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Surface related intrinsic luminescence from
carbon nanodots: solvent dependent
piezochromism†
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There has been a long standing debate on the luminescence origina-

tion from carbon nanodots (CDs). Herein, we report the solvent

dependent piezochromism of CDs by diamond anvil cells experiment.

Red- and blue-shift piezochromism were observed in CDs with

N,N-dimethylformamide and water as pressure transmitting medium

(PTM) with increasing pressure from atmospheric pressure to 25 GPa,

which were related to increased p–p stacking and protic-solvent-

induced surface chemical structural changes, respectively. Based

on theoretical modeling and structural analysis of hydrothermally

treated CDs (h-CDs), the reversible and irreversible piezochromism

from green emission to blue emission with water as PTM was attributed

to pressure induced enhanced intermolecular hydrogen bonding and

addition reaction between water molecules and surface electron with-

drawing groups on the CDs, respectively. The decreased electron

withdrawing ability of the surface chemical structures of CDs further

affects their intrinsic luminescence. This work provides a new under-

standing of the piezochromic luminescence origination from CDs,

which is related to the surface related intrinsic luminescence.

Introduction

Luminescent carbon nanodots (CDs) have attracted much atten-
tion and show great potential applications in bioimaging,1–5 light-
emitting diodes,6–8 and lasers,9 due to their superior properties
such as low cost, biocompatibility, bright fluorescence, and high
photostability.10–15 Strong photoluminescence (PL) was usually
observed in nitrogen- and oxygen-rich CDs.16–18 However, the
luminescence origination from CDs is still unclear, which is the
fundamental issue for rational designation and development of
CDs. The debate on luminescence origination from CDs is

focused on whether it is from intrinsic state or extrinsic state.19–22

The former is considered to be from the sp2 C conjugated domains
in the inner cores, while the latter is supposed to be from
surface defects or surface molecular fluorophores.19–22 In addi-
tion, PL emission from radiative recombination of self-trapped
excitons has been demonstrated in recent literature.23 These PL
mechanisms have been discussed in several CDs systems. Due
to the numerous precursors and synthesis conditions, it is
difficult to give a clear picture of the relation of the surface
chemical structures and optical properties of CDs. Thus, it is of
great scientific interest to tune the intrinsic emissions from
CDs to well understand their luminescence origination and the
influencing factors.

The application of high pressure can be a straightforward
and efficient way to study the structural and electronic proper-
ties of CDs. The transition from sp2 bonded graphite to sp3
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Conceptual insights
The in situ optical characterization under high pressure is a straightfor-
ward and efficient method to study the structural and electronic proper-
ties of luminescent materials. Generally, solvent acts as pressure
transmitting medium (PTM) in diamond anvil cells (DAC) experiment.
Previous literatures have reported that solvents modulate PL properties of
carbon dots (CDs) under atmospheric pressure. It is still a challenge to
produce the high pressure and solvent induced surface structural
changes of CDs to understand their luminescence origination. We
reported solvent dependent piezochromism of CDs using DAC experi-
ment. We observed red- and blue-shift piezochromism in CDs with
aprotic and protic solvents as PTM with increasing pressure from
atmospheric pressure to 25 GPa, respectively. The irreversible blue-shift
piezochromism in protic solvent (water or ethanol) was attributed to the
high pressure induced addition reaction between solvent molecules and
surface electron withdrawing groups on the CDs. In contrast, the
reversible red-shift piezochromism in aprotic solvent (N,N-dimethyl-
formamide) provided evidence of enhanced p–p stacking in the inner
core of CDs. We anticipate that this work will benefit the fundamental
understanding of the luminescence origination from CDs and tuning
their intrinsic luminescence to promote their applications in bio-imaging,
lasing materials, and light emitting diodes.
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bonded diamond under high-pressure and high-temperature
conditions has been studied for over 50 years.24,25 Very recently,
piezochromic luminescence was reported in two literatures. At high
pressure of 22.84 GPa, blue-shift piezochromism of PL emission
from yellow to green was observed in a CDs ethanol solution.26 The
authors proposed that the color change in the luminescence of the
yellow emissive CDs is attributed to the structure transition from
sp2 domains to sp3 hybridized domains under high pressure. In
another study, pressure-triggered blue- and red-shifted PL were
observed in a type of CDs, which were attributed to the decrease of
surface carbonyl groups and enhanced p–p stacking, respectively.27

The tunable piezochromic luminescence indicated that the PL
from CDs was not only related to the sp2 structure domain but
also affected by the surface chemical environments.28–31 Surface
groups of CDs, such as pyridinic N and carbonyl O, have been
demonstrated to play an important role in the PL from CDs.29,31

Previous literatures have shown that solvents modulated PL proper-
ties of CDs under atmospheric pressure.28,29,32 Therefore, optical
properties of CDs under high pressure in different solvents could
shine light on understanding the relation of surface chemical
structures and optical properties of CDs. To the best of our knowl-
edge, solvent dependent piezochromism has not been investigated
in CDs. It is still a challenge to produce the high pressure and
solvent induced surface structural changes of CDs to understand
their related optical changes.

Herein, in situ optical properties of microwave synthesized CDs
under high pressure with water and N,N-dimethylformamide
(DMF) as pressure transmitting medium (PTM) were investigated
by the diamond anvil cells (DAC) experiment. Red-shift piezo-
chromism was observed in CDs with water or DMF as PTM with
increasing pressure from 0 GPa to 1.8 GPa. Blue-shift piezo-
chromism from green emission to blue emission was only
observed in CDs with water as PTM with increasing pressure
from 1.8 GPa to 25 GPa, which can be partially recovered with
pressure relaxation to 0 GPa. In contrast, recoverable and red-shift
piezochromism was observed in CDs with DMF as PTM with
increasing pressure from 1.8 GPa to 25 GPa. Furthermore, similar
unrecoverable blue emission after high pressure relaxation in
water as PTM was obtained from the CDs by hydrothermal
treatment (h-CDs). Based on theoretical modeling and structural
analysis of h-CDs, the high pressure induced reversible and
irreversible blue-shift piezochromism from green emission to
blue emission with water as PTM was attributed to pressure
induced enhanced intermolecular hydrogen bonding and addi-
tion reaction between water molecules and surface electron
withdrawing groups on the CDs, respectively. This decreased
the electron withdrawing ability of the surface chemical struc-
tures of CDs, and further affected their intrinsic luminescence.

Results and discussion

The green emissive CDs were synthesized via a microwave
assisted method from citric acid and urea, as reported in our
previous study.9,13 Well-resolved lattice fringes with an inter-
planar spacing of 0.21 nm of CDs were close to the (100) facet of

graphitic carbon, as seen in the HR-TEM image (Fig. S1, ESI†).
Absorption and PL spectra of CDs in water and DMF under
atmospheric pressure are shown in Fig. S2 in ESI.† The absorp-
tion peak of CDs is red-shifted from 410 nm in water to 420 nm
in DMF, while the maximum PL peak of CDs is blue-shifted
from 540 nm in water to 520 nm in DMF. The PL quantum yield
(QY) of CDs in water was about 18%, while that of CDs in DMF
was enhanced to 44%. The fluorescence quenching of CDs in
water could be attributed to proton transfer dynamics.31–33 It
can be inferred that water molecules interact with the surface of
CDs, which affects their luminescence processes and prevents
efficient luminescence.

Considering the solvents dependent PL properties, a DAC
experiment was used to investigate the optical properties of the
CDs under high pressure with water or DMF as PTM. The
experimental setup is shown in Fig. S3 in ESI.† The piezo-
chromism from green to blue was clearly observed in images of
CDs in water from 0 GPa to 25 GPa, while green emission was
observed in DMF even in 25 GPa (Fig. 1a and b). The PL spectra
evolution of CDs in water under different pressures is shown in
Fig. 1c. The PL peak of CDs in water firstly red-shifted from
540 nm to 550 nm with increasing pressure from atmospheric
pressure to 1.8 GPa, and then blue-shifted to 470 nm upon
further compression to 25 GPa (Fig. 1e). The red-shifted PL
from atmospheric pressure to 1.8 GPa can be attributed to the
increasing p–p stacking.25,34,35 The PL peak instantaneously
changes from 555 nm to 535 nm at 1.8 GPa. To exclude the
influence of phase transition from liquid to solid,36 PL spectra of
CDs in water (room temperature) and ice (0 1C) were measured

Fig. 1 Fluorescent photographs of CDs with (a) water and (b) DMF as PTM
under atmospheric pressure and high pressure (25 GPa). PL spectra
evolution of CDs in (c) water and (d) DMF with increasing pressure from
atmospheric pressure to 25 GPa. (e) PL peak and (f) integrated intensity of
CDs with water or DMF vs. pressure.
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and it showed similar PL peak (Fig. S4, ESI†). Thus, the blue-
shift piezochromism of CDs at 1.8 GPa is not related to phase
transition of H2O, but the PL intensity quenching of CDs at
1.8 GPa may be related to the decreased transparency of solid
H2O under high pressure with small bubbles like that in ice. In
previous literature, the origin of blue-shift piezochromism of
CDs from yellow emission to blue–green emission with increasing
pressure from atmospheric pressure to 23 GPa was attributed to
the structural transitions from sp2 domains to sp3 hybridized
domains.24 However, the PL peak of CDs in DMF continuously
red-shifted from 530 nm to 545 nm with increasing pressure from
atmospheric pressure to 25 GPa (Fig. 1d and e), indicating pressure
induced structural transitions from sp2 domains to sp3 hybridized
domains did not take place in this case. The continuous red-shift
piezochromism of CDs in DMF should be due to enhanced p–p
stacking of the inner core under high pressure.27,37,38 Thus, it can
be inferred that the blue-shift piezochromism of CDs in water is
not due to the structural transition from sp2 C to sp3 C, but may be
related to the solvent dependent pressure induced surface
chemical changes, which further affect their intrinsic lumines-
cence. The normalized emission intensity of CDs in water and
DMF with increasing pressure is shown in Fig. 1f. The PL intensity
of CDs in water shows two quenching steps, from 100% to 8% and
from 8% to 2% for pressure increasing from 0 GPa to 1.8 GPa and
further to 25 GPa, respectively. In contrast, the PL intensity of CDs
in DMF continuously decreases to 10% with pressure increasing
from atmospheric pressure to 25 GPa. Pressure dependent PL
spectra of CDs in ethanol as PTM were also measured in the DAC
experiment. It showed PL emission blue-shift from 530 nm to
440 nm with increasing pressure from atmospheric pressure to
24 GPa (Fig. S5, ESI†). It is noted that the blue-shift piezochromism
is related to protic solvents, such as water and ethanol.

The pressure dependent absorption spectra measurements
of CDs were also carried out to investigate their optical transi-
tions in different PTM solvents (Fig. 2a and b). The main
absorption peak of CDs in water experienced red-shift from
410 nm to 420 nm with increasing pressure from atmospheric
pressure to 1.8 GPa (Fig. 2c), which agrees with increased p–p
stacking under high pressure.27,37,38 However, this main absorption
peak is instantly decreased and changed from 420 nm to 440 nm.
On further increasing the pressure to 25 GPa, this absorption peak
continually decreased and red-shifted to 450 nm, while the absorp-
tion peak at 320 nm was significantly increased (Fig. 2d), which was
related to the optical transition of blue-shifted emission centers. In
contrast, the main absorption peak of CDs in DMF continuously
red-shifted from 419 nm to 435 nm with increasing pressure
from atmospheric pressure to 25 GPa without immediate
change of the absorption band (Fig. 2c). The intensity of the
absorption peak of CDs in DMF at 320 nm was slightly
increased with increasing pressure to 25 GPa (Fig. 2d), which
was because of the small blue emission component under high
pressure. Considering the p–p stacking related pressure
induced optical changes, it can be inferred that the green
emission should be from the p-conjugated domains in the
inner cores, which can be the intrinsic state of the CDs. After
high pressure relaxation, the PL of CDs in water was partially

recovered (Fig. 3a). The residual blue emissive band, about 11%
of the total PL band (Fig. S6a, ESI†), indicated chemical reac-
tion happened between some CDs and water molecules under
high pressure. In contrast, the PL profile of CDs in DMF was
totally recovered after high pressure relaxation (Fig. 3b), indi-
cating that the similar chemical reaction cannot happen
between CDs and DMF molecules under 25 GPa. Considering
water is a protic solvent and DMF is an aprotic solvent, it can be
inferred that the reaction sites should be on the electron
withdrawing groups on the surface of CDs, which can bond
with hydroxyl group in water molecules or chemically react with
water molecules. Thermally treated DAC experiment was used
to investigate the acceleration of high temperature on the

Fig. 2 Absorption spectra evolution of CDs in (a) water and (b) DMF with
increasing pressure from atmospheric pressure to 25 GPa. (c) Absorption peak
wavelength of CDs in water or DMF vs. pressure. (d) Absorbance intensity of
CDs at 420 nm (blue) and 320 nm (red) in water or DMF vs. pressure.

Fig. 3 PL spectra before (black) and after (red) high pressure experiment
with (a) water and (b) DMF as PTMs at room temperature (300 K). (c) PL
spectra evolution of CDs in water under high temperature of 353 K. (d) PL
spectra before (black) and after (red) high pressure experiment with water
as PTM at high temperature (353 K).
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chemical reactions between CDs and water molecules. Pressure
dependent PL spectra of CDs with high temperature (80 1C,
353 K) treatment are shown in Fig. 3c. PL spectra after high
pressure relaxation under high temperature shows unrecovered
PL spectrum and more residual blue emissive band (77%)
(Fig. 3d and Fig. S6b, ESI†). The PL intensity of CDs in water
with thermally treated DAC experiment shows a two step
quenching process, which is similar to that in water under room
temperature. The PL peak of CDs shows obvious blue-shift from
530 nm to 420 nm with increasing pressure from atmospheric
pressure to 6 GPa, resulting from the chemical reaction between
CDs and water molecules. Then, the PL peak of CDs red-shifted
from 420 nm to 440 nm with increasing pressure from 6 GPa to
22 GPa, related to the increased p–p stacking of blue emitted
products (Fig. S7, ESI†). These results indicate that the high
temperature treatment in DAC experiment accelerates the
chemical reaction between CDs and water molecules.

To well understand the chemical reactions between water
and CDs under high pressure, the CDs were further processed
by hydrothermal treating at 160 1C (433 K) to promote the
chemical reaction. The hydrothermally treated CDs were
named as h-CDs. In the absorption spectrum of h-CDs in water,
the absorption band at 420 nm significantly decreased, while
the absorption band at 320 nm significantly increased (Fig. 4a),
which is similar to the absorption spectrum of the CDs in
water at 25 GPa in DAC experiment. Fig. 4c and d show the
3D fluorescence excitation–emission maps of CDs and h-CDs
aqueous solutions. It can be seen that the PL peak changed
from green (530 nm) in CDs to blue (450 nm) in h-CDs, which is
also consistent with the PL changes of the CDs in water from
0 GPa to 25 GPa. The PL decay curves of CDs and h-CDs are
shown in Fig. 4b. The average PL lifetimes of CDs and h-CDs in
water are 6.5 ns and 7.8 ns, respectively (Table S1, ESI†). These
irreversible optical changes of CDs after high pressure and
hydrothermal treatment in water imply that the intrinsic green
emission of CDs can be affected by the surface chemical
changes.

X-ray photoelectron spectroscopy (XPS) was performed to
identify the surface chemical structures of CDs and h-CDs. XPS
spectra of CDs and h-CD show three peaks at 284.0, 400.0, and
530.6 eV in Fig. 4e which are attributed to C 1s, N 1s, and O 1s,
respectively.13,16 The ratios of N atoms and C atoms in CDs and
h-CDs from XPS results are similar (about 1 : 5), but the ratio of
O atoms and C atoms in h-CDs is much higher than that in
CDs. In high-resolution C 1s spectra of CDs and h-CDs four
peaks at 284.5, 285.8, 286.7, and 288.5 eV were observed in
Fig. 4f, which are attributed to sp2 C, C–N, C–O, and CQN/CQO,
respectively. The relative content of sp2 C was decreased after
hydrothermal treatment probably because the water molecules
reacted with surface carbon–carbon double bonds. The high-
resolution N 1s spectra of CDs and h-CDs showed three peaks at
399.8, 400.3, and 401.9 eV (Fig. 4g), which are attributed to
pyridine-like N (C–N–C), quaternary graphite-like N (N–(C)3) and
N–H bands, respectively. It can be seen that the content of N–H
in h-CDs is higher than that in CDs, whereas the content of
pyridine N in h-CD is lower, indicating that some portion of
pyridine N in CDs transferred to N–H after hydrothermal
treatment. The high-resolution O 1s spectra of CDs and
h-CDs show two peaks at 533.0 and 531.5 eV (Fig. 4h), which
are attributed to C–OH/C–O–C and CQO groups, respectively. It
can be seen that the content of C–OH/C–O–C in h-CDs is higher
than that in CDs. Based on the XPS results, it can be concluded
that h-CDs consist of less sp2 C and more hydroxyl- and N–H
groups than CDs, indicating that water molecules react with
some carbon–carbon double bonds, carbonyl O and pyridine N
on the surfaces of CDs through addition reaction in the hydro-
thermal process, which could be the reason for the portion of
the unrecoverable blue emission of the CDs after high pressure
relaxation (25 GPa). Considering the electron withdrawing
property of carbonyl and pyridine groups, which can be hydro-
gen bond acceptor sites, it can be inferred that enhanced
hydrogen bonding could take place between water molecules
and carbonyl/pyridine groups on the surface of CDs under high
static pressure conditions (25 GPa). This hydrogen bonding can

Fig. 4 (a) Normalized absorption spectra of CDs and h-CDs aqueous solutions. (b) PL decay curves of CDs and h-CDs aqueous solutions.
3D fluorescence excitation–emission map of (c) CDs and (d) h-CDs aqueous solutions. (e) Full survey XPS of CDs and h-CDs in dry state. High-
resolution XPS C 1s (f), N 1s (g), and O 1s (h) analyses of CDs and h-CDs in dry state.
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be weakened after high pressure relaxation. We propose that the
high pressure induced enhanced hydrogen bonding between the
electron withdrawing groups and water molecules might account
for the recovered blue emission for the CDs under high pressure.

To demonstrate our hypothesis, first-principles calculations
based on the density functional theory (DFT) were carried out.
For XPS analysis, the proposed simplified model is a monolayer
graphene plate consisting of 19 aromatic rings with two
(–N–(CQO)–N–) fragments at the edge of the graphene plate.
In Fig. 5a, two water molecules were put close to the carbonyl
groups of the model to simulate the optical band-gap of the
CDs for enhanced hydrogen bonding with water molecules
under high pressure (Status 1). After structure relaxation, the
distance between the water molecules and graphene plate is
increased, simulating the optical band-gap of the CDs in water
under atmospheric pressure (Status 2). The lowest unoccupied
molecular orbital (LUMO) levels of the model in Status 1 and 2 are
similar, indicating that the delocalized p* orbital of graphene-like
structure is insensitive to the surface chemical environment. The
highest occupied molecular orbital (HOMO) of the model in
Status 1 also delocalize in whole graphene-like domain, while
the HOMO of the model in Status 2 is distributed around carbonyl
groups. It can be inferred that enhanced hydrogen bonding in
Status 1 can weaken the electron withdrawing property of the
carbonyl groups on the edge of the model. Under high pressure or
hydrothermal treatment, some CQO groups react with water mole-
cules and change to C–OH groups, inducing the unrecoverable
change of PL spectra. In Fig. 5b, the band-gap of the model increases
from 1.27 eV (Status 2) to 1.39 eV (Status 1). The band-gap of the
model with one water molecule was also calculated and showed the
same trend before and after structural relaxation (Fig. S8, ESI†).
The simulated increased band-gap can be used to explain the blue-
shift piezochromism of CDs in water under high pressure from
1.8 GPa to 25 GPa. Thus, it can be inferred that the surface chemical
structural changes can affect the intrinsic emission of CDs.

Conclusions

We report solvent dependent piezochromism of CDs by the
DAC experiment with in situ optical measurements. The results

reveal that the red- and blue-shift piezochromism of CDs
originate from increased p–p stacking and protic-solvent-induced
surface chemical structural changes under high pressure,
respectively. Based on theoretical modeling and structural
analysis of h-CDs, the high pressure induced reversible and
irreversible blue-shift piezochromism from green emission to
blue emission with water as PTM was attributed to pressure
induced enhanced intermolecular hydrogen bonding and addi-
tion reaction between water molecules and surface electron
withdrawing groups, respectively. The decreased electron with-
drawing ability of the surface chemical structures of CDs
further affect the optical transitions between p-electron systems
of graphene-like domain in CDs, namely their intrinsic
luminescence. The long standing debate on luminescence
origination from CDs might make a consensus to be surface
related intrinsic luminescence. We anticipate that this work
will benefit the fundamental understanding of the lumines-
cence origination from CDs and tuning their intrinsic lumines-
cence to promote their applications in different fields.
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