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Open system massive synthesis of narrow-band
blue and green fluorescent graphene quantum
dots and their application in water sensing†

Yukino Ochi, Ayano Otani, Rika Katakami, Akihiro Ogura, Ken-ichi Takao,
Yoshiki Iso * and Tetsuhiko Isobe *

Graphene quantum dots (GQDs) are environmentally friendly fluorescent carbon-based nanomaterials.

However, there is no report on the massive synthesis of GQDs with narrow-band fluorescence and a

high photoluminescence quantum yield (PLQY) using a simple liquid-phase method under atmospheric

conditions. In this study, GQDs were successfully synthesized in B100% product yield by heating

phloroglucinol (PG) with Na3PO4�12H2O in 1,2-pentanediol at 180 1C for 6 h in an open system with air

flow, followed by dialysis purification. The high product yield was attributed to the addition of Na3PO4�
12H2O as a base catalyst, which promoted the dehydration–condensation reaction between PG mole-

cules. The dispersion of PG derived GQDs (PG-GQDs) in ethanol resulted in blue fluorescence with a full

width at half maximum of 32 nm and a PLQY of 54%. Further purification of PG-GQDs by silica gel

column chromatography improved the PLQY to 75%. Fourier-transform infrared spectroscopy,
1H nuclear magnetic resonance spectroscopy, and X-ray photoelectron spectroscopy confirmed that

dehydration–condensation reactions occurred not only between PGs but also between GQDs and 1,2-

pentanediol. The binding of 1,2-pentanediol to the edges of GQDs suppressed the stacking of GQDs and

prevented concentration quenching, resulting in a high PLQY. PG-GQDs exhibited negative fluorescence

solvatochromism, i.e., the fluorescence wavelength blue-shifted with increasing solvent polarity.

Dispersion of PG-GQDs in N-methyl-2-pyrrolidone (MP) resulted in green fluorescence with a PLQY of

96%. Dispersion of PG-GQDs in water resulted in blue fluorescence and a low PLQY of 6% at pH 7, while

the PLQY was more than 50% at pH Z 11. Using these properties, the sensing of water (pH 13) in MP was

investigated. The results showed that as the water content was increased from 0% to 100%, the

fluorescence color gradually changed from green to blue and the fluorescence wavelength continuously

shifted from 514 nm to 466 nm, indicating their applicability in water sensing.

1. Introduction

Graphene quantum dots (GQDs), also called carbon quantum
dots or carbon dots, are carbon-based fluorescent nanomater-
ials with a p-electron conjugated system.1 GQDs have
biocompatibility,2,3 low toxicity,2,4 high thermal stability, and
high photostability;2,5 therefore, they are expected to be an
alternative material to inorganic semiconductor quantum dots
(QDs) containing toxic elements such as cadmium and lead, the
use of which is restricted by the RoHS Directive. The applica-
tions of GQDs include bioimaging,6–8 their use in light-emitting

diodes,9–11 metal ion sensing,12 moisture sensing13 and anti-
counterfeiting.14

One of the attractive features of GQDs is that their photo-
luminescence (PL) wavelength can be controlled by tuning their
size. For example, the solvothermal reaction of citric acid and
urea in different solvents (water, glycerol, and N,N-dimethylfor-
mamide) yielded GQDs of different sizes and they exhibited
blue, green, and red emission, respectively, due to the quantum
size effect.15 Controlled particle size and tunable emission
color of citric acid-derived GQDs could be achieved by
purification methods such as dialysis and gel permeation
chromatography.16 Solvothermally synthesized GQDs from
phthalic acid and o-phenylenediamine in ethanol, followed by
purification by silica gel column chromatography, exhibited
green and yellow emission depending on their size.17

QDs such as CdSe/ZnS and CsPbBr3 generally have the PL
peak with a full width at half maximum (fwhm) of less than
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30 nm,18,19 whereas the abovementioned GQDs have a broad PL
peak with the fwhm exceeding 60 nm. Little work has been
reported on narrow-band fluorescent GQDs.20–23 One of the
GQDs has been synthesized from aromatic compounds with
hydroxy groups, i.e., phloroglucinol (PG) and resorcinol
(RS).20,21 Yuan et al. solvothermally synthesized 1.9 nm GQDs
from PG in ethanol at 200 1C for 9 h. The GQDs in ethanol
exhibited blue emission with a fwhm of 29 nm and a PL
quantum yield (PLQY) of 66%.20 The narrow-band fluorescence
with the high PLQY is attributed to the dehydration–condensa-
tion reaction between adjacent PG molecules to form a rigid
triangular structure with uniform OH groups at the edges, as
illustrated in Fig. S1 (ESI†). Furthermore, by prolonging the
heating time and using acid catalysts, they obtained 2.4 nm,
3.0 nm, and 3.9 nm GQDs that emitted green, yellow, and red
fluorescence, respectively, due to the quantum size effect. Yuan
et al. also found that solvothermal treatment of RS in ethanol at
200 1C for 4 h and 7 h produced GQDs that emitted green and
red fluorescence with fwhms of 31 nm and 33 nm and PLQYs of
75% and 72%, respectively, due to the quantum size effect.21

Tables 1 and 2 summarize the reports of GQDs synthesized
from PG and RS, respectively. Note that the solid-state thermal
reaction of PG without solvent produced GQDs with broad-
band fluorescence;24,25 therefore, liquid-phase synthesis is
considered more suitable for narrow-band fluorescent GQDs
than the solid-phase synthesis.

We have successfully synthesized GQDs from PG in an open
system at a low temperature of 180 1C and in a short period of
6 h by accelerating the dehydration–condensation reaction
between PG molecules and removing the formed water from the
system.26 Ethanol dispersion of dialysis-purified GQDs resulted
in blue fluorescence with a fwhm of 30 nm and a PLQY of 51%.
Further purification by silica gel column chromatography
improved the PLQY to 64%.27 The GQDs also exhibited negative
fluorescence solvatochromism, showing blue fluorescence in
highly polar solvents and green fluorescence in less polar
solvents.26 Despite the narrow fwhm, high PLQY, and multi-
color luminescence achieved, the low product yield (PY) of
dialysis-purified GQDs, 3%, remains a problem in the synthesis
of GQDs in an open system using PG as a carbon source.

In this study, we investigated the massive synthesis of GQDs
with narrow-band fluorescence in an open system. We prelimi-
narily explored increasing the reaction temperature (from
180 1C to 210 1C), the carbon source concentration (up to
6-times higher), the use of HCl catalyst, and the synthesis scale
(up to 3-times higher), all of which failed to increase PYs and
product amounts. We focused on the report that the PY was
40–60% for GQDs synthesized by heating an ethylene glycol
solution of RS with air flow at 190 1C for 6 h using Na3PO4�
12H2O as a base catalyst (Table 2 and Fig. S1, ESI†).5 However,
in this report, the PL peak was broad and the PLQYs of GQDs in
ethanol and water were as low as 30% and 25%, respectively,
and the PLQY of GQDs synthesized from PG instead of RS was
1%. As shown in Scheme 1, here we investigated the synthesis
condition to obtain GQDs with a high PY by combining three
conditions: attachment of a condenser, addition of the baseT
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catalyst Na3PO4�12H2O, and air flow while heating the 1,2-
pentanediol solution of PG under atmospheric pressure. In
addition, to understand the factors determining a high PY and
a high PLQY, the base catalyst was changed from Na3PO4�
12H2O to NaOH or the flow gas was changed from air to Ar.
We also synthesized GQDs from RS and PG and compared their
properties. Furthermore, the fluorescence solvatochromism of
massively synthesized GQDs in organic solvents and the PL
properties of GQDs in water under basic conditions were
investigated, and water sensing in organic solvents was
demonstrated.

2. Experimental section
2.1. Materials

PG (95.0%) and RS (99.0%) were purchased from FUJIFILM
Wako Pure Chemical. 1,2-Pentanediol (98.0%) was purchased

from Tokyo Chemical Industry. Trisodium phosphate dodeca-
hydrate (99.0%), dichloromethane (99.5%), methanol (MeOH;
99.8%), ethanol (EtOH; 99.5%), dimethyl sulfoxide (DMSO;
99.0%), N,N-dimethylformamide (DMF; 99.5%), N-methyl-2-
pyrrolidone (MP; 99.0%), and silica gel (100–210 mm neutral
spherical particles) were purchased from Kanto Chemical. All
reagents were used as received without further purification.

2.2. Preparation of crude PG-GQDs

PG (1.0 g, 8 mmol) was dissolved in 1,2-pentanediol (20 mL),
ultrasonically mixed, and heated at 180 1C for 6 h in an oil bath
under ambient conditions. As shown in Table 3, eight synthesis
conditions were examined by combining the addition of the
base catalyst Na3PO4�12H2O (708 mg, 1.86 mmol), air flow (300
mL min�1), and the attachment of a reflux condenser. After air-
cooling to room temperature, the suspension was dialyzed in
1 L of ultrapure water using a dialysis membrane (3500 Da

Table 2 Previous reports of lem, fwhm, PY, and PLQY for GQDs synthesized using RS as a carbon source

Synthetic method Synthetic condition Purification lem (nm) fwhm (nm) PY PLQY Year Ref.

Thermal heating 190 1C, 6 h, Na3PO4�12H2O, in
1,2-ethanediol

Centrifugation 600 — 40–60% 30% in ethanol,
25% in water

2019 5

Solvothermal 200 1C, 4, 7 h, in ethanol Silica gel column
chromatography

520, 610 31, 33 — 72, 75% in ethanol 2019 21

Thermal heating 180 1C, 6 h, NaOH or H2SO4,
in 1,2-ethanediol

Centrifugation 520 36 17% 8–42% in ethanol 2022 33

Thermal heating 180 1C, 6 h, Na3PO4�12H2O,
in 1,2-pentanediol

Dialysis — — 82.7% — This work
Dialysis and silica
gel
column chromatography

542 40 19.8% 13% in ethanol

Scheme 1 Synthesis of GQDs from PG.

Table 3 Properties of crude PG-GQDs

No. Condenser Na3PO4�12H2O Air flow PY (%)
Absorption
wavelength (nm)

Excitation
wavelength (nm)

Emission
wavelength (nm) fwhm (nm) PLQY (%)

1 — — — 2.8 461 468 481 31 42
2 — — 1.7 461 462 481 30 44
3 — — 106.0 463 463 484 32 43
4 — — 1.7 461 463 481 30 49
5 — 35.3 455 462 481 32 8
6 — 99.4 463 463 484 32 54
7 — 4.8 462 468 482 31 40
8 107.3 462 463 484 35 18
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molecular-weight cutoff, 1 nm pore size) for two days while
stirring. During the dialysis (see Fig. S2, ESI†), ultrapure water
was changed three times, and precursors, unreacted materials,
and by-products with diameters less than 1 nm were removed.
The obtained residue was transferred to a flask and pre-frozen
at �30 1C, and then the flask was placed in a freeze-dryer. The
frozen residue was freeze-dried at �80 1C and less than 20 Pa
overnight to obtain a crude PG-GQD powder. The product yield
(PY) was calculated from the weight ratio of PG-GQDs to PG. It
should be noted that the PY values were not accurate because of
the binding of 1,2-pentanediol to the edge of PG-GQDs via a
dehydration–condensation reaction and the formation of the
CQO bond by oxidation in air according to the experimental
results described below.

PG-GQDs were also prepared using the base catalyst NaOH
instead of Na3PO4�12H2O under the condition of air flow and
no condenser. Other PG-GQDs were prepared by changing air
flow to Ar gas flow (300 mL min�1) using Na3PO4�12H2O with-
out a condenser.

2.3. Purification of crude PG-GQDs via silica gel column
chromatography

The crude PG-GQD powder (30 mg) was dispersed in 2 mL of
MeOH under ultrasonication and then purified with silica gel
column chromatography using a dichloromethane and MeOH
(6 : 1 v/v) eluent (see Fig. S3, ESI†). After the collection of weak-
fluorescent fraction 1 and blueish green fluorescent fraction 2,
the volume ratio of the eluent was changed to 4 : 1 v/v. After the
collection of light green fluorescent fraction 3, the volume ratio
was changed to 2 : 1 v/v to collect green fluorescent fraction 4.
The solvent in fraction 4 was removed using a rotary evaporator
and air-dried overnight to yield purified PG-GQD powder. The
powder was re-dispersed in EtOH. The net absorbance of the
PG-GQD dispersion was adjusted to be 0.05 at the optimum
wavelength of PL excitation (PLE).

2.4. Preparation of purified RS-GQDs

RS-GQDs were synthesized in the same way as that for PG-
GQDs. RS (873 mg, 8 mmol) and Na3PO4�12H2O (708 mg,
1.86 mmol) were dissolved in 1,2-pentanediol (20 mL) and
heated at 180 1C for 6 h under the condition of air flow
(300 mL min�1) and no reflux condenser. Other operations,
such as dialysis, freeze-drying, silica gel column chromatogra-
phy, and evaporation, were carried out in the same way as that
for PG-GQDs.

2.5. Characterization

X-ray diffraction (XRD) profiles were acquired with an X-ray
diffractometer (Rigaku, MiniFlex600) with a Cu Ka radiation
source. Particle sizes and morphologies were imaged with a
field-emission transmission electron microscope (FE-TEM; FEI,
Tecnai 12 and Tecnai G2) at 120 kV and 200 kV, respectively.
The samples for FE-TEM observation were prepared by over-
night drying of a drop of each EtOH dispersion on a copper
grid covered with an ultrathin carbon-deposited film (Oken
Shoji, HRC-C10). Fourier-transform infrared (FT-IR) spectra of

pressed KBr discs containing the powder samples were acquired
with an FT-IR spectrometer (JASCO, FT/IR-4200). The chemical
bonding states in the powders were examined via X-ray photo-
electron spectroscopy (XPS; JEOL, JPS-9010TR), using an Al Ka
radiation source. The sample for XPS was partly coated with Au
by sputtering, and the peak of Au (4f7/2) at 84.0 eV was used for
charge-up correction. 1H nuclear magnetic resonance (NMR)
spectra were recorded at 500 MHz (JEOL, JNM-ECA500), and
chemical shifts were referenced internally to a residual dimethyl
sulfoxide (DMSO)-d6 signal at 2.49 ppm. 1H-NMR shifts were
simulated with ChemDraw 21.0.0. Ultraviolet-visible (UV-vis)
absorption spectra of dispersions were acquired with an optical
absorption spectrometer (JASCO, V-750). The net absorbances of
the PG-GQDs and RS-GQDs were obtained by subtracting the
solvent absorbance. PL and PLE spectra of dispersions were
acquired with a fluorescence spectrometer (JASCO, FP-6500). The
relative PLQYs were calculated as follows:

Fpm ¼ Fps
Ks

Km

� �
Is

Im

� �
nm

ns

� �2
Am

As

� �
(1)

Rhodamine 6G in EtOH, which has a 95% PLQY in the
excitation range of 248–528 nm, was used as a standard
solution.34 Fp is the PLQY, K is the absorbance at the excitation
wavelength, I is the excitation light intensity, n is the refractive
index of the solvent, and A is the total area of the PL spectrum.
The m and s subscripts refer to measurement and standard
samples, respectively.

2.6. Fluorescence solvatochromism, pH dependence and
water sensing

For demonstration of fluorescence solvatochromism, purified
PG-GQDs were also dispersed in MeOH, DMSO, DMF, and MP.
For each dispersion, the net absorbance of PG-GQDs at the
optimal excitation wavelength was adjusted to 0.05. The PL/PLE
spectra of the dispersions were recorded and the respective
PLQYs were calculated using eqn (1).

We also obtained the PL/PLE spectra and PLQYs of purified
PG-GQDs in water in the pH range of 7 to 13. In addition,
purified PG-GQDs were dispersed in mixed solvents of MP and
water (pH 13) with different water contents at a GQD concen-
tration of 25 mg L�1, and then the PL spectra of these disper-
sions were recorded.

3. Results and discussion
3.1. Optimal conditions for massive synthesis of crude PG-
GQDs

Table 3 shows the PY for each synthesis condition of PG-GQDs.
The PYs for entries 3 and 6, where Na3PO4�12H2O was added
without a condenser, and entry 8, where Na3PO4�12H2O was
added with a condenser and air flow simultaneously, were
nearly 100%, a significant improvement over the 2.8% PY for
entry 1, which was the same condition as in the previous
work,26 and a significant increase in apparent volume (see
Fig. S4, ESI†). The value exceeding 100% in PY in Table 3
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may be attributed to the binding of 1,2-pentanediol to the edge
of PG-GQDs via a dehydration–condensation reaction and the
formation of the CQO bond by oxidation in air according to the
experimental results described below.

The UV-vis and PL/PLE spectra of the crude PG-GQDs in
EtOH are shown in Fig. S5 and S6 (ESI†), respectively, and their
optical properties are summarized in Table 3. An absorption peak
attributed to the transition of p-conjugated electrons between the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) was observed at around 460 nm
for each synthesis condition. An excitation peak at 463 nm and an
emission peak at 484 nm were observed, also attributed to the
HOMO–LUMO transition of the p-conjugated electrons. For all
conditions, the fwhm of the emission peak was B32 nm, indicat-
ing a narrow fluorescence bandwidth. Among the three conditions
entries 3, 6, and 8 with the high PY, the PLQY of entry 6 was the
highest at 54%. From these results, we conclude that entry 6 with
Na3PO4�12H2O, air flow, and no condenser is the best condition
for massive synthesis of crude PG-GQDs in this work.

When only Na3PO4�12H2O was added to 1,2-pentanediol
without PG and heated under the conditions mentioned in
entry 6, the mixture remained clear and colorless and no GQDs
were obtained. This confirmed that Na3PO4�12H2O does not act
on 1,2-pentanediol to cause dehydration condensation.

The dissolution of Na3PO4�12H2O in 1,2-pentanediol gener-
ates OH�. Based on the tautomerism of PG,35 it is inferred that
the proton of the OH group of PG is desorbed and dehydration
condensation between two PG molecules occurs through the
reaction mechanism, as shown in Scheme 2.

When the amount of Na3PO4�12H2O was varied from 0 to
3.72 mmol, the maximum PY of PG-GQDs synthesized under
the conditions mentioned in entry 6, B100%, was obtained at
1.86 mmol Na3PO4�12H2O, and a slight decrease in PY was

observed when Na3PO4�12H2O was added in excess (Fig. S7 and
Table S1, ESI†). Accordingly, the amount of Na3PO4�12H2O was
determined to be 1.86 mmol. Addition of an excess of Na3PO4�
12H2O resulted in an excess of proton desorption from the OH
group of PG, which inhibited the dehydration–condensation
reaction and decreased the PY.

3.2. Effects of catalysts and flow gases on PYs and PLQYs

As shown in Table 4, the effects of Na3PO4�12H2O and NaOH
catalysts on PYs and PLQYs of PG-GQDs before and after purifica-
tion by silica gel column chromatography were investigated. Com-
paring PG-GQDs (Na3PO4�12H2O, air) and PG-GQDs (NaOH, air), the
PYs before purification did not change when the catalyst was
changed from Na3PO4�12H2O to NaOH. This suggests that both
Na3PO4�12H2O and NaOH acted as base catalysts to promote the
dehydration–condensation reaction between PG molecules, as
already shown in Scheme 2. Next, the gas flows of air and Ar were
compared to investigate the influence of oxidative reactions by
oxygen in air on PY and the PL properties, because oxidative phenol
coupling of PG and RS has been reported.5 When the flow gas was
changed from air to Ar, the PYs of PG-GQDs (Na3PO4�12H2O, air)
and PG-GQDs (Na3PO4�12H2O, Ar) before purification were 99.4%
and 63.1%, respectively, indicating that the difference in flow gas
affected the PY. According to the luminescence and PL spectra
obtained after purification (Fig. 1), the PL intensity was the highest
for PG-GQDs (Na3PO4�12H2O, air), and the PLQY after purification
was also the highest for PG-GQDs (Na3PO4�12H2O, air) at 75%
(Table 4), which was the average of PLQY values for three different
synthesized samples (Table S2, ESI†).

To understand the cause of these results, the samples were
analyzed after purification. The XRD peak assigned to the (002)
plane of graphene was observed at B201, as shown in Fig. 2.
This lattice spacing is calculated to be B0.44 nm, which is a wider

Scheme 2 Mechanisms of reaction between two molecules of PG or RS.
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layer spacing, 0.34 nm, for graphite reported by the International
Centre for Diffraction Data (ICDD). This can be attributed to the
presence of CQO with a bond distance of B0.12 nm in graphene
layers and the presence of 1,2-pentanediol bound to the edges of
GQDs, which will be described below. The FE-TEM images
showed particles with an average size of 1.4 nm in all samples,
as shown in Fig. 3. The 0.24 nm lattice fringe spacings correspond
to the (100) plane of graphene.

In the 1H-NMR spectrum (Fig. 4), the signals attributed to
CH2 at 1.1–1.4 ppm and CH3 at 0.7–1.0 ppm were observed.
This suggests that dehydration condensation occurred not only
between PG molecules but also between 1,2-pentanediol and the
OH group at the edges of the GQDs. Therefore, we simulated 1H-
NMR spectra of the three types of molecules, one in which three
PGs were dehydration-condensed and the other in which 1,2-
pentanediol was dehydration-condensed and bound to the edges
of the dehydration-condensed molecule of three PGs, as shown

in Fig. S8 and S9 (ESI†). The simulated spectra of the latter show
CH2 and CH3 signals similar to the experimental results.

Fig. 5 shows the FT-IR spectra of PG-GQDs, PG, and 1,2-
pentanediol. The assignments of the FT-IR peaks are given in
Fig. S10 and Table S3 (ESI†). The absorption peaks corres-
ponding to the C–H stretching vibrations were observed for all
of the PG-GQDs and 1,2-pentanediol, and the absorbance of PG-
GQDs (Na3PO4�12H2O, air) and PG-GQDs (NaOH, air) was larger
than that of PG-GQDs (Na3PO4�12H2O, Ar). Furthermore, the
wide scan XPS spectra (Fig. 6) showed that the O 1s/C 1s intensity
ratio was in the order PG-GQDs (Na3PO4�12H2O, air) o PG-GQDs
(NaOH, air) o PG-GQDs (Na3PO4�12H2O, Ar). From the decon-
voluted narrow scan C 1s spectra, the C–OH percentage deter-
mined from the peak areas was the lowest for PG-GQDs (Na3PO4�
12H2O, air). Accordingly, PG-GQDs (Na3PO4�12H2O, air) had the
highest amount of 1,2-pentanediol bound to GQDs by dehydra-
tion condensation. Steric repulsion by 1,2-pentanediol bound to
the edges of GQDs suppresses the stacking of GQDs by p–p
interaction and prevents concentration quenching, resulting in a
higher PLQY for PG-GQDs (Na3PO4�12H2O, air).

3.3. Comparison of PG-GQDs and RS-GQDs

RS-GQDs were synthesized from RS with two OH groups under
the conditions of no condenser, addition of Na3PO4�12H2O,
and air flow, which were the same conditions used for the
successful massive synthesis of PG-GQDs. As a result, the PY of

Table 4 Properties of PG-GQDs before and after purification by silica gel column chromatography

Catalyst Flow gas Purification PY (%)
Absorption
wavelength (nm)

Excitation
wavelength (nm)

Emission
wavelength (nm) fwhm (nm) PLQY (%)

Na3PO4�12H2O Air Before 99.4 463 463 484 32 54
After 24.4 463 463 483 32 75

NaOH Air Before 100.9 463 463 484 33 23
After 20.8 464 463 484 32 58

Na3PO4�12H2O Ar Before 63.1 459 463 483 33 10
After 34.4 461 463 482 31 24

Fig. 1 (A) Photographs of purified PG-GQDs in EtOH under white light
and 365 nm UV light. (B) Their PL/PLE spectra.

Fig. 2 XRD profiles of purified PG-GQDs.
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RS-GQDs before purification was increased from 5.1% to 82.7%
by the use of Na3PO4�12H2O and air flow. This confirms that
RS-GQDs can also be synthesized in large quantities under the
conditions of massive synthesis of PG-GQDs. For RS, Na3PO4�
12H2O acts as a base catalyst, and the reaction mechanism
may be similar to that of PG, as shown in Scheme 2.

The mass-synthesized PG-GQDs and RS-GQDs were purified by
silica gel column chromatography and dispersed in EtOH. PG-
GQDs in EtOH showed strong blue–green emission under 365 nm
UV irradiation, while RS-GQDs in EtOH showed weak green
fluorescence (Fig. S11, ESI†). As shown in Fig. S12 and Table S4
(ESI†), the absorption peak was red-shifted for RS-GQDs compared
to that for PG-GQDs. The PL/PLE spectra (Fig. S13, ESI†) confirmed
that the excitation and emission peaks were red-shifted by chan-
ging the carbon source from PG to RS. These redshifts can be
attributed to the enhancement of the dehydration–condensation
reaction for RS-GQDs to form larger sizes. In fact, the average size
of RS-GQDs, 2.2 � 0.5 nm, was larger than that of PG-GQDs, 1.4 �
0.6 nm, as confirmed by FE-TEM observations (Fig. 3 and Fig. S14,
ESI†). This increased size of the GQDs weakened the quantum size

Fig. 3 FE-TEM images of purified PG-GQDs and their size distributions.

Fig. 4 (A) 1H-NMR spectra of purified PG-GQDs and (B) their enlarged spectra.

Fig. 5 FT-IR spectra of PG, purified PG-GQDs, and 1,2-pentanediol.
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effect for RS-GQDs compared to that for PG-GQDs. The fwhm of
the emission peak for RS-GQDs was 40 nm, which confirms that
narrow-band fluorescent GQDs can be obtained even when the
carbon source is changed to RS. The PLQY of PG-GQDs was 75%,
while that of RS-GQDs was significantly lower at 13%.

Comparison of the FT-IR spectra (Fig. S15, ESI†) of PG-GQDs
and RS-GQDs reveals that RS-GQDs exhibited relatively stronger
absorbance than that of PG-GQDs due to the CQO stretching
vibration, although both GQDs had similar functional groups. Fig.
S16 (ESI†) shows the wide scan XPS spectra of PG, RS, purified PG-

Fig. 6 Wide scan and narrow scan C 1s XPS spectra of PG and purified PG-GQDs.
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GQDs, and purified RS-GQDs. The O 1s/C 1s intensity ratios of PG
and PG-GQDs are 9.03 and 0.39, respectively, while those of RS and
RS-GQDs are 2.26 and 0.99, respectively. The decrease in the O 1s/C
1s intensity ratio due to the formation of GQDs from carbon
sources is attributed to the decrease in oxygen content due to the
dehydration–condensation reactions. This is supported by the
decrease in the C–OH percentage determined from the deconvo-
luted narrow scan C 1s spectra (Fig. S17, ESI†) due to the formation
of GQDs from carbon sources. The O 1s/C 1s intensity ratio of 0.99
for RS-GQDs was higher than that of 0.39 for PG-GQDs. This means
that the oxygen content of RS-GQDs synthesized from RS is higher
than that of PG-GQDs, even though RS has fewer hydroxy groups
per molecule than PG and a lower oxygen content. This is attributed
to the higher amount of CQO formed by oxidation for RS-GQDs, as
explained by the FT-IR results. In addition, the CQO percentage
determined from the deconvoluted C 1s spectra (Fig. S17, ESI†) was
higher for RS-GQDs than for PG-GQDs. This was consistent with
the FT-IR results. These results suggest that RS-GQDs had more
CQO groups, which coupled the p-conjugated electron system and
increased the ratio of non-radiative to radiative recombination,36

resulting in the lower PLQY of RS-GQDs than that of PG-GQDs.

3.4. Fluorescence solvatochromism, pH dependence, and
water sensing for PG-GQDs

Green fluorescence was observed for the purified PG-GQDs in
the lower polar solvents, DMSO, DMF, and MP, while blue
fluorescence was observed for the purified PG-GQDs in the
higher polar solvents, MeOH and EtOH (Fig. S18A, ESI†). As

shown in Fig. S18B and Table S5 (ESI†), the PL peak was
observed at a shorter wavelength for PG-GQDs in the solvent
with a higher polarity parameter ET (30),37 indicating negative
fluorescence solvatochromism which is in contrast to the
positive fluorescence solvatochromism of phenylenediamine-
derived carbon dots.38–40 The PLQYs of PG-GQDs in different
solvents ranged from 79% to 97%, as also shown in Table S5
(ESI†).

PG-GQDs in water at pH 7–13 emitted blue fluorescence
under 365 nm UV light (Fig. S19A, ESI†). As shown in Fig. S19B
(ESI†), the PL intensity was higher for PG-GQDs in basic water.
The highest PLQY was 60% at pH 11, as shown in Table S5
(ESI†). Since the first acid dissociation constant, pKa1, of PG is
reported to be 8.0 or 9.0,35,41 the protons of OH groups at the
edges of GQDs dissociate and become negatively charged at pH
4 pKa1; therefore, under basic conditions, electrostatic repul-
sion between GQDs improved the dispersion of PG-GQDs in
water, resulting in the suppression of concentration quenching
and an increase in PLQY.

The negative fluorescence solvatochromism of PG-GQDs and
their property of increasing PL intensity under basic conditions
were exploited for water sensing at pH 13 in MP. As shown in
Fig. 7A and B, the wavelength of the PL peak was blue-shifted
from 514 nm to 471 nm with increasing water content from 0%
to 100% by volume. The appearance of the sample under
365 nm UV light (Fig. 7C) and the chromaticity calculated from
the PL peak (Fig. 7D) also showed a change in fluorescence
color from green to blue. This demonstrated that PG-GQDs can

Fig. 7 (A) PL spectra, (B) change in emission wavelength with water content, (C) photographs under white light and 365 nm UV light, and (D) the
chromaticity diagram for PG-GQDs in mixtures of water and MP with different water contents.
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be used for water sensing in low-polarity organic solvents over
the entire water content range of 0–100%.

4. Conclusions

In the synthesis of narrow-band fluorescent PG-GQDs by heat-
ing PG in 1,2-pentanediol at 180 1C for 6 h, followed by dialysis
purification, the addition of Na3PO4�12H2O and air flow suc-
cessfully increased the PY of PG-GQDs from 2.8% to 99.4%.
This huge increase in PY is attributed to the addition of
Na3PO4�12H2O, which acted as a base catalyst and accelerated
the dehydration–condensation reaction between PG molecules
in a similar way to that of the NaOH base catalyst. Further
purification by silica gel column chromatography increased the
PLQY of the narrow-band fluorescent PG-GQDs dispersed in
ethanol from 54% to 75%. FT-IR, 1H-NMR, and XPS analyses
confirmed the presence of 1,2-pentanediol attached to the
edges of GQDs; therefore, the steric repulsion by this alkyl
chain suppressed the stacking of GQDs and prevented concen-
tration quenching, resulting in a high PLQY. The high PLQY of
PG-GQDs in water at a high pH is attributed to the dissociation
of OH groups at the edges of PG-GQDs in basic water, which
suppressed concentration quenching due to electrostatic repul-
sion. Furthermore, for PG-GQDs in a mixture of MP and water
(pH 13) with the water content ranging from 0% to 100%, the
fluorescence wavelength shifted continuously from 514 nm to
466 nm together with a gradual color change from green to
blue. This demonstration confirms the potential of PG-GQDs
for water sensing in organic solvents.
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Santiago, M. Pagán, P. Carrion, J. Cruz, A. Molina-Ontoria,
N. Martinez, W. Silva, L. Echegoyen and C. R. Cabrerae, ACS
Appl. Nano Mater., 2021, 4, 211–219.

7 R. Atchudan, T. H. J. I. Edison, M. Shanmugam, S. Perumal,
T. Somanathan and Y. R. Lee, Phys. E, 2021, 126, 114417.

8 F. L. Yuan, S. H. Li, Z. T. Fan, X. Y. Meng, L. Z. Fan and
S. H. Yang, Nano Today, 2016, 11, 565–586.

9 M. Hahn, J. M. Kim, H. Hong, C. Lee, D. Kim, M. Y. Han,
H. S. Kim and Y. Z. Piao, ACS Appl. Nano Mater., 2022, 5,
11896–11905.

10 X. H. Liu, J. X. Zheng, Y. Z. Yang, Y. K. Chen and X. G. Liu,
Opt. Mater., 2018, 86, 530–536.

11 N. Urusihara, T. Hirai, A. Dager, Y. Nakamura, Y. Nishi,
K. Inoue, R. Suzuki, M. Tanimura, K. Shinozaki and
M. Tachibana, ACS Appl. Nano Mater., 2022, 4, 12472–12480.

12 C. C. Hu, Z. J. Lin, Y. C. Huang, Y. Y. Chen, K. H. Wang and
K. Y. A. Lin, Environ. Res., 2021, 197, 111008.
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