental robustness of graphene quantum dots (GQDs). In this study, we reported a light-driven

strategy for the facile synthesis of boron-doped graphene quantum dots (B-GQDs). Specifically, un-

der continuous stirring at room temperature, ultraviolet irradiation induces the progressive polymer-

ization of o-phenylenediamine (o-PDA) precursors, resulting in the formation of GQDs; meanwhile, 2-

hydroxyphenylboronic acid (2-HPBA), acting as the B source, participates in the polymerization reaction

with o-PDA intermediates, ultimately yielding B-GQDs. This approach significantly improves the technol-

ogy of preparing QDs, yielding B-GQDs with a remarkably high fluorescence quantum yield of 71.2 %.

Detailed investigations reveal that the abundant surface functional groups on B-GQDs facilitate hydrogen-

bonding interactions with water molecules, enabling their application as fluorescent probes for the quan-

titative detection of water content in various organic solvents. By integrating B-GQDs, a paper-based fluo-

rescent sensor was successfully designed, achieving ultra-portable water content detection with excellent

performance (0%-100%).

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quantum dots (QDs), as a novel class of zero-dimensional (0

D) nanomaterials, have demonstrated significant application poten-

tial across various fields owing to unique quantum confinement

effects, tunable luminescence properties and exceptional optoelec-

tronic characteristics [1–4]. Based on material composition and

properties, QDs can be categorized into several types, including II-

VI semiconductor QDs [5], III-V semiconductor QDs [6], oxides QDs

[7], carbon-based QDs [8] and perovskite QDs [9]. Among these,

graphene quantum dots (GQDs) and its derivatives have emerged

as a promising sensing material due to high fluorescence (FL) sta-

bility, facile synthesis and excellent biocompatibility [10–13]. How-

ever, GQDs composed solely of carbon and oxygen exhibit inherent

limitations, such as relatively low FL quantum yields (QY), suscep-

tibility to photobleaching and strong environmental dependencies,

which hinder further development in practical applications [14,15].

Heteroatom doping is widely recognized as an effective strat-

egy for modulating the properties of GQDs [16]. The introduc-

tion of heteroatoms into GQDs enables precise control over the

electronic distribution, thereby optimizing the optical properties

and electronic characteristics [17–19]. As an element adjacent

to carbon in the periodic table, boron (B) possesses a similar
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atomic radius and comparable physicochemical properties, making

B-doping a promising approach to address these limitations [20].

This strategy offers significant potential for enhancing FL QY, im-

proving photostability, increasing environmental robustness, mod-

ifying electronic structures and optimizing surface chemistry. De-

spite these advantages, current synthesis methods for boron-doped

graphene quantum dots (B-GQDs) often suffer from low efficiency

and procedural complexity [21–24]. For instance, while the con-

ventional hydrothermal method is operationally simple, its require-

ment for high temperature and pressure limits its scalability for

mass production. Other methods, such as hydrothermal cutting and

microwave-assisted synthesis, also present significant challenges.

Therefore, the development of simplified and efficient methods for

preparation of B-GQDs with high FL QY still holds great signifi-

cance.

Water content measurement is of paramount importance in or-

ganic synthesis and chemical experiments, as it ensures the ef-

ficient progression of reactions, the high purity of products and

the safety of experiments [25,26]. Existing water content methods

present specific limitations that restrict their universal application

[27]. The Karl Fischer (KF) titration and gas chromatography (GC),

while precise, demand stringent operational conditions and spe-

cialized expertise. Similarly, thermogravimetric methods and in-

frared (IR) are susceptible to environmental humidity fluctuations,
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Fig. 1. (A) Schematic diagram of B-GQDs synthesis. (B) Color change of the reaction

solution under daylight and FL variation at different reaction times.

potentially compromising the measurement accuracy and repro-

ducibility [28,29].

In this study, a light-driven synthesis method for preparing B-

GQDs with strong green FL properties, specifically designed for wa-

ter content measurement in organic solvents was developed. Com-

pared to conventionally synthesized B-GQDs, the light-driven ap-

proach yielded materials with significantly enhanced FL.

B-GQDs were synthesized using o-phenylenediamine (o-PDA)

and 2-hydroxyphenylboronic acid (2-HPBA) as precursors, with

DMSO serving as an auxiliary solvent. The specific synthetic pro-

cedure is illustrated in Fig. 1A. o-PDA and 2-HPBA were uniformly

dispersed in DMSO and B-GQDs with green FL were obtained un-

der 365nm UV irradiation. Initially, the solution appeared colorless

and transparent. As the reaction proceeded, bright green FL grad-

ually emerged under UV light, while under daylight, the solution

displayed a distinct yellow color (Fig. 1B). In all characterization

experiments, the B-GQDs were synthesized using a precursor mo-

lar ratio of 2:1.

Mass spectrum (MS) analysis (Fig. 2A) revealed distinct peaks

corresponding to various mass-to-charge ratios (m/z), indicating

the formation of different polymer species. Specifically, the peak

at 139.06 was identified as corresponding to the protonated form

of 2-HPBA. The peaks observed at 211.09 and 313.12 were at-

tributed to o-PDA oligomers. Furthermore, peaks at 416.94, 517.18

and 824.28 were assigned to the protonated forms of o-PDA trimer,

tetramer and higher oligomers [30], respectively. Further structural

characterization was performed through MS/MS analysis of the

peak at m/z 1199.44 (Fig. 2B). The fragmentation pattern revealed

characteristic peaks at 211.09, 238.14 and 313.12, providing com-

pelling evidence that the high-molecular-weight polymer is com-

posed of lower-molecular-weight units of o-PDA and 2-HPBA. This

fragmentation pattern suggested that the polymeric structure is

built through the progressive assembly of these fundamental build-

ing blocks.

Fig. 2C presented the FT-IR spectra of B-GQDs. The FT-IR broad

characteristic peak at 3450 cm−1 can be primarily attributed to the

stretching vibrations of N–H and O–H groups. The peak observed at

2850 cm−1 corresponded to the in-plane bending vibrations of C–H

bonds. Furthermore, the distinct peak at 1580 cm−1 was character-

istic of C=C double bond stretching vibrations. The weak absorp-

tion band observed at 1420 cm−1 originates from the stretching vi-

brations of C–N single bonds within the six-membered ring frame-

work. The characteristic peak at 1250 cm−1 was assigned to B–O

Fig. 2. (A) MS of B-GQDs. (B) Secondary MS of ion peak with m/z of 1199.44. (C)

FT-IR spectrum of B-GQDs. (D) Raman spectrum of B-GQDs. (E) Path diagram of

photocatalytic synthesis of B-GQDs.

stretching vibrations. Notably, the presence of peaks at 1120 cm−1

and 780 cm−1 provided substantial evidence for the condensation

reaction between o-PDA polymer and 2-HPBA. These peaks were

specifically indicative of B–N and N–B–O functional group for-

mations, respectively, confirming the successful chemical conjuga-

tion between the constituent molecules [31,32]. The Raman spec-

trum (Fig. 2D) exhibited two characteristic peaks: the D-band at

1280 cm−1, indicative of disordered carbon structures and the G-

band at 1620 cm−1, corresponding to the sp2-bonded carbon atoms

in the graphitic lattice. The intensity ratio of these bands (ID/IG)

served as a quantitative measure of the defect density within the

graphitic framework. For B-GQDs, the calculated ID/IG of 0.54 sug-

gested the presence of a predominantly ordered graphitic structure

with a moderate concentration of structural defects.

The detailed synthesis mechanism of B-GQDs was illustrated in

Fig. 2E. This process was initiated by the generation of abundant

reactive radicals from DMSO under UV irradiation [33]. The reac-

tive radicals were captured by o-PDA, resulting in its oxidation into

the corresponding radical cation species, o-PDA•+. Subsequently, o-
PDA•+ underwent termination reactions to form quinoid-structured

dimers. The dimeric structures further propagated through poly-

merization, leading to the formation of o-PDA oligomers. During

this process, the hydroxyl groups of 2-HPBA underwent conden-

sation reactions with the amino groups on the growing polymer

chains [34,35]. This synergistic process of polymerization and con-

densation ultimately yields the B-GQDs structure.

The optical properties of B-GQDs were systematically investi-

gated using UV–vis absorption and FL spectroscopy. Fig. S1 (Sup-
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Fig. 3. (A) PL emission spectra of B-GQDs under different excitation wavelengths.

(B) HRTEM image of B-GQDs (2:1) (The illustration shows the lattice of a single B-

GQDs). (C) AFM diagram of B-GQDs (the inset shows the cutting height distribution

along the line). (D) B 1s, (E) C 1s and (F) O 1s high-resolution spectra of B-GQDs

(2:1).

porting information) presented the UV–vis absorption spectrum of

B-GQDs, revealing two characteristic absorption peaks. The intense

absorption peak at 290nm corresponded to the π-π ∗ transition of

the aromatic sp2 carbon network. The absorption band observed

around 400nm can be attributed to charge transfer transitions, re-

sulting from electron donation from the π-conjugated domains to

electron-deficient boron sites or surface functional groups (-OH,

-NH2) [36]. These spectral features collectively demonstrate the ex-

istence of abundant functional groups on the surface of B-GQDs.

The emission spectra of B-GQDs under various excitation wave-

lengths were displayed (Fig. 3A). As the excitation wavelength was

incrementally increased from 330nm to 440nm, the FL emission

peak remained consistently centered at 530nm, demonstrating

excitation wavelength-independent emission characteristics. The

maximum FL intensity was observed at an excitation wavelength

of 420nm. This unique excitation-independent behavior can be

attributed to two primary factors. Firstly, the narrow size distri-

bution of B-GQDs, as confirmed by TEM analysis. Secondly, the

presence of uniform chromophores with minimal surface defects,

which was consistent with previous reports on CDs and GQDs [37].

The B doping ratio has a significant influence on the FL QY of B-

GQDs. Among the tests, the B-GQDs with 1:1 molar ratio yielded

the highest FL QY (Fig. S2 in Supporting information). Comparing

the other preparation methods (Table 1), the B-GQDs prepared in

this study had significant advantages in preparation methods and

FL QY. Apparently, the conventional hydrothermal cutting method

produced GQDs with a FL QY of 8.9 %, whereas the light-driven

synthesis scheme produces B-GQDs with a FL QY of 71.2%, which

is a 3.4-fold improvement compared to the microwave cutting

method (FL QY=21.1%) [38]. This exceptional high FL QY could be

Table 1

Comparison of FL QY of GQDs by different synthesis methods.

Type Methods FL QY (%) Ref.

GQDs Hydrothermal cutting 8.9 [39]

N-GQDs Hydrothermal polymerization 34.7 [40]

B-GQDs Hydrothermal polymerization 16.8 [41]

B-GQDs Hydrothermal polymerization 90 [42]

B-GQDs Microwave cutting 21.1 [43]

B-GQDs Light-driven synthesis 71.2 This work

explained by the synergistic effects of boron and nitrogen elements

on the QDs surface as well as the electron-donating properties of

boron atoms within the conjugated carbon framework.

Respectively, the TEM (Fig. 3B) analysis revealed that the syn-

thesized B-GQDs were monodisperse, spherical nanoparticles with

well-defined lattice fringes exhibiting a characteristic spacing of

0.24nm, corresponding to the (100) crystal plane. Statistical anal-

ysis of the particle size distribution indicated that the nanopar-

ticle diameters range from 0.75nm to 3.75nm, with a predom-

inant population centered around 2.75nm (Fig. S3 in Support-

ing information). The observed lattice fringes further support the

successful synthesis of B-GQDs. Complementary atomic force mi-

croscopy (AFM) measurements (Fig. 3C and Fig. S4 in Supporting

information) provided additional structural information, showing

that the B-GQDs have a height distribution ranging from 0.3 nm to

1.4 nm. Based on the theoretical thickness of single-layer graphene

(0.34nm), these height measurements suggested that the B-GQDs

consist of 1 to 4 graphene-like layers, confirming the ultra-thin,

quasi-two-dimensional structure. GPC analysis showed that the

number average molecular weight (Mn) and weight average molec-

ular weight (Mw) of the synthesized B-GQDs were 577Da and

792Da, respectively (Fig. S5 and Table S1 in Supporting informa-

tion).

The survey spectrum revealed four characteristic peaks at 192,

284, 399 and 532 eV, corresponding to the B 1s, C 1s, N 1s and O

1s orbitals, respectively (Fig. S6 in Supporting information). These

peaks confirmed the presence of four primary elements in B-GQDs,

with atomic percentages of 6.37% (B), 60.09% (C), 12.52% (N) and

21.02% (O). The high-resolution B 1s spectrum (Fig. 3D) demon-

strates three distinct peaks, representing B–O, B–C and B–N bonds,

indicating the existence of B–OH groups on the B-GQDs surface.

The C 1s spectrum can be deconvoluted into four peaks, confirm-

ing the formation of a carbon skeleton (Fig. 3E). The N 1s spectrum

revealed three characteristic peaks corresponding to N of graphitic,

N of pyridinic and -NH2 groups, suggesting successful incorpora-

tion of nitrogen atoms into the hexagonal carbon framework (Fig.

S7 in Supporting information). Similarly, the O 1s spectrum exhib-

ited three peaks attributed to C–OH, C=O and B-O bonds, respec-

tively (Fig. 3F).

Under excitation at 420nm, a strong FL emission peak was ob-

served around 530nm, which is consistent with the color observed

under UV light (Fig. S8 in Supporting information). To achieve op-

timal FL performance of the material, the synthesis process of B-

GQDs was systematically optimized. Three key parameters were

investigated: the stoichiometric ratio of reactants, the intensity of

the light source and the reaction duration. This comprehensive op-

timization aimed to maximize the FL stability of the resulting B-

GQDs. The detailed description is provided in the supporting infor-

mation and subsequent tests were conducted under the optimized

conditions (Figs. S9–S11 in Supporting information).

At the same time, the stability of the prepared B-GQDs and the

pH of the storage solution were tested. As shown in Fig. S12A (Sup-

porting information), it can be observed that the test effect of B-

GQDs prepared by light driving did not decrease obviously after 30

days of storage, which proved that it had good stability. In addi-
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Fig. 4. (A) Schematic diagram of water content mechanism by B-GQDs. (B) FL spec-

tra of B-GQDs for different water content in methanol (illustration shows the cor-

rected working curve). (C) Linear curve of FL intensity of paper-based sensor for

different water content in methanol.

tion, in the pH range of 5–11, B-GQDs showed excellent test perfor-

mance (Fig. S12B in Supporting information). GQDs exhibited weak

FL intensity and no significant FL quenching was observed during

water content tests in methanol (Fig. S13 in Supporting informa-

tion). In contrast, B-GQDs demonstrated significantly stronger FL

intensity and exhibited a pronounced response to water content.

Particularly, the B-GQDs were uniformly dispersed in different

solvents, with the FL emission peaks spanning the range of 500–

550nm (Fig. S14 in Supporting information). In organic solvents,

the FL intensity of B-GQDs exhibited approximately 15% variation,

while in aqueous solution, the FL intensity of B-GQDs was almost

quenched (Fig. S14 in Supporting information). By comparing the

solvent polarity, it was inferred that solvents with higher polar-

ity tend to exhibit a red shift in the FL emission. Water, being the

most polar solvent, showed its FL emission peak at 550nm, with

the FL intensity almost completely quenched.

It is hypothesized that B-GQDs, as a modified form of GQDs,

possess abundant surface functional groups such as -B(OH)2, -OH

and -NH2. The polarity and hydrogen-bonding ability of water can

induce the formation of a dense hydrogen-bonding network at the

surface of B-GQDs. This interaction leaded to a pronounced red-

shift in the FL emission peak in aqueous solution, while simulta-

neously enhancing non-radiative decay pathways, resulting in re-

duced FL intensity (Fig. 4A) [44].

The B-GQDs solution was mixed with organic solvent-water

mixtures at various volume ratios (v/v) and the FL emission spec-

tra were recorded. Taking methanol as an example, Fig. 4B showed

the FL emission intensity of B-GQDs in methanol solutions with

varying water content (0–100%). A significant decrease in FL in-

tensity was observed when the water content reached 0.3 %, com-

pared to the pure methanol solution, accompanied by a redshift in

the emission peak. As the water content increased, the FL intensity

decreased systematically and the emission peak continued to red-

shift. The color transitioned from yellow-green to dark olive. Lin-

ear fitting of the data yielded the equation Y= -0.0085X+1.0046,

with a linear correlation coefficient (R2) of 0.9931. This demon-

strates that B-GQDs exhibit a good linear response for detecting

water content in methanol solutions ranging from 0.3% to 100%,

Table 2

Standard curve for water content in organic solvents.

Solvent Linear curve LOD (%) R2

Acetone Y= -0.0185X+ 1.0106 0.44 0.9901

THF Y= -0.0077X+ 0.9781 0.28 0.9926

DMSO Y= -0.0096X+ 0.9232 0.17 0.9903

Methanol Y= -0.0085X+ 1.0046 0.28 0.9931

Acetonitrile Y= -0.0084X+ 0.9051 0.16 0.9924

with a detection limit of 0.28%. Following the same procedure, so-

lutions of DMSO (Fig. S15 in Supporting information), acetone (Fig.

S16 in Supporting information), acetonitrile (Fig. S17 in Support-

ing information) and THF (Fig. S18 in Supporting information) with

varying water content were tested. The results, exhibited a similar

linear trend, with the fitting work curves and detection limits pro-

vided in Table 2.

To expand the application of B-GQDs for water content in

organic solvents and simplify the detection process for semi-

quantitative analysis, a paper-based sensor by immobilizing B-

GQDs on filter paper was developed. As illustrated in Fig. 4C, a

distinct correlation was observed between the water content and

FL intensity, where increasing moisture levels resulted in progres-

sive FL quenching under 365nm UV light. The calibration curve

of F/Fn versus water content exhibited excellent linearity, follow-

ing the equation Y=0.005X+0.8866 with a correlation coefficient

(R2) of 0.984. Visual inspection revealed three distinct FL color re-

gions corresponding to different moisture levels: bright green FL

for 0–10% water content, dark green for 20%−50% and brownish-

green for 50%−100%. This color gradation provides a conve-

nient visual indicator for semi-quantitative moisture assessment.

In addition, to evaluate the practical applicability of the method,

we conducted supplementary experiments using industrial-grade

methanol (95%). The sensor exhibited reliable performance and

satisfactory detection results (RSD=2.4%), confirming its effective-

ness in complex organic solvent systems (Table S2 in Supporting

information).

In summary, this study developed an efficient and straightfor-

ward synthesis strategy for B-GQDs using UV irradiation as the

driving force, enabling the preparation under mild conditions. The

resulting B-GQDs exhibited bright FL in various organic solvents

and demonstrated a sensitive and specific FL quenching response

to trace water content, both in intensity and visual color. Impor-

tantly, the method was further validated in real samples, including

industrial-grade methanol, confirming its detection accuracy and

stability in complex organic environments. In addition, the devel-

oped paper-based sensor enabled convenient, portable and visu-

ally observable detection of water in organic reagents. This work

not only provides a practical tool for rapid water detection in or-

ganic solvents but also offers a foundation for further extension

to broader industrial applications through surface functionalization

or device integration. Furthermore, the sensitivity of B-GQDs sens-

ing system could be further improved through multi-elemental co-

doping by enriching surface functional groups to meet the high-

precision industrial-grade testing demands.
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